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Introduction

For an undergraduate student, completing a comprehensive 
experimental research task in ten weeks can be a very formative 
and defining experience. Above all, the completion of a 
challenging task enthuses, but it also tests the many skills of 
learning and applying the learning, and helps determine the 
course of life at a very critical stage when one is coming into 
one’s own.

NNIN attempts to provide such an experience by bringing 
strong collaborations and interesting research problems that 
undergraduate students can participate in. 

The students participating in this effort are on the path of 
technical education and many are getting their first experience 
with advanced hands-on research as part of our REU program. 
The focus on advanced research and knowledge, the strong 
mentoring and support, the strong exposure to a professional 
research environment, the strong expectations built into the 
research and presentations at convocations, the exposure to a 
wider variety of research conducted by peers and other users in 
diverse disciplines of science and engineering within the unifying 
facilities, and the strong scientific and social interactions across 
the network, have been critical to the compelling experience. 

Equally critical is the continuing dedication and effort from our 
staff, faculty, and graduate students, and the final convocation 
that happened this year at University of California at Santa 
Barbara. 

This report demonstrates that enthusiastic participating students 
coupled with the sustained support from staff, faculty, and 
graduate students leads to major accomplishments and provides 
the students with confidence in their own abilities and experience 
to make their own decisions. 

I wish the participants the best wishes for future technical careers; 
NNIN hopes to see them build on this summer’s experience, 
and my thanks to the staff, the graduate student mentors, and 
the faculty for their participation and involvement. Particular 
thanks are due to Melanie-Claire Mallison and Lynn Rathbun 
at Cornell, Angela Berenstein and Mark Rodwell at UC Santa 
Barbara, and Nancy Healy at Georgia Institute of Technology 
for their contributions in organizing the logistics of the program 
and the convocation.

Sandip Tiwari 
Director, NNIN

All photographs in this section were taken by Sascha Anderson

The 2007 NNIN REU Interns at the network-wide convocation, University of California Santa Barbara, August 2007
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Blast from the Past

Dear NNIN/NNUN Community:

Believe it or not, this network has been hosting the Research Experience for Undergraduates Program for ten years! 
For a total of 588 interns! To help mark this momentous anniversary and success, we added this “Blast From The 
Past” section to the research accomplishments. We contacted all 519 interns from the 1997-2006 programs (most of 
the email addresses still worked!) and on the following pages are a few words on how they are doing, what they are 
doing, and how their REU summer with us helped get them there. Enjoy catching up!

Blast From The Past Index, By Year:
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2002 Graziano, Tom ................................................xviii
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2002 Rey, Diego ...................................................... xxiv
2002 Vampola, Ken ............................................... xxviii
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Michael Adams
2006 Harvard University

I graduated from The University of North Carolina at Chapel 
Hill in May 2007 with a B.S. in Physics, and got a year long 
internship with IBM. I’m now doing software development 
work, primarily in Java. After the IBM internship ends, I’m 
planning to attend a Medical Physics graduate program, for at 
least a Masters, preferably a PhD.

Thanks, and let me know what the other interns are up to!

Michael

Andrew Ballinger
2006 Georgia Tech

Hey Jennifer,

I’m writing this e-mail for two reasons really, first and foremost 
I’ve been meaning to keep you up to date with what I’m doing. 
My NNIN REU in 2006 has benefited me in enumerable ways. 
When I got back to the University of North Texas I was asked 
by the administration at my high school/college to give a series 
of presentations to students and parents about REU’s in general 
and the NNIN program specifically. The more I was asked to 
talk about the program, the more I came to realize how much the 
program has shaped and directed me.

I applied to several schools within the NNIN in order to continue 
my undergraduate education and decided to go to the University 
of California - Santa Barbara. We’ve just started classes here 
in beautiful Santa Barbara and I’m starting to get to know the 
research opportunities available here. I heard that the convocation 
was held here this year, I came up for orientation that same week! 
I missed you by only a few days and I wish I could have gotten 
the chance to say hello.

How was the REU program this year? I went online and read a 
few of the presentations, are there any Final Reports I should 
watch for? How are you doing? Still busy as ever?

Still missing your pantry, Andrew Ballinger

Arthur Beyder
1997 The Pennsylvania State University

Hi Melanie, 

Hope all’s well for you and the rest of the bunch at CNF. I am 
now at Mayo Clinic, being used as an experimental rat, better 
known as a medical resident. It’s actually pretty fun, but a little 
draining. I’ve composed a short blurb (below) for you to use as 
you wish. Ta ta, art

Hard to believe it’s been 10 years since that great summer! I have 
kept up and sharpened my skills over this time and continued 
working on MEMS. We have recently published several papers 
and patented a novel Atomic Force Microscope (AFM) cantilever 

that will surely revolutionize the field (...or, I just hope people 
notice and use these probes)!

Currently, I am in medicine/research residency at Mayo Clinic, 
where I will help design and build novel endoscopic tools for 
futuristic gastroenterology. What if you could perform all of the 
surgery in a patient’s body without ever cutting the skin? Well, this 
is already happening using a recently developed technique called 
NOTES (natural orifice transluminal endoscopic surgery).

McIntosh (Mack) Bonthera
2006 Cornell Intel

Hello again Melanie!

Hopefully it’s not too late to reply! I am fabulous. This past 
summer I did an internship with Merck and Co. It is because of 
my experience with NNIN and funding from Intel that oppor-
tunities were open to me and I was selected from many qualified 
applicants. I am grateful to Intel for this and the whole NNIN 
family in general. I am hoping to land an internship or co-op with 
a nanotechnology company for this summer but haven’t got one 
as of yet. Thanks again and I hope to hear from you soon.

Blair Brettmann
2005 Cornell University

I just started grad school at MIT in chemical engineering and am 
planning on getting my PhD. I’m really thankful that I was able 
to do the NNIN REU and I hope that the program continues for 
a long time!

~Blair

Austin Brown
2000 UC Santa Barbara

Hey,

I was an intern in 2000 I think. At UCSB. I’m currently a graduate 
student at Stanford in the Biophysics program. I’m defending 
my dissertation later this month, so I should be done soon!

Sarah Bryan
2006 Stanford University

Melanie-Claire -

It was so nice to hear from you! What a big task it must be to try 
contacting all of your old summer interns!

After spending the summer at the NNIN Stanford site, I decided 
that I wanted to do research in the nanofabrication field for my 
graduate work. I am now at Georgia Tech finishing the first 
semester of my Master’s degree in Electrical Engineering. 
Hopefully I will be continuing on directly to my Ph.D. as of next 
fall. The NNIN internship was one of the most integral parts of 
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my decision to enter engineering graduate school and I can’t 
even begin to express all the amazing things I learned! Thank 
you again!

Sarah Bryan

Caitlin Burger
2005 Cornell University

Hi Melanie-Claire!

I’ve been doing really well! I’m currently a second year graduate 
student at Purdue University in West Lafayette, IN. I’m working 
on my Ph.D. in Materials Engineering, and have been conducting 
research regarding ultra-thin solid oxide fuel cells. I’m also a 
Purdue Graduate School senator, and am the acting president of 
my department’s graduate student association. Currently, I teach 
middle school students about nanotechnology on Saturdays as 
part of a gifted education program. My summer at Cornell has 
proved to be an invaluable experience for me! 

My time in the NNIN REU helped increase my knowledge base in 
nanofabrication and gave me my first taste of research. Traveling 
to the end-of-summer conference at Stanford University is one of 
my fondest memories from the experience. Giving a presentation 
helped me realize that I enjoy discussing research with others, 
and aided in my decision of apply to graduate school. Because 
of my experience at Cornell, I have discovered the importance 
of outreach programs in shaping the goals of younger students, 
and intend to continue participating in educational outreach 
throughout my professional career.

I hope you and everyone out in Ithaca are doing well!!!!

Caitlin

John Carlson
1999 Cornell University

I am working as a flight controller for the International Space 
Station program. My primary responsibility is downlinking 
payload science data and video from the station for the research 
community.

John Carlson (1999)

Ashley Carson
2005 Georgia Tech

I participated in the 2005 NNIN program at Georgia Tech. 
I graduated from Clemson University that following spring 
in 2006. I am now in my second year of graduate school at 
Georgia Tech in the Biomedical Engineering PhD program. My 
experience in the NNIN program played a huge role in where 
I am now. It was my first research experience, and I enjoyed it 
so much that I decided to pursue my PhD. My main reason for 
coming to Georgia Tech was because I had such a wonderful 
experience as an intern. Being here also gave me the opportunity 

to interact with the 2007 interns here which was very rewarding 
for me. I hope to be a mentor myself for a future intern!

Ashley Carson

Michael Chestnut
2005 Howard University

Dear Melanie-Claire,

I would first like to thank you, the NNIN program, and the staff 
at Howard University for the wonderful opportunity that was 
given to me. 

After the program I did research my college campus in the area 
of nano-electronics. I then took a semester off ‘cause I was 
tired from school, and finished my research by presenting at a 
summer symposium. In the fall of 2006 I began co-opting at 
Analog Devices. This was a wonderful experience and I finished 
my second rotation with them this past summer. I will be getting 
my Computer Engineering Degree in December, hopefully 
my Electrical Engineering degree in May, and then pursuing a 
graduate degree next fall. I hope all is well and I would just like 
to thank you again for the experience,

Michael D. Chestnut II

David Coats
2006 University of Minnesota

Well Hello Ms. Mallison!

Since I interned at the University of Minnesota in 2006, I have 
had a whirlwind of a life. Aside from the regular school, I do 
research in the Optical Coherence Laboratory here at Harvey 
Mudd College. This latest summer I worked at a functional 
magnetic resonance imaging laboratory in Singapore. Both 
experiences have convinced me, however, that my future lies 
in Finance. I am applying for jobs at a few hedge-funds and 
hopefully I will be working next year.

- David Coats

Peter Cochran
2004 UC Santa Barbara

Hey, 

I was a 2004 intern at UC Santa Barbara researching Atomic 
Force Microscope anodic-oxidation lithography with Professor 
Evelyn Hu. Later, I graduated in 2006 with a BSE Mechanical 
Engineering and Applied Mechanics degree; also was captain 
of our University of Pennsylvania track team. NNIN REU 
lead to an industry internship and later several industry career 
offers a year before graduation! I began at Intel here in New 
Mexico in our Rotating Engineer Program and am now a career 
engineer. I have had the opportunity to thank Professor Hu at 
UCSB many times---she was a great mentor during my NNIN 
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REU and graciously wrote recommendations for several summer 
internship applications and two graduate school applications--
-thank you. I was accepted by the Management Science and 
Engineering graduate program at Stanford and then chose to 
attend through Stanford’s on line Honors Co-op Program. Nano-
science is my academic engineering field along with a decision 
analysis concentration …Intel pays all costs. No matter how silly 
it may sound to say my internship at UC Santa Barbara was life-
changing, well, it was.

Beyond education and career, I now coach track and field, am an 
avid soccer player, and volunteer through our Native American 
education organizations.

Peter A. Cochran 

Eva Cornell
2006 University of Minnesota 

I’m finishing up my last year of undergraduate work at Gustavus 
Adolphus College in St. Peter, MN. I’m working on applying to 
grad schools to study biophysics. My REU definitely helped me 
clarify my plans and listening to all the talks at the end of the 
summer helped me realize that biophysics is the field I’m most 
interested in. I’ll know a lot more about my future plans in a 
few months, but for now I’m looking forward to traveling next 
summer and then starting work on getting a PhD.

-Eva Cornell

Henry Daise III
2006 Howard University

To Ms. Melanie-Claire Mallison,

Hello to you and how is everything going for you? First, 
congratulations on the NNIN REU Program and the 10 years of 
success it has brought to me and the my fellow interns from the 
program. Lastly, I apologize if this is getting to you late, I have 
been busy lately and for about the past couple of days, I have 
been trying to recover, from the week that I had, also below is the 
update of what, I have done since, the summer of ‘06.

I am doing fine. Since being an intern in the NNIN program, 
I have graduated from Morehouse College, in May 2007, with 
my bachelor’s degree in Computer Science. Currently, I am in 
San Bernardino, California, doing a one year fellowship with 
the Integrated Technology Transfer Network, at California State 
University - San Bernardino. Since being in the program, I have 
gained a stronger appreciation for the science and mathematics. 
As a result of being in the program, it helped me to get accepted 
into the current fellowship program and has helped give me a 
foundation, for studying entrepreneurship and expanded my 
research interest for graduate school.

Henry Daise III 

Siavash Dejgosha
2003 Stanford University

Hi Melanie,

I’m doing great. The internship really stirred an interest in 
nanotechnology and research. After the internship, I took a 
research position in a biophysics lab at Cornell which I continued 
for a year and a half. That work culminated as a co-authorship 
in a Nature Methods paper published in 2006. I applied for a 
biophysics PhD program and was about to go to UMich - Ann 
Arbor, but did not want to spend 5-6 years in the midwest. 
Following a Masters, also at Cornell, I joined a tech startup in 
California and am now at Goldman Sachs in New York.

The internship really got me excited about research and 
technology, and I still follow what I can, but the research path 
wasn’t meant to be. While I do not use the specific knowledge 
I gained, the introduction to practical research and presentation 
skills learned have been invaluable studying at school, working 
at a startup, and now.

Siavash

Luxue (Rose) Deng
2006 University of New Mexico

Melanie,

Hi, I was a NNIN intern in 2006. Currently, I have taken a 
different road to my career since graduating this past May. I 
am studying Chinese at Beijing Normal University in Beijing, 
China, and have been job searching here. I’m not completely 
sure what job I will end up finding but I know I will be in China 
for an indefinite amount of time.

The main skills that I acquired during my time with NNIN were 
research skills and presentation. It was the first time I presented 
in from of 60 plus people. I think it was a great experience and 
allowed me to get an idea of what academic research is like. 
Although I right now I am not completely sure if I want to 
become a full time researcher, it did help me see my options. 
I know now that if I did want to attend graduate school in the 
sciences it is not a far off option.

I hope you get quite a few updates. It’ll be interesting to see 
where everyone is at right now.

-Rose

Laura Doyle
2005 Georgia Tech

Hi Melanie-Claire,

The NNIN program actually wasn’t too far from my mind 
recently because I ran into one of my fellow REUs when I was 
doing grad school visits. It was great to see her and check up 
on how she’s doing, so I think that getting updates on as many 
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REUs as possible is absolutely fantastic! My “Blast From the 
Past” follows:

My research career sure has blossomed since doing an NNIN 
REU in the summer of 2005. I used the conference presentation 
skills I learned there when I gave a podium presentation at the 
Biomedical Engineering Society conference that following 
October. Since then, I’ve kept up with my research. The skills I 
learned as an REU and the contacts I made at the Georgia Tech 
site helped me get into all the graduate schools I applied to. Right 
now I’m enjoying my first year in a BME PhD program at Johns 
Hopkins. Doing the NNIN internship was a fantastic experience 
for me and I firmly believe that it helped get me where I am 
today.

Thanks a lot for putting in the effort to organize this. I hope you’ll 
e-mail us all a link to the finished copy when the time comes.

Take care, Laura

Peter Ercius
2001 UC Santa Barbara

Hi Melanie,

It is hard to believe that the program has been going for 10 
years now. It was a great experience for me, and I actually think 
about it often. The program encouraged me to do research on 
nanotechnology, in fact. I graduated from Cornell University 
in 2003 with a B.S. in applied and engineering physics, and 
decided to continue on in the same program for a PhD. The lure 
of the newly built nanotechnology building was too much for 
me to resist. I started working for Professor David Muller who 
does materials and microelectronics research with transmission 
electron microscopes. I collaborate with IBM researchers on a 
200keV scanning/transmission electron microscope with support 
from the Semiconductor Research Corporation (SRC). I image 
copper wires and interconnects from computer chips in three 
dimensions using a technique called electron tomography to help 
characterize and predict their performance. I hope to finish my 
doctoral studies soon and plan to find a job working with a high 
tech company such as IBM. All of the people involved in the 
NNUN program were great and spending the summer at UCSB 
was a valuable experience.

That is what I have been up to. I’m looking forward to hearing 
about other interns from my program. I’ll try to stop by some 
time to say hello since I’m still here at Cornell.

Peter

Nkemdilim (Kemdi) Ezeife
2005 Cornell Intel

Melanie-Claire,

I have been doing well since my participation in the NNIN 
program 2 summers ago. I graduated from Temple University 
in January 2007 with a B.S. in chemistry (Magna cum laude) 

and I am now a first year student at Temple University School 
of Medicine. My experience in the NNIN REU program helped 
me to get into medical school and has provided me with a good 
perspective into how academic research is done which may prove 
useful to me in the future. I wish the best of luck to you and the 
program’s continued success.

-Nkemdilim (Kemdi) Ezeife

TUSM Class of 2011

P.S. I give my thanks for the Intel sponsorship as well.

Ardavan Farjadpour
2003 Cornell University

Hi Melanie-Claire,

It is a real treat to hear from you. My summer at the CNF in 2003 
was really the start of my academic research career. My work 
on electronic devices and the experience gained working in a 
top-notch clean room environment definitely helped in making 
my decision to go to graduate school. I discovered my main 
research interests in computational nanophotonics the summer 
following the (formerly) NNUN REU program—at the IBM 
Almaden Research Center in California—and am now in my 4th 
year at MIT working on a masters in Computation for Design & 
Optimization and a doctorate in Materials Science & Engineering. 
I made a lifelong friend at the CNF in Mike Campolongo who 
I keep in regular contact with and have visited many times in 
the years since. That summer in ‘03 was a formative one and I 
have very happy memories of my time in Ithaca; it was a special 
summer for me.

I hope all is well with you and your son. I will definitely stop by 
and say hello the next time I am in Ithaca visiting my old friend 
Mike C.

All the best, Ardavan

Diane Fields Manzini
2004 Cornell University

Melanie!!

I know everyone from my year still talks about how we miss 
our wonderful summer of 2004! Such a great time, valuable 
experience and wonderful people!

I graduated in 2006 from Virginia Tech with my B.S. in materials 
science. Then I started working at Cree Inc. in Raleigh, NC as 
a process engineer on in their LED fab. I was in the clean room 
decked out in a bunny suit everyday just like my summer at 
Cornell.

But I actually got married October 6th and I moved with my 
husband up to Groton, CT. We’re only here till December and 
then the Navy is sending us off to Hawaii for a few years! I’m 
really excited! I’m hoping to get a job with the Navy or with a 
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contractor on base once we get there. (Of course I’m also hoping 
to spend a lot of time on the beach!)

Aloha! Diane Manzini (Fields)

Johangel (Joe) Figueroa
2005 University of Minnesota 

Hi Melanie:

I was part of the 2005 REU team in the University of Minnesota. 
Since my internship I graduated from my Bioengineering/
Biotechnology degree and worked in the start-up process of 
one of the biggest mammalian cell culture plants of the world 
(Amgen, P.R.). I’m currently working in another Biotech plant 
start-up, this time in Indiana and pursuing my Masters degree in 
Biotech/Bioinformatics from John Hopkins University.

I hope everyone from the 05’ is doing great....

Later; Joe

Eric Fraser
2004 UC Santa Barbara

Hi Melanie-Claire, great to hear from you.

I can’t wait to see the research accomplishments of this year’s 
class and read updates on my classmates! Here is mine. 

After my NNIN REU, I graduated with a degree in Physics 
from Pomona College. My REU research in Shuji Nakamura’s 
lab at UCSB formed the basis of my experimental thesis about 
deep-UV light emitting diodes. After studying physics, I started 
studying law and business at the University of Chicago and will 
graduate with joint JD/MBA degrees in 2009. Of course, my 
REU gave me substantive science and engineering knowledge 
and research skills. More importantly, however, it refined my 
analytical thinking and helped me to discover and explore the 
delicate balance between science, law, and business. Now I can 
talk with friends and family about not only the benefits of LEDs, 
but also how the patent system fuels scientific research and how 
research, in turn, drives business.

Eric M. Fraser

Tom Graziano
2002 UC Santa Barbara

Good hearing from you:

Currently I am working on nuclear reactor core control equipment 
at Knolls Atomic Power Laboratory in Schenectady, NY (i.e. not 
nanofab). I loved my internship though at UC Santa Barbara—it 
was an experience I will never forget. I would love to hear from 
my friends to see how they are doing.

-Tom

Dewi Harjanto
2006 University of Minnesota 

I’m finishing my final year of undergraduate work at Olin. I 
am currently in the process of applying for graduate school—
specifically, I’m looking for Ph.D. programs in bioengineering. 
The REU summer program really solidified my interest in 
pursuing research in academia.

Dewi

Nathan Henry
2006 Cornell University

Hi Melanie-Claire,

How are you doing? I know it has been a long while since we 
have seen each other or talked. So, I am in Italy right now. These 
keyboards are so hard to type on cause everything is in weird 
places. Italy is grand. Lovely city with many old artworks and 
buildings. I am staying in Turino, learning Italian and culture. 
This place is so different from America, much slower pace. I 
like it a lot. I don’t want to come back to the US, but will have to 
sometime to finish my degree.

Below is my statement:

Partaking in the REU has offered me many treats. First, the 
REU offered me a rare glimpse into nanotechnology and 
fabrication. Being an EE, a greater appreciation is understood 
on chip design and fabrication along with present and future 
electrical technology. I met an amazing mentor, Ali Gokirmak, 
who dedicated much of his time and friendship into me and 
the project. And if life wasn’t grand already, I spent a blissful 
summer in Ithaca’s natural beauty. The summer spent working 
on nanowires, eating with Ali, and jumping into gorges is one 
that still reigns supreme in my mind.

I am soon to graduate with my degrees in EE and BME this 
coming December. I have had an offer from my mentor, Ali, 
to do a PhD at the University of Connecticut on continuing the 
research into Crystallization of A-Si Nanowires for TFTs. I have 
also been researching jobs in the medical field with a passion to 
work on medical implants of the cochlear and retinal. It’s another 
fork in life’s roadway, and to tell you honestly, I have no idea 
where I will venture, and I love it!!!”

I hope my statement makes it into the books. If not, it is ok. At 
least you will know my opinion on the REU and my outlook for 
the future. I have included a couple of pictures of me taken in 
China. I am not if I told you or not, but Jon Swaim and I hungout 
in Beijing. Great times and lots of adventures. But I have to run 
to class. Interested in how you have been and how last years 
REU went. Bye M-C!

Nathan
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Joe Heremans
2005 Cornell University

Hello,

Sorry for the near deadline submission. T’wasn’t my intention to 
cut it this close but this fell right in my midterms and some rather 
interesting data collection. I attached the blurb in word form if 
you prefer, otherwise the body is just as follows:

A year after my internship at Cornell University in 2005, I 
graduated from the University of Michigan and moved onto my 
PhD studies in electrical engineering at University of California, 
Santa Barbara. My time working as an REU solidified my wish 
to pursue graduate school and continue my path in academia. 
The skills and techniques I learned in the clean-room stick 
with me here at UCSB. I am currently a second year graduate 
student working for Prof. David Awschalom, researching the 
spin manipulations of Nitrogen-Vacancy centers in diamond for 
possible use in quantum computing. The past few months I have 
been using every fabrication trick I learned both from the staff at 
the Cornell NanoFab and the staff and fellow graduate students 
here at the UCSB NanoFab to process on my tiny 1mm by 1mm 
diamond sample.

Hope all is well in Ithaca, Joe

Derek Hsu
2005 Stanford University

Hi Ms. Mallison,

After my NNIN REU at Stanford, I spent the next two years 
finishing up my B.S. degree at Northwestern. Due to my 
increased interest in research as a result of my experience from 
NNIN, I worked as a research assistant at my school last summer, 
using Local Electrode Atom Probe tomography to conduct 
microanalysis and modeling of TiNi-based shape memory alloys 
for cardiovascular stents applications. Eventually, I continued 
this research into my senior capstone project, and received from 
my department the Hilliard Award for Undergraduate Research 
and Design for my project. Also, I collaborated with a team of 
five undergraduates, combining my experimental results with 
their computational modeling. Later, our team received the First 
Prize Award for the ASM Undergraduate Design Competition. 

I have benefited greatly from the NNIN REU because the 
experience gave me confidence in my abilities as a student, and 
paved the road for my interest and dedication to research in the 
past two years and beyond. Currently, I am working at the NET 
Lab in Oregon, using thermodynamic simulations to develop 
models for alloy oxidation behavior in ultra-supercritical steam 
turbines. I plan on enrolling in an MSE Ph.D. program next fall.

Once again, thank you for the chance of experiencing the NNIN 
REU program. I will definitely encourage other undergraduates 
to apply for the internship in the future. Thank you.

Sincerely, Derek Hsu

Jake Hughey
2005 Georgia Tech

Melanie-Claire,

I’m doing well. In May I graduated from Vanderbilt in biomedical 
engineering and math. Most of the summer I just relaxed. I am 
beginning my first year in the PhD program in bioengineering 
at Stanford, with a Bio-X Bioengineering Fellowship. With my 
research, I hope to combine microfluidics and systems biology 
in order to gain a quantitative understanding of cell behavior. 
Since my research project for my NNIN REU at Georgia Tech 
was about synthesis of metal nanoparticles, the overlap in 
technical details is rather small. Nonetheless, my NNIN REU 
experience taught me the universal lesson that science is hard, so 
success requires perseverance and ingenuity. Plus, that summer 
at Georgia Tech was awesome.

Jake Hughey

Stacie Hvisc
1999 Stanford University

Hi Melanie,

Here’s an update for me:

After my REU, I graduated from Cornell with my B.S. and 
M.Eng. in engineering physics and started working on some very 
large things. My first job was working on the National Ignition 
Facility (NIF) at Lawrence Livermore National Laboratory 
(LLNL). This is a laser that takes up an entire building and quite 
opposite from the VCSEL’s (vertical cavity surface emitting 
lasers) that I researched in my REU. I worked on a few other 
projects at LLNL before taking a leave of absence to return back 
to school.

Currently, I am working on my PhD at the University of Arizona, 
College of Optical Science. My research group is involved in 
designing and fabricating large optics, especially large telescopes. 
My research is on field-dependent aberrations in misaligned 
optical systems. While I may not be working in nanofabrication 
anymore, I am grateful for the introduction to research my REU 
provided and for the opportunity to say that I have worked on all 
sorts of projects, from the very small to the very large.

Stacie Hvisc

Gizy Irizarry Rosado
2002 Cornell University

Hello Melanie!

It is nice to hear from you. Here is my “Blast from the Past” 
story:

My name is Gizaida Irizarry Rosado from Puerto Rico and I 
participated in the 2002 REU Summer Internship program. It 
was a very rewarding experience and it was a first step in my 
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career path. After REU, I participated in other undergraduate 
Internship programs until I graduated from the Mechanical 
Engineering Department of the University of Puerto Rico 
Mayaguez Campus. In 2003, I worked in Merck Sharp and 
Dohme of Barceloneta, Puerto Rico as an engineering student in 
the Engineering Department. In 2004, I worked in the Research 
and Development Center of Guidant at Minnesota. In 2005, I 
started working in the San Juan Office of The Trane Company 
as a Mechanical Engineer for the Applied Sales Department and 
have being working there since. To be part of Trane, I had to 
successfully complete an intensive six-months training in La 
Crosse, Wisconsin in the field of HVAC: Products, Designs, 
Analysis and Components. These past years in Trane have being 
very challenging and of great professional growth for me. 

This year, I also enrolled in the University of Puerto Rico 
Rio Piedras Campus to pursue a Master’s Degree in Business 
Administration. Hopefully, I will complete this MBA in 2010. 

I encourage any student that wants to be successful to participate 
in summer Internship programs. These programs provide you 
with good learning and great experience. Thanks! Gizy

Miktosha James
2005 University of Texas at Austin

Since the internship I have had some amazing opportunities. 
I just finished working for NASA this summer. Graduation is 
approaching this December. The experience of the REU opened 
my eyes to explore or areas of engineering. From then on things 
have gotten better by the years. I was with child when I did the 
REU and after the internship I knew that I could accomplish 
anything. I am right now working on a project that is leaning 
toward a patent. 

Thank you for giving me a chance to prove myself. My son is 
about to be two and I am a success all because someone looked 
past my personal life and gave me a chance to create a successful 
path. THANK YOU for the bottom of my heart.

Miktosha James 

Jevon Johnson
2000 The Pennsylvania State University

Hi Melanie,

Good to here from you, I definitely look back on those months at 
Penn State with fond memories. Since completing the experience 
in 2000, I went on to finish my last two years of college at 
Xavier University of Louisiana with a B.S. in Biology. I started 
med-school in the fall of 2002 at the University of Southern 
California Keck School of Medicine and got my M.D. in 2006. 
Soon after this I started my residency in psychiatry at UC Davis 
Med Center. I am currently in my second year of the four year 
program. During this time period I got married and my wife and 
I are expecting our first child in February. 

Although hands-on research has not played a major role in my 
career up until this point, my experience with the REU program 
definitely taught me the importance of bench work research in 
respect to future developments in applicable science.

I hope everything is going well with you too and it was good 
hearing from you.

Jevon J. Johnson

Joy Johnson
2005 Cornell Intel

Presently, I am a MS/PhD student at MIT in Electrical Engineering 
on both an MIT Presidential Fellowship and the Intel GEM PhD 
Fellowship. I interned at Intel for two summers in the Flash 
Memory Group, including speaking on behalf of Intel at the 2007 
NNIN REU Convocation at UC Santa Barbara and attending 
the GEM National Conference 2007 in Las Vegas. I volunteer 
with MIT’s SEED Academy working with underrepresented 
minorities in engineering on Saturdays. I am just doing SEED 
and grad school right now. I graduated from NCSU, Magna Cum 
Laude with degrees in Electrical and Computer Engineering in 
May of 2007.

That’s pretty much it, Joy

Ami Kone
2003 Howard University

Hello Melanie,

This is Mimi. It is a pleasure to hear from you. I am now the 
process engineer in concrete manufacturing company, CEMEX. 
I am currently living in Ontario, CA, only 3 hours from Santa 
Barbara, where we had our end of internship presentation.

I hope that everything is going well with you all. I would like 
to thank you all, especially the Howard University group, for 
contributing to my professional development.

Best Regards, Mimi

Michael Krause
2002 Cornell University

Hello Melanie-Claire,

I am doing well, graduating ~4.5 years ago with my BSEE 
degree. I am working at a major global automotive supplier as a 
senior engineer in the Chicago area. I married my wife, Melissa, 
in early 2006 and we are expecting our first child (a girl) at the 
end of 2007 to the beginning of 2008. The NNUN internship 
was extremely helpful in preparing me for the fast pace, creative 
design environment I work in today.

Thank you for the learning opportunity that helped open doors. 
Sincerely, Michael Krause
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Ken Kuehl
2005 University of Minnesota 

Hello Melanie-Claire!

I hope things are going well and I hope the program is healthy 
and running well. It was a really good experience for me and I 
hope others are getting that as well!

Since I completed my internship (Summer of 2005) I have 
graduated, started grad school and begun a full-time job. I 
was between my junior and senior years and I graduated that 
next spring, May 06. I started a full-time job at Raytheon Co. 
in Tucson in August after working with a professor from the 
Materials Science department at the University of Arizona 
over the summer. I am working with a group that works with 
design engineers to infuse some manufacturing know-how into 
the development. I started my MS degree in Materials Science 
Engineering in the Spring ‘07 semester and am progressing 
slowly and steadily at this point. Things are going well and I 
am still talking with a couple of people that I met a couple of 
summers ago once a month or so.

Hope that’s what you are looking for and I hope things are going 
well! Ken Kuehl

Diana Landwehr McHale
1998 Cornell University

Hi Melanie-Claire,

10 years-wow! I was an REU student in the summer of 1998, at 
Cornell. I worked for Prof. Craighead trying to pattern biological 
materials to aid in the growth of nerve cells. I continued the 
research during my senior year at Cornell. After graduation, I 
moved to Boston and coached Novice Women’s Rowing at 
Boston College for 3 years. Then I moved to Denver, and I got 
my masters in Transportation Engineering from the University of 
Colorado. I am currently married, working as a Traffic Engineer 
in Denver, and we are anxiously awaiting the birth of our first 
child (actually my due date is today!!).

Good luck, I hope you hear from lots of us!! I was just cleaning 
out a filing cabinet and found all my REU stuff (which I saved of 
course!) and it seems soooo long ago! Denver is great, but around 
this time of year I am always missing Ithaca a little more!

Hope this finds you well, Diana (Landwehr) McHale

David Lavenson
2006 University of New Mexico

Life since my NNIN REU has been full of great opportunities. 
After completing the research program and the convocation, I 
headed back to Lehigh University as President of my fraternity, 
the Kappa Alpha Society. I attended the AIChE national student 
convention in November of 2006 and presented my work in 
the student poster contest. I secured an internship the summer 

after my junior year (summer of 2007) with Air Products and 
Chemicals, Inc. in St. Louis, Missouri. I worked in process 
control and quality assurance fields at the manufacturing site. 

I’m now currently the Vice President of our student chapter of 
AIChE and Vice President of the Interfraternity Council during my 
senior year. I’m interviewing with companies like Merck, Exxon 
Mobil, and Arkema, while also considering graduate school at 
UCSB, U of Washington, UCLA and UCSD. I’m also doing 
research with my department on the Weissenberg phenomena in 
the blending of oil additives for automobile engines. 

Since my summer in UNM, I’ve been able to do so much more 
in my life related and unrelated to my career. The experiences, 
friends and connections I made from the program are ones I will 
never forget and would like to extend many thanks to everyone 
in the program for their hard work.

Have a good one! DML

Juliet Lawrence
2006 Howard University

Hello there,

After the summer program, with the help of Melanie-Claire 
and my mentors from Howard Nanoscale Facility, my summer 
paper was published in the undergraduate Journal of Young 
Investigators (JYI). I’ve also been able to get a full time job 
within a month of my graduation from USC as a Safety Engineer 
Associate for the city of Los Angeles with a salary that’s to die 
for. During my time here I’ve learned that there is a real need 
for safety regulations in the field of nanotechnology, so now 
I’m trying to find out what I need to do in order to get involved 
in the world of nano-science to protect both the pioneers that 
are leading this scientific research and the consumers that will 
eventually be benefiting from it. 

Thank you NNIN REU for a wonderful summer experience 
and the foundation I’ll use to jumpstart a career with endless 
possibilities.

Juliet Lawrence

Grace Lee
2003 Stanford University

Hi Melanie,

Great to hear from you! Fantastic that the program has grown 
tremendously. I’ve gain so much insight from the program and 
are still in touch with some of my peers from the program.

Here’s a quick update on what I’ve been up to since the program. 
I got my Masters in Economics and is now working for Accenture 
doing management consulting work for financial institutions, as 
well as doing strategic analysis on sustainable practices. Although 
the day to day isn’t pertaining to the research I did in undergrad, 
many of the skills I’ve gained are still applied on a daily basis. 
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Again, great to hear from you. Please give me updated on the 
progress. Best in your endeavors!

Smiles, Grace H. Lee

Niall Mangan
2006 University of Michigan

We are pleased to inform you that your article, “Influence 
of N on the electronic properties of GaAsN alloy films and 
heterostructures,” M. Reason, Y. Jin, H.A. McKay, N. Mangan, 
D. Mao, R.S. Goldman, X. Bai, and C. Kurdak, has been 
published online today, 20 November 2007, in Journal of 
Applied Physics (Vol.102, Issue 10): URL: http://link.aip.org/
link/?JAP/102/103710. DOI: 10.1063/1.2798629

Your article may be accessed via the issue’s table of contents at 
this link: http://link.aip.org/link/?JAP/102/10/htmltoc

Ali Masandi-Shirazi
2003 Cornell University

Hello Melanie-Claire,

Hope all is well with you and the rest of the CNF staff. The 
memory of those good old days of summer 2003 is one of the 
most vivid in my brain. I kind of diverged from the field of 
nanofabrication and entered a field with more math :D. 

I am a 3rd year PhD student now at ECE Dept. UC-San Diego 
in the field of signal processing and machine learning. The CNF 
REU experience helped me a lot in getting to a good graduate 
school and I want to thank you all.

Please convey my regards to the other CNF staff especially Rob 
Illic and Mike Skvarla.

Sincerely, Ali Masnadi-Shirazi

Andrew Melton
2005 Stanford University

Melanie-Claire,

Josh Symonds just forwarded me your message requesting 
updated information on what we’ve been up to since completing 
the NNIN REU program. Hoping that it is still not too late, here 
is what I’ve been up to:

After completing the NNIN REU program at Stanford, I was 
absolutely sure that I wanted to go to graduate school and pursue 
a career in research, so during my final undergraduate year at the 
University of Portland, I applied to electrical engineering Ph.D. 
programs at several graduate schools around the country. I am 
quite sure that my experience with the NNIN REU program was 
helpful in getting me admitted to most the schools to which I 
applied. I chose Georgia Tech from and started as a Ph.D. student 
in August 2006. I was a graduate teaching assistant for my first 

two semesters and am currently a graduate research assistant 
with a group that is focused on optoelectronic and ferromagnetic 
materials growth.

I found out the summer before moving to Atlanta that Josh 
Symonds (one of my fellow NNIN REUers at Stanford) was 
going to be starting graduate school at Georgia Tech at the same 
time as me. We’ve been roommates since moving here, which 
has worked out very well. We often reminisce about the fun we 
had during our REU summer, as it was a very positive experience 
for both of us.

~Andrew Melton

Jami Meteer Wiedemer 
1999 The Pennsylvania State University

After my NNUN REU internship at Penn State in 1999, I 
finished my BS EE at Notre Dame. In 2000, I started an MS/PhD 
program in EE at Cornell, during which I worked in CNF (both 
old and new facilities). While at Cornell, my adviser hosted an 
REU intern each of two summers, and I had a chance to work 
with both of them. After completing my PhD in January 2005, 
I started working as a device engineer at Intel in Hillsboro, OR, 
as part of the team developing Intel’s high-κ metal-gate 45 nm 
technology. On a personal note, my husband Matt and I were 
married in October 2005. 

During my participation in the NNIN/NNUN REU program, I 
gained valuable exposure to a micro/nano-fabrication facility 
and a multi-disciplinary research environment. Although I had 
some similar experience through my undergraduate program, the 
REU program was good preparation for graduate school, as it 
provided a more realistic taste of the persistence and discipline 
required to survive in research.

Paul Molnar
1997 UC Santa Barbara

Melanie-Claire, I’m glad to hear the REU is still going strong! 
Here is my recent bio:

After graduating from Cornell with an MEng degree in ‘99, I have 
been working for Nortel as a software engineer. I have recently 
completed a Certificate in Software Engineering Management 
from the University of Texas at Austin. I have worked on various 
projects at Nortel including: a graphical voice prompt editor, a 
graphical programming environment for an Interactive Voice 
Response system, a streaming video server, a speaker verification 
system, and a Unified Messaging system. I am currently living in 
Holbrook, New York.

I look forward to the final product! Cheers, Paul Molnar



2007 REU Research Accomplishments page xxiii

Josh Montague
2005 Cornell Intel

Hi Melanie,

Good to hear from the CNF again. A brief summary of what I’ve 
been up to:

I participated in the NNIN REU program the summer before my 
senior year at Colby, so I went back and finished my undergrad 
program with a degree in physics and mathematical science. I 
was accepted to, and deferred a year from, the graduate physics 
department at the University of Colorado at Boulder (where 
I am, now). During the year after undergrad, I taught physics 
at a private high school in Massachusetts (Phillips Academy - 
Andover). That was a great experience for me, and I can definitely 
see myself getting back into teaching at some point.

Now I’m a first year grad student at CU, and just trying to keep 
my head above water! Classes are intense, and I’m TA-ing a 
first year physics lab, as well. I’m still trying to find a lab group 
to get involved with for research in the future... it’s a work in 
progress.

My summer at CNF definitely helped me realize how much I enjoy 
scientific research. I had an amazing experience working under 
Mike Guillorn, and I’m thinking I may get into some research 
here that is similar to what I did over there that summer.

That’s about all from this end. Good luck with the compilation 
and I look forward to hearing about everyone else!

-Josh Montague

Jessica Montanez
1999 The Pennsylvania State University

Hey Melanie,

It is great to hear from you. I look at the NNUN REU internship 
as one of my best internships because it was the first work 
experience I ever had and it opened the doors for me to other 
exciting and rewarding internship and work opportunities as 
well. At NNUN REU I learned what working in a professional 
environment is, what research is about, how to do presentations, 
and many other things. I was also impressed and honored of 
being able to work in such a high-tech environment and with the 
leaders in the field of nanotechnology. In addition, this internship 
was a very high paying one and very well organized too. Having 
the opportunity to travel to Stanford University to present the 
results of my research was a really nice added bonus. Thanks for 
a great experience! 

This internship allowed me to find other work opportunities at 
the Department of Energy Lawrence Berkeley National Lab in 
California, Eastman Chemical Company in Tennessee and Kraft 
Foods in Illinois. Having all these opportunities allowed me to 
discover that I wanted to work in environmental issues and thus, 
I currently work for the U.S. Environmental Protection Agency.

Jessica

Andrew Newton
2003 Cornell University

Hi Melanie!

I hope you are doing well. Here is my story:

After the completion of the NNUN REU program at Cornell 
University, I returned to Kansas State University and graduated 
in 2004 with a B.S. in Electrical Engineering and an emphasis 
in Bioengineering. I started law school in the fall of 2004 at The 
University of Kansas School of Law and I graduated in May 
2007 with my Juris Doctor degree. Upon law school graduation 
I moved to San Diego, California and have recently begun my 
career as an Intellectual Property (IP) attorney with the law firm 
of Fish & Richardson P.C. My practice specialties include Patent 
Prosecution and IP litigation. My education and REU experience 
provided me with an amazing and unique background which 
helped me obtain a job at the largest IP law firm in the world.

Thank you for your time and I hope you have a great day!

Andrew Newton

Que Anh Nguyen
2005 Stanford University

Ms Mallison -

I attended NNIN in the summer of 2005 at Stanford University. 
There I worked with Professor Bruce Clemens in the Materials 
Science and Engineering Department.

Now I am just across the bay at UC Berkeley, where I am a 
Chancellor’s Fellows and NSF Graduate Research Fellows. I 
am about halfway through the 2nd year of my PhD program. 
My research in the MSE department involves metal-oxide 
nanostructures for applications in electrochemical devices, like 
dye sensitized solar cells and Li-ion batteries.

NNIN was a great learning opportunity for me. I really enjoyed 
the research I did at Stanford and became sure that I wanted to 
attend graduate school after finishing my BS. And so far, graduate 
school has been great. There are definitely ups and downs, but 
overall I am very happy with what I am doing.

I hope that all is well for you and a happy 10th to NNIN !

Emily Norvell
2006 UC Santa Barbara

Since my internship at UCSB during the summer of 2006, I am 
still in school working towards my undergraduate degree in 
Materials Engineering with a minor in Environmental Studies 
at Cal Poly, San Luis Obispo. This past summer I worked as 
an intern at Lockheed Martin in order to contrast working at a 
company with doing research at a university. I also attended a 
leadership program on sustainability in Slovakia for 18 days. 
I’m still not entirely sure if I want to go to grad school but I’m 
definitely interested and I was really inspired by the research I 



page xxiv National Nanotechnology Infrastructure Network

did at UCSB regarding new solar cell technology. The experience 
gave me a base on the topic of solar cells with which I’ve become 
very interested in and have been looking into for career/research 
opportunities. I also appreciated the exposure to the grad student 
lifestyle of having direct control of what you’re working on and 
think it is a life that I could live.

Emily Norvell

Virginia Noxon
2005 Howard University

Hey Melanie!

I have done a lot since my first REU with NNIN in 2005. I am 
now a senior at Emory and Henry and my past two summers, 
2006, 2007, have been full of fun and adventure. I did another 
REU at the University of South Alabama on proteins in breast 
cancer for the 2006 summer. This past summer I went abroad 
to Ireland and Italy for 6 weeks. Major fun over there, which 
included seeing The Who in Cork. Other than those summers, 
I have been working at my classes and I am now getting ready 
to apply to graduate school to get a PhD in a field of biology. I 
hope this helps.

Take care, Virginia Noxon

Nate Olds
2004 Georgia Tech

Hi Ms. Mallison,

Since graduation a year ago I’ve been able to get two job 
offers, and am currently working on my 3rd. I’ll never forget 
one interview where I was asked to prepare a presentation. I 
immediately thought it strange, but remembered my experience 
as a NNIN REU. I found my research presentation from that 
summer, dusted it off, and used it for the interview. It came in 
rather handy even for an interview!

Regards, Nate

Vaidehee Padgaonkar
2004 Cornell University

Hi Melanie,

How are you doing? Here is my update for the book: 

Since my summer as an NNIN REU (summer 2004), I graduated 
from University of Michigan, Ann Arbor, with a Bachelors 
in Electrical Engineering. Shortly after graduation, I moved 
to Oregon to work for Intel Corp. as a Product Development 
Engineer. My team provides hardware and software support for 
speedpath debug.

Although I didn’t pursue research, NNIN did give me exposure to 
a state-of-the-art clean room and a great fabrication experience! 

I learned a lot and I feel the exposure to fabrication is something 
every Electrical Engineer should have. At Intel, there are 
many stages a processor goes through before it gets sold to the 
customers ( i.e. Dell, Apple, etc.). Although I don’t work in the 
clean room at Intel, the NNIN experience gives me insight to 
that portion of the product life cycle just before it comes to our 
debug lab.

On a separate note -- the research project I was working on while 
at Cornell was in Professor Michael Lipson’s group under the 
guidance of a post-doc Sameer Pradhan. He and his wife also 
works for Intel in Oregon now, and I meet up with them from 
time to time. Small world, huh?! When I first moved to Oregon 
from Michigan, they were the only people I knew! So NNIN and 
my particular project also helped me in this way when I started 
my job at Intel. =)

I am doing great out here. Oregon is a very outdoorsy place - I 
have had a chance to enjoy white water rafting, snowboarding, 
and the many hiking trails they have around here.

Hope everything is well with you!

Take care, Vaidehee

Chris Pontius
2002 The Pennsylvania State University

Thanks for the inquest! Nothing special but here you go:

I participated in the NNUN REU program the summer of 2002 
under Dr. Pantano at Penn State. I completed my bachelor’s 
degree in biotechnology at the Rochester Institute of Technology, 
Rochester NY, in 2005. After graduation I took a worked for 
Wyeth Pharmaceuticals, Rouses Point NY, for 2 years as an LC 
Chemist. 

With the announcement that the facility would be closing Dec 
2009, I found new employment with a contract pharmaceutical 
manufacturer in Norwich, NY. I perform quality assurance testing 
on a variety of finished drugs and active components. I also help 
write and validate the methods used to test these products. My 
experience at Penn State opened my eyes to the instrumentation 
side of science. I had intended to go to graduate school for 
molecular microbiology but I’ve now discovered the lucrative 
business of analytical separations. Thanks REU!!!

Sincerely, Christopher Pontius

Diego Rey
2002 Cornell University

Since my REU experience at Cornell I’ve made the long journey 
... back to Cornell ... and I’m still here! After getting my BS 
in Electrical Engineering from the University of California at 
Santa Barbara I embarked on a quest for a PhD in Biomedical 
Engineering. Cornell officially started its BME department 
the same year that I graduated from UCSB and with the great 
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reputation for interdisciplinary work that I had experienced as an 
REU I decided to come back. 

I joined Professor Carl Batt’s laboratory where I develop and 
use nanoparticles for cancer imaging and therapies. In addition, 
through taking advantage of the entrepreneurial resources at the 
Cornell Johnson School of Management, I’m in the process of 
starting diagnostics company, Bold Diagnostics. The plan is to 
continue with the company full time after Cornell. 

How did the REU experience get me here? Through working with 
graduate students I got a glimpse into the social and professional 
life in grad school. Experiencing the research environment at 
Cornell was the deciding factor in my decision to join. I also 
met Carl Batt through my REU experience. All in all, I really 
wouldn’t be here if it weren’t for the REU program. 

Can’t wait to see the BFTP! Diego

Leila Joy Roberson
2006 Cornell University

Hello Lynn,

Sorry for the late response. Hope things are going well for you 
and the rest of the CNF staff members.

This summer I am working in a lab at Texas A&M University 
in the Department of Biochemistry and Biophysics. I will be 
graduating in December of this year, and I will be looking for a 
job. If you hear of anything (e.g., through Intel), or if you guys 
are hiring at Cornell (?), please let me know! Please tell Melanie-
Claire I said hello.

Regards, Leila Joy Roberson

Anthony Sanders
2006 Stanford University

Hey!

Forgive me if this isn’t the most formal email that I’ve ever 
written, but I just graduated and I’m pretty excited! How’s 
everything going? I debated on whether I would go to grad 
school immediately, or work first and then go. I applied to seven 
different companys and three different Graduate schools. I’ve 
been blessed to land a job in New Mexico with Sandia National 
Labs. I’ve been hired into their OYOC program. For a two 
year commitment, they will pay for my Master’s Degree, and 
they will also pay me to go to graduate school. I’ll be attending 
Texas A&M University in the fall in the Solid State and Nano-
Engineering Department. 

I just wanted to thank you guys for everything! Every job that I 
interviewed with took a look at my resume, saw Stanford, and I 
could tell they pretty much made up their mind to hire me right 
then. I received offers from every company that I applied to, so 
again, I just wanted to say thank you! 

On another note, I hear that two of my friends were accepted 
into the 2007 program. I think that’s great, and they are excellent 
students! I know that they are excited because they asked me at 
least 10 questions a day! Of course I told them exactly what they 
needed to succeed....Cheesecake Factory on Thursdays! Thanks 
again, and take good care of my fellow panthers for me.

Sincerely, Anthony Sanders

Yaniv Scherson
2005 UC Santa Barbara

Hi!

I’m a first year graduate student in Mechanical Engineering 
at Stanford University. REU helped me gain research skills, 
experience, and a great recommendation while also solidifying 
my choice to go to graduate school for a PhD. I am doing great 
and loving graduate school!

David Schluneker
2006 Georgia Tech

Ms. Mallison,

Here’s my update. Hope you’re getting a bunch!

The biggest effect my NNIN summer had was to make me want 
to do more research. It really shifted my focus from industry 
internships and job hunting to trying to find more research 
opportunities and graduate school.

Currently, I am in my senior year of college. When I came in 
as a college freshman I had no thought of going to graduate 
school. However, my experience in the NNIN REU program 
really opened my eyes. It helped me learn a great deal more 
about graduate school. Based on the new information, I began 
to realize that graduate school appeared to be the more fitting 
path for my interests. Right now I’m working on graduate school 
admissions papers trying to find the right school instead of going 
through the job search.

Overall, the NNIN program helped me in a number of ways. The 
experience was priceless. I can’t count the times interviewers and 
hiring managers have asked me to elaborate on this experience. 
In fact, I will be re-presenting the material worked with at an on-
site interview in the next week.

Dave Schluneker

Neel Shah
2005 Stanford University

Hello Melanie,

Below is a short paragraph of my recent mischief. Enjoy!

I have graduated from Harvey Mudd College with a B.S. 
in Engineering. I received Departmental Honors and High 
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Distinction awards during graduation. Currently I am working 
at Medtronic Diabetes in Northridge, CA. I design electronic 
wireless systems for insulin pumps. In a couple of years I plan 
to obtain a Masters either in Medical Devices or Electronics 
Communication. The REU at Stanford University University 
was the doorway to my shift from an aerospace engineering 
career to a medical engineering career. Working with Dr. Griffin 
was my first taste of engineering with biological systems. It was 
also my first hands-on experience with the emerging field of 
nanotechnology and sparked an interest in the field that remains 
very much alive to this day.

Shahid Shaikh
2004 Harvard University

I just graduated from UCSB this past June. I did apply to 
graduate schools and got into one (WPI) for my PhD in Chemical 
Engineering. However, they didn’t offer me any money, so I 
deferred the decision for a year, and will apply for some type 
of assistanceship or researchship for Fall 07. I’m also going to 
apply to more schools for Fall 07 in Environmental engineering 
in California and try to specialize in water. 

Why Environmental engineering? Well, now I’m working 
with the Alameda County Water District as a Water Quality/
Operations Intern for up to a year, and they said that if I attend 
Cal or Stanford, they’ll pay for me. So, I’m going to give that a 
shot and apply to those schools, as well as some others. Anyways, 
that’s about it for me over here. Hope to hear from you soon.

Regards, Shahid

Jason Slinker
2000 Cornell University

Hi Melanie,

Actually, my REU experience at Cornell has had a tremendous 
influence on my subsequent graduate and postdoctoral research 
experiences. First of all, I had such a good time working for 
my REU PI, Professor George Malliaras, that I ultimately came 
to work for him as a graduate student at Cornell. It helped, of 
course, that the CNF staff helped me complete a successful 
project so that George would want me back. The REU program 
put me a step ahead--it looks great on the resume, the research 
connection directly paid off, and the skills carried over to my 
graduate research. We were able to complete about 4 or 5 projects 
involving significant nanofabrication over the course of my Ph.D 
on organic light-emitting devices. 

Now I am working as a postdoctoral scholar with Professor 
Jackie Barton at Caltech. My project leans even more heavily 
on nanofabrication as I am making miniaturized devices for 
multiplexed protein analysis. My previous nanofabrication 
experience has enabled me to make a fast transition to a 
completely new area of research and make devices with a high 
degree of independence. OK, that’s it for me. 

It ends up that Keith (MCM notes: Keith Slinker, 1998 CNF 
REU, and Jason’s brother) is now working at Lockheed Martin 
in Dallas, TX, largely due to his knowledge and expertise with 
electron beam lithography. Think the Cornell REU had anything 
to do with that? I’ll try to bug him for you. My pleasure to help. 
Thanks Melanie. 

Enjoy, Jason 

Cary Smith
2006 Cornell Intel

You know I always come to see you when I visit. I’m sure you’ll 
be around next time…. 

This summer I am an REU at Carnegie Mellon. I see Erica every 
now and then when I’m here. Mack is not that far away from 
me either—he’s in Philadelphia on an internship as well. I was 
in Taiwan for the month of May learning Chinese. Jon and Nate 
are in China for the remainder of the summer doing the same. 
Everyone else, I have no idea where or what they are doing. 
;-) We’ll tell all of your students that the CNF’s 29th year was 
better. lol

I have been filling out graduate school applications over the past 
few months. A little about what I am doing in my career. I am 
doing research with my department working with nano-materials 
here at Jackson State University. I am applying to graduate school 
and will be pursuing a Masters in Industrial Engineering and a 
MBA. I am strongly awaiting graduation in May 2008 where I 
will receive a BA in Physics with a minor in Management. I hope 
everything is well, and hope to see you soon.

Your favorite REU student, Cary Smith

Wafa Soofi
2005 Georgia Tech

Hi Jennifer!!

Thank you so very very much for taking care of recommendation 
letters for me! Now that all of my decisions finally came in, I need 
to tell you all about my plans! I’ve decided to accept an internship 
in the Summer Undergraduate Clinical Research Program at the 
UT Health Science Center and M.D. Anderson Cancer Center. 
Both are located in the Texas Medical Center, right across the 
street from Rice University. It’s actually a joint program with 
Rice, so I’ll be getting course credit for my work this summer. It’s 
a very multifaceted program - there’s an anatomy class we take, 
plus a lab where it looks like we’ll actually be dissecting real 
human cadavers, which should be very interesting. Then there 
are the clinical rotations - I’ll be shadowing doctors in pediatrics, 
OR, ER, OB/GYN, internal medicine, and a few other fields.

Finally (what I’m most excited about), there’s the clinical 
research. I’ve been assigned to work in the department of 
radiation physics. I don’t know much about my project yet, but 
I do know it involves improving tumor-targeting techniques in 
cancer radiation treatment by relying on implanted landmarks, 
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rather than external ones. Anyway, it sounds really exciting, and 
I can’t wait to get started. And it’ll be in Houston, and I’ll have 
a car, so I’ll have the freedom to pop home whenever I want, as 
well as do all sorts of fun Houston-y things while I’m here. So: 
Thank you thank you thank you for the letters! I couldn’t have 
done it without you ;)

So, after some very careful thought, I’ve decided I want to go 
into medicine after graduating from Rice. 

Thanks very much, and have a wonderful day!!!

Wafa

P.S. How is the MiRC gang doing? Hope it’s not too hot yet!

Chris Stoafer
2006 UC Santa Barbara

Hi Melanie-Claire,

Here is my current life description: After experiencing the intern-
ship with NNIN in the summer of 2006, I returned to school at, 
Cal Poly, San Luis Obispo, and participated in an internship with 
Lawrence Livermore National Laboratories. In this internship 
I conducted research in plasma and beam physics. I am now 
finishing up my undergraduate career and applying to graduate 
school. I plan to attend graduate school in either plasma, nuclear, 
or particle physics. I am also looking into studying and research 
the physics of quantum computing at graduate school. My 
experience with the NNIN internship seem to be crucial in my 
applications for graduate school. These graduate school plans 
are to commence in the Fall of 2008. I eventually plan to use my 
experience in a research and development career in industry or 
with a national lab.

Hope everything is going well and hope you correct me for any 
grammar or other mistakes in my paragraph. Thanks again.

-Chris Stoafer

Alexander Stolyarov
2004 Harvard University

Alexander (Sasha) Stolyarov (REU04) is at Harvard University 
Engineering and Applied Sciences in the 2nd year of a PhD 
program in applied physics.

Jon Swaim
2006 Cornell University

Hey Mel,

I’m great! I graduate in one month and then I’m off to China for 
3 months to teach English. It doesn’t look like I’ll be coming 
to Cornell next year for grad school, but I was accepted into 
Imperial College London, so that’s cool. Jon

Ethan Swint
1999 Cornell University

It’s good to hear from you! Say hello to Garry Bordonaro and 
Mike Skvarla for me. I’m now working on an ECE PhD at 
Virginia Tech in Switched Reluctance Machines, which I should 
finish up. I earned an BSME from the University of Texas at 
Austin in robotics before that, and I married the girl I met in 
‘99 during my REU there. Going into the program I was quite 
interested in MEMS, but even though I enjoyed my work there, 
the summer helped me realize that I prefer to spend a bit more 
time in the daylight and not in the clean room. The short courses 
we attended there, e.g. Rathbun’s vacuum technology course, 
have also come in handy during my academic and professional 
endeavors. 

Thanks for the memories!

-Ethan

Josh Symonds
2005 Stanford University

I was hesitant to reply to your email when I got it, since I had yet 
to take a qualifying exam and I felt my future was too uncertain 
to commit to a book, lest I jinx it! But I finally have notification 
that I’ve passed them all, so I can finally divulge my status.

Anyway! I’m doing a Ph.D. program in physics at Georgia 
Tech, working with a group in the chemistry department. The 
NNIN REU played a big part in helping me determine what I 
liked about academia and how I wanted to continue my work 
in graduate school. Of course, I’m sure it made the admissions 
process easier, and I’m quite glad it went smoothly!

Incidentally, one of my roommates since coming to Tech in 
August ‘06 has been a fellow NNIN REU student that I lived 
with in Stanford. He happened to enroll in a different Ph.D. 
program here, and was the only person I knew in Atlanta! It has 
worked out wonderfully, life is good.

Thanks! Josh Symonds

Dane Taylor
2006 University of Washington

Dear Melanie-Claire Mallison,

I am Ashutosh Shastry, the Research Associate with Karl 
Bohringer at University of Washington, Seattle who had 
mentored Dane Taylor for the NNIN Summer REU program of 
2006. You’d be pleased to know that our work has been accepted 
at Transducers 2007 and we are also writing a journal paper.

Thank you very much for sparing the time and thought.

Sincerely, Ashutosh Shastry, Ph.D.
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Abbie Tippie
2005 Harvard University

Abbie Tippie (REU05) is in a Phd Program in Optics at the 
University of Rochester.

Paul Vallett
2004 University of New Mexico

Hello! Wow, that certainly was a long time ago...

Since the summer of 2004 at UNM, I finished my chemistry 
degree at the University of Vermont. I completed research with 
Professor Dan Savin over the next two years on synthesizing and 
characterizing block copolymers for use in biological systems. I 
also spent the summer of 2006 and 2007 working at the National 
Renewable Energy Laboratory in Golden Colorado with John 
Turner, working on systems to use solar energy to split water and 
make hydrogen. Those research projects have been extremely 
interesting and hopefully should be published soon.

I applied to graduate schools in the fall of 2006 and was accepted 
to Berkeley, Stanford, and UC Boulder’s Physical Chemistry 
departments. I decided to pursue my doctorate degree at UC 
Boulder, primarily so I could continue research at the Renewable 
Energy lab.

In the spring of 2007 I decided to defer attending graduate school 
for a year to do something different and spent some more time 
in Vermont. I ended up being a chemistry teacher at a private 
high school called the Vermont Commons School. I’m enjoying 
teaching and will continue to teach in various forms until the 
springtime when I will move back out to Colorado. I am looking 
forward to getting back to doing research at school, however, 
and I am glad for the opportunity that the NNIN REU gave me to 
jump start my career doing research!

Hope all is well! - PV

Ken Vampola
2002 Cornell University

It was nice to see you at the convocation. It was an interesting 
experience to see the whole REU from the other side as a mentor. 
(This summer, I mentored Jonathan Aguilar.)

I am in the Ph.D. program at UC Santa Barbara. I am working 
to make ultraviolet LEDs brighter and more efficient. I do a 
considerable amount of process design and development. These 
are skills that I learned and developed during my summer 
at Cornell. Outside of school, I am involved in a number of 
extracurriculars, including the UCSB triathlon team.

-Ken

Josef Velten
2006 University of New Mexico

Hello, 

I’m now doing graduate work at UT Dallas’s Alan MacDermit 
Nanotechnology Institute, studying dye sensitized solar cells, 
working on my way to a PhD. I could reasonably say that the 
internship that I took through NNIN made me seriously look at 
a career in nanotechnology research, considering it is what I am 
doing now. Not sure what else to add here. The internship was 
probably the most enjoyable summer I had during my time as an 
undergrad.

Brandon Walker
2005 Cornell Intel

Hello MCM,

How are you doing? I am doing great. I am in my second your 
of graduate school at the University of Iowa, Department of 
Chemistry (Ph.D program). I am a GAANN fellow. I work 
for Dr. Amanda Haes and my research focus entails the use of 
nanoparticle technology in combination with molecular beacon 
systems for improved pathogen detection. There is a lot more to 
say about it but I am very short for time. I have just completed 
my departmental seminar and I am eager to start the comps. 
procedure in the spring.

Regards, Brandon M. Walker

David Welch
2005 The Pennsylvania State University

I’m doing as well as any graduate student can. I am in the first 
year of a PhD program in Bioengineering at Arizona State U. 
I successfully completed my undergraduate degree at Tulane 
University even though Katrina did her best to prevent it. 

The NNIN program was the start to my research career and likely 
helped me land an REU the following summer at the University 
of Minnesota. Thanks for the experience.

-David Welch

Daron Westly
1999 Cornell University

Daron graduated from the University of South Florida and then 
joined the staff of the Cornell NanoScale Facility in 2001. He is 
now one of the CNF’s Electron Beam Lithography Engineers.
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Claude Wu
2006 Georgia Tech

Dear Jennifer,

How are you? How was the NNIN REU internship this year?

I have graduated from UCLA recently with a bachelor degree 
in electrical engineering. A picture from my commencement is 
attached. As of now, I am in a training program for Bible truth and 
church services. It is a full-time program with strict regulation 
and schedule. Still, I plan to continue to study at a grad school 
after the training.

I sure miss you and the other interns and the time we spent 
together at Georgia Tech. I am sure you also had a good time 
with the REU interns this year. Hope that in the future we will 
have chance to have a reunion.

Keep in touch, Claude Wu

Allen Yang
2004 Cornell University

Melanie,

I did my REU program at Cornell University in the summer after 
my junior year of undergrad. I made a lot of friends that summer 
along with doing interesting research.

I am now currently a third-year chemical engineering graduate 
student at Cornell working in the lab of David Erickson. My 
research interests lie in the development and study of optofluidic 
transport, which is a chip-based system for moving small objects 
using guided optical energy. I still do my fabrication work in the 
CNF, which is continually changing and improving itself.

The REU was instrumental in my post-undergrad career decisions. 
The research experience in developing nanotechnology opened 
me to a world of cutting edge research I had not known about 
previously. I still talk to my program PI and we converse about 
many things, including his lab’s ongoing research. When the first 
opportunity arose, I became a mentor for the same REU program 
in which I participated, and that was a very rewarding experience. 
The REU program was great for me, and thanks to Melanie for 
allowing me to help contribute to it and make it better.

Kaylie Young
2006 University of Washington

Ms. Mallison,

After participating in the NNIN program at the University of 
Washington during the summer of 2006, I have continued to 
conduct research in the field of nanotechnology. Currently I 
am a senior at Brown University working on my thesis project 
which involves functionalizing magnetic magnetite (Fe3O4) 
nanoparticles with functional molecules such as chemotherapy 
drugs. I am working on developing a new, inexpensive linker 

chemistry that (i) allows monodisperse Fe3O4 nanoparticles, 
originally synthesized in organic solvent, to be water soluble 
and (ii) allows for the attachment of functional molecules to 
these particles for drug delivery, bio-imaging, bio-separation, 
enhanced MRI contrast, etc. 

My experience with the NNIN program was one of the best 
academic experiences I have had in college. I was able to network 
with professors who are very well known in the nano field, which 
is extremely helpful when it comes to applying for graduate 
programs, and meet some of my future colleagues. Additionally, 
my work from the summer of 2006 was published in the online 
undergraduate journal JYI (Journal of Young Investigators). I am 
currently applying to graduate programs in chemistry.

Thank you for doing this Ms. Mallison! It will be very interesting 
to see what everyone is up to. I am applying to work with my 
NNIN advisor (Younan Xia who is now at Washington University 
in St. Louis) for grad school and am also considering Cornell’s 
program. 

Thanks! Kaylie Young :  )

PS: I wanted to share with you a recent achievement of mine 
which has led to an article on the Brown homepage. http://www.
chem.brown.edu/undergraduate/kyoung.html

Yu Jennifer Zhao
2003 Stanford University

Hi Melanie,

I participated in the NNUN REU back in 2003 at Stanford, and I 
graduated from Cornell’s Material Science Engineering in 2005. 
I’ve been working at GE’s Global Research Center in the Edison 
Engineering Development program for the past 2.5 years. I’ve 
worked on exciting technologies such as MEMS, photovoltaics, 
and fiber optic sensors. The REU program was definite an eye 
opener for me. I got to experience laboratory research first hand 
and worked with world class scientists, plus it was so much fun! 
Thank you for the great opportunity. I recommend the program 
for all undergrads interested in research!

Jennifer Zhao
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Abstract
Linear and nonlinear fluorescence were studied in cadmium selenium quantum dots (CdSe QDs) with gold nanocrystals 
(Au NCs). Linear photoluminescence measurements in CdSe QDs and Au NCs mixed solutions (1:1 and 5:1 mixing ratio by 
weight) showed significant fluorescence-intensity quenching effect, compared to a QDs-only sample. Another set of thin film 
samples gave over 3 times of enhancement in the nonlinear florescence measurement. 

Introduction
Semiconductor QDs are nanoparticles with unique optical 
properties. Those properties, like large two-photon absorption 
coefficient, narrow emission and broad absorption spectra, and 
size-tunable fluorescence, have made them good substitutes 
for dyes that are typically used as fluorescent tags in biological 
applications. To understand and improve the QDs’ efficiency in 
such applications, surface plasmon enhanced fluorescence was 
studied. The optical properties of small metal particles have 
been an attractive field of study for years, since they interact 
with incident light strongly and change the optical properties 
significantly. Such extraordinary properties can be explained by 
the excitation of coherent free electron oscillations, or surface 
plasmon polaritons. As a result of the high polarizability induced 
by such modes, a strong electrical field develops about the 
nanocrystals surface. This locally-enhanced electromagnetic 
field can be helpful to achieve enhanced fluorescence. 

Materials and Experimental Design
We investigated the changes in fluorescence intensity for 
two sets of thin film samples. The first set is composed of 

a monolayer of 5-nm-diameter CdSe QDs, a monolayer of  
4.5 nm Au NCs and a separating section consisting of 4, 5, 14, 16 
and 18 layers of polymethyl methacrylate (PMMA) to control the 
distance between the monolayers of QDs and NCs. The second 
set consists of a monolayer of 4.3 nm in diameter CdSe quantum 
rods (QRs) and the same monolayer of Au NCs. This set was 
assembled in a similar way as the first set, but using varying 
layers of amorphous silicon dioxide (SiO2) to separate the 
QRs and gold monolayers. The setup of the linear fluorescence 
measurement is shown schematically in Figure 1. An argon laser 
was used to excite the sample, and the fluorescence was collected 
by two lenses and sent to a monochromator. 

A photon-multiplier tube (PMT) and a lock-in amplifier were used 
to increase the sensitivity and signal-to-noise ratio of the setup. 
The nonlinear fluorescence measurement was done in a similar 
way except that: a mode-locked Ti-sapphire laser (wavelength 
~ 800 nm, pulse width ~ 200 fs, repetition rate ~ 76 MHz and 
peak power > 10 kW) was used instead of the argon laser. Also 
to eliminate the loss introduced by the monochromator, we 
collected the fluorescence directly with a PMT. 

Figure 1: Schematic of linear experimental setup.
Figure 2: Photoluminescence intensities for  

samples in solution: Linear Experiment.
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Results and Discussion
In the beginning, linear fluorescence measurements were 
done with QD/Au solutions mixed at different ratios: samples 
with QDs only, and QD/Au mixed at 1:1 and 5:1 ratios were 
compared. The results are shown in Figure 2. The QDs-only 
sample showed the strongest fluorescence, and the more Au NCs 
in the other two samples, the less fluorescence they gave. From 
the curve-fitting, we were not able to distin guish any significant 
center wave-length or full-width-at-half-maximum changes for 
all three samples tested. Although it seems to be quenching with 
more gold in the solution, the results are inconclusive since there 
are too many uncertainties, like re-absorption of fluorescence by 
Au NCs and uncontrollable spacing between QDs and NCs. 

fluorescence experiments on the same samples with PMMA 
layering. Without considering the 18-layered sample, over 3-fold 
of fluorescence enhancement has been observed in the 4-layered 
sample compared with the CdSe QDs only sample (red line). 
Furthermore, the optimum spacing seems to be smaller than 
4-layered thickness. To further investigate the optimum spacing 
between the CdSe QDs and Au NCs, thinner and more precisely 
controlled layers are needed. 

The final set of samples consisted of QR/Au thin films fabricated 
more precisely with SiO2 layering to separate the nanoparticles 
from each other. The surface of the samples was much more even 
than the previous set of samples; unfortunately, we could not 
perform the planned experiments because of laser malfunction. 

Conclusions and Future Work
We have shown that over 3-fold of nonlinear fluorescence 
enhancement in CdSe QDs monolayer with Au NCs can be 
obtained. Future work will be done with the last set of samples 
when the laser is available, but similar results are expected for 
the nonlinear experiments. Once this is done, we will be able 
to calculate the optimal distance between the nanoparticles 
and fabricate the QD/NC particles so that they can be used in 
biological applications. 

Acknowledgements
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Brinker’s lab; Robert Bradley and Shisheng Xiong. Special 
thanks to the National Nanotechnology Infrastructure Network 
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Science Foundation for funding my participation in this project. 
Muchas gracias a mi familia. 

Figure 3: Average photoluminescence intensities for 
thin-film samples with PMMA: Linear Experiment.

Figure 4: Average photoluminescence intensities for  
thin-film samples with PMMA: Non-linear Experiment.

Having this in mind, we obtained the QD/Au thin film samples 
which had the nanoparticles separated at “specific” distances 
using PMMA layering in between them. This batch of samples 
consisted of thin films with QDs only, and QDs and gold NCs 
separated with 4, 5, 14, 16 and 18 PMMA layers. We noted, 
though, that the samples had visible surface unevenness, 
which is why, during the linear and nonlinear experiments, we 
decided to scan through the sample with the laser and obtain an 
average of the intensities. For the QD/Au thin film samples with 
PMMA layering, Figure 3 shows the average of the fluorescence 
intensities for varying PMMA layers in the linear experiment. 
The red line represents the average intensity for the QDs-only 
sample. From the intensity plots generated with the fluorescence 
data obtained, there is no significant fluorescence quenching or 
enhancement in these samples. 

The 18-layer PMMA sample seems to be totally different from 
others, and we believe that there might have been some mistakes 
during fabrication (possibly the PMMA layers folding upon 
themselves). Figure 4 shows the data obtained for the nonlinear 
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Abstract
Magnetic nanoparticles (MNPs) were synthesized to evaluate the influence of various polymer coatings on particle size, zeta 
potential, and cellular uptake. Stock solutions of gum arabic (GA), chitosan, and polyethylenimine (PEI) at 2% by weight 
were added to the MNP solutions. The particle size was obtained with the vibrating sample magnetometer and Malvern 
Zetasizer. The coated particles were on average approximately 100 nm. The zeta potential of the particles was acquired 
with the Malvern Zetasizer. Results revealed a negative surface charge for each of the coatings at low concentrations. 
Increased amounts of PEI demonstrated the ability to alter the surface charge from negative to positive. The live/dead (LD) 
assay showed that PEI coated particles demonstrated toxic effects with a LD 50 ≈ 100 µg iron/millions cells. In contrast, 
GA and chitosan-coated MNPs were the least toxic to the human colon carcinoma cells (HCT-166) with a LD 50 > 1000 µg 
iron/millions cells. Being non-toxic is important because it relates the biocompatibility of the nanoparticles with the body 
system.

Introduction
Colon cancer is one of the most prevalent and fatal types of 
carcinoma disease [1]. There are several studies dedicated to 
optimizing cancer therapy through the use of nanotechnology 
applications [2]. Magnetic field hyperthermia (MFH) makes use 
of MNPs, such as magnetite. When coated in glycomolecules, like 
GA and chitosan, a crab shell derivative, it is thought that MNPs 
are more likely to be taken up by cancer cells than by healthy 
cells because cancer cells require more energy to proliferate. 
Also, because cancer cells are negatively charged, it’s interesting 
to note whether surface charge affects particle uptake across the 
cell membrane’s phospholipid bilayer. With an accumulation 
of MNPs in or around cancerous cells, an alternating magnetic 
field (AMF) causes hysteresis heating. Hysteresis heating around 
42º-45ºC leads to the apoptosis of cancerous cells while leaving 
healthy cells unharmed [3].

However, MFH is most effective if the MNPs are at an optimal 
size, concentration, adhesiveness, and strength. The goals of 
this experiment were to manipulate the physical and chemical 
surface properties of magnetic nanoparticles (MNPs) by coating 
them with polymer and to evaluate how these polymers influence 
surface charge. Additionally, we sought to determine the cell 
viability when exposed to polymer-coated MNPs.

Methods/Materials
The MNPs were synthesized via wet chemistry techniques. A 
2:1 molar solution of iron (III) chloride and ferrous chloride 
was added to 20 mL of deionized water. An alkaline solution 
was prepared by adding 15 mL of reagent NH4OH to 65 mL of 

deionized water. The latter solution was stirred for approximately 
5 minutes on a magnetic stir plate. The Fe2+, Fe3+ solution was 
added drop-wise to the alkaline solution. It is believed that 
pouring the iron solution into the alkaline solution would result 
in smaller particles; however a slower reaction rate correlates 
with more uniform particles. The MNP solution was stirred for 1 
hour and washed via centrifugation. The MNPs were redispersed 
with deionized water via ultrasonication. This process was 
repeated about six times or until the pH of the suspension was 
comparable to that of the deionized water. The polymer-coated 
MNPs were synthesized via the same method with the addition 
of 2% polymer solution after ultrasonication. 

Overall, four types of MNPs were used: naked, chitosan-coated, 
GA-coated, and PEI-coated. The Malvern Zetasizer was used to 
measure size and zeta potential. Size measurements were verified 
via magnetic susceptibility analysis. A live/dead cell assay was 
performed with each particle type at concentrations from 31-
8000 µg iron/million cells.

Results and Discussion
Size analysis via vibrating sample magnetometer and dynamic 
light scattering (Malvern Zetasizer) showed that the naked 
particles were 3.84-60.4 nm. The smaller sizes represent primary 
particles, and the larger sizes represent agglomerates. The coated 
particles were about 100 nm. Zeta potential results, which 
correlate with electrophoretic mobility, showed that the nutrient 
medium for cells (DMEM) in which the particles were suspended 
for testing rendered all the particles negatively charged. PEI had 
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the strongest negative charge at -6.9 mV. It was interesting to 
note that PEI and chitosan-coated MNP’s exhibited a negative 
charge in DMEM even though PEI and chitosan are cationic 
polymers. The live/dead cell assay showed that the LD 50 results 
for GA, chitosan, and PEI were 6700, 1450, and 106 µg iron/
millions cells, respectively (see Figure 1).

The particle size retrieved via the two size analysis techniques 
gave size measurements which were consistent with predicted 
and literature results. The MNPs were tested in DMEM solution 
to more accurately simulate the body system. In this solution, all 
the coatings, even those which are typically positively charged, 
rendered a negative surface charge. The PEI coated MNPs were 
very toxic to the cells at higher concentrations, which could 
cause rejection if used in the human body. Although chitosan 
particles were promising in relation to their biocompatibility, GA 
best reflected the live/dead cell assay results of particles with no 
coatings. 

Summary
Polymer-coated MNPs imparted an overall negative charge. The 
live/dead cell assay showed that overall GA was the least toxic 
to the colon carcinoma cells meaning that it would be the most 
biocompatible. Further studies need to be done to identify and 
optimize surface coatings that could render a positive surface 
charge. Additionally, particle uptake of the coated MNPs needs 
to be observed via TEM imaging. 
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Abstract/Introduction
Combined atomic force scanning electrochemical microscopy (AFM-SECM) probes integrated with micro/nano-electrodes 
enable simultaneous collection of electrochemical information along with high resolution topological imaging [1-3]. Thereby, 
an innovative technique for correlating surface chemical activity and topography during a single sample surface scan is 
provided. In the present research, a batch fabrication process at the wafer level was developed for incorporating an array 
of four AFM-SECM cantilevers with recessed electrodes. The electrode was located at a defined distance from the tip apex 
enabling separation of correlated topographical and electrochemical information. The bifunctionality of the individual 
probes is demonstrated by AFM imaging and electrochemical characterization of the integrated electrodes. 

The presented development was at the forefront of combined scanning probe technology providing sub-microelectrode 
integrated AFM probe arrays for the first time. 

Fabrication
Multifunctional cantilever arrays were fabricated from a 4″ 
silicon-on-insulator (SOI) wafer consisting of a device layer of 
10 µm silicon (Si), a stop etch layer of 1 µm silicon dioxide (SiO2) 
and a handle layer of 500 µm Si. This procedure is conducted 
using a batch process involving the development of over three 
hundred microchips on a single wafer. Each microchip contains 
four gold (Au) pad openings and four cantilevers of various 
heights and widths. 

First, the device silicon layer AFM tips were fabricated using 
an isotropic reactive ion etching (RIE) process. The AFM tip 
surface was insulated by a 500 nm plasma enhanced chemical 
vapor deposition (PECVD) silicon nitride (SiN) layer. An etch 
mask for backside Si etch was patterned by successive 6 µm 
PECVD SiO2 layer deposition and wet etching. The electrode 
layer is then patterned using lift-off process of 100Å titanium 
and 2000Å gold deposited using an e-beam evaporator. Another 
500 nm PECVD SiN layer insulated the metal layer. Four gold 
pads were exposed by an RIE process for electrical connection 
to individual electrodes for electrochemical measurements. Each 
cantilever profile was defined by etching the SiN and the silicon 
device layers with RIE and inductively coupled plasma (ICP) 
etching processes respectively. The backside of the microchip was 
then etched through ICP. Each cantilever chip was then removed 
from the host wafer and focused ion beam (FIB) technology was 
used to open each tip electrode and shape the AFM tip [1]. 

Results and Conclusions
An AFM-SECM probe array is shown in Figure 1. Each 
cantilever chip contains four separate cantilevers with 20 µm or 
16 µm spacing between each tip apex. The imaging quality of the 
cantilever was tested. 

Figure 1: SEM image of a fabricated AFM-SECM probe array.
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The AFM laser was focused on one of the cantilevers and scanned 
across a model sample; the AFM image is shown in Figure 2. 
The change in color along the lower edge of each etched region 
is related to the spot size of the used laser, which results in an 
overlapping readout of two neighboring cantilevers. 

The electro chemical functionality of the cantilever array was 
then tested by cyclic voltammetry (CV) in 0.1 mol/L K4Fe(CN)6 
in 0.5 mol/L KCL in a potential range from 0V-0.6V. CVs were 
recorded before and after focused ion beam (FIB) milling (Figure 
3). As shown in the voltammograms, the current level before tip 
milling is in the low pA range, which indicates good insulation. 
The same test was then conducted after tip milling. The measured 
steady state current of 1.68 nA is in good agreement with the 
expected theoretical value for the given electrode size.

Finally the free vibration of the cantilever in air was recorded 
and the spring constant of the cantilevers was calculated to 
be 0.95-1.2 N/m which is comparable to that of commercial 
cantilevers. The frequency response of the cantilevers in air was 
also conducted using a mean-square displacement which verified 
that the AFM-SECM cantilevers have a resonant frequency of 
69.1 kHz, also comparable to commercial cantilevers [1]. 

In conclusion, the first known AFM-SECM integrated probe 
array was successfully fabricated using microfabrication 
techniques suitable for production on a wafer level. The gold 
microelectrodes were integrated recessed from the tip apex 
allowing simultaneous topographical and electrochemical 
imaging. The AFM-SECM cantilever performance as AFM 
cantilevers was verified and is comparable to that of commercial 
cantilevers and electrochemical functionality was demonstrated 
by cyclic voltammetry. 

Future Work
Simultaneous topographical and electrochemical imaging will 
be demonstrated with one of the four cantilevers of the array. 
Parallel readouts from each cantilever are anticipated in the 
future with a modified AFM set-up. Reducing the size of the 
integrated microelectrode will result in improved resolution for 
electrochemical imaging. Ultimately, individual modifications of 
each electrode of the cantilever array with biosensing layers or 
pH sensing layer will allow multiple parameter readouts during 
AFM imaging. 
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Figure 2: AFM of a test grid recorded 
with a single cantilever from the array.

Figure 3: CV recorded at the integrated 
electrode of the cantilever.
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Abstract
The on-chip integration of microfluidic and surface acoustic wave (SAW) systems provides a promising platform for 
potential applications such as cell patterning, cell sorting and separation, high throughput screening in drug development 
and testing, and ultrafast mixing. In this study, we integrated polydimethylsiloxane (PDMS) microchannels with inter-
digitated transducers (IDTs) on a piezoelectric substrate to enable the on-chip manipulation of micro/nano particles. 
Photolithography techniques were utilized to define the micropattern for both the microchannels and IDTs. The mold for 
the PDMS microchannels was fabricated via deep reactive ion etching (DRIE) on a photoresist-patterned silicon (Si) wafer. 
Precision control of polystyrene (PS) micro/nano particles is achieved by generating standing SAW within the microchannel 
using IDTs. Through careful arrangement of microchannels and IDTs, one-dimensional and two-dimensional patterning of 
micro/nano particles in the microchannel can be achieved.

Introduction
In recent years, much interest has been expressed in the 
develop  ment of robust, integrated lab-on-a-chip systems which 
serve a multitude of purposes in engineering, medicine, and 
biochemistry. In this study, our goal was to design, fabricate, 
and test an on-chip integrated microelectromechanical systems 
(MEMS) device that would enable aggregation of micro/nano 
particles within a microchannel at the pressure anti-pressure 
nodes of standing SAW.

Microfluidic channels provide a controlled region for study, 
taking advantage of laminar flow, low Reynolds numbers, and 
high surface area to volume ratios [1]. The underlying mechanism 

for particle patterning stems from wave theory, where two 
approaching waves converge and undergo positive inter ference 
to form standing waves. In this project, a piezoelectric substrate 
was used due to the fact that it functions as an energy interface, 
converting between electrical and mechanical forms of energy. 
Thus, when a form of electrical energy, voltage, is applied across 
an electrode on a piezoelectric substrate, mechanical vibrations 
of the substrate result, and SAW propagate across the medium, 
perpendicular to the IDT. Arranging two IDTs in either parallel or 
angled patterns enables precise 1D or 2D patterning, respectively, 
at the pressure nodes of the standing SAW.

Figure 1: The underlying mechanism for particle manipulation:  
the combination of two converging SAWs into one standing SAW.

Figure 2: On-chip combined acoustic and microfluidic systems: 
titanium/gold IDTs with wires bonded and PDMS microchannel with 
polyethylene tubing, ready for testing.
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Experimental Procedure
Photolithography techniques were implemented in both the 
fabrication of the IDTs and microchannels. First, IDT and 
microchannel masks considering a variety of parameters were 
designed on AutoCAD. Based on the orientation of the IDTs 
and microchannels, both 1D and 2D patterning systems were 
designed.

Both masks were written on a laser writer, and contact lithography 
was used for the patterning of the Si wafer for the microchannel 
mold and the piezoelectric IDT substrate. Following, the 
photoresist-patterned Si wafer underwent DRIE, which etched 
into the exposed areas of the wafer, creating a Si mold for 
microchannels. PDMS was mixed and poured over the mold and 
cured, and the microchannels were released. To complete the 
IDT fabrication, an adhesive layer of titanium (Ti) was deposited, 
followed by a layer of gold (Au), by metal evaporation onto the 
photoresist patterned piezoelectric substrate. Finally, the Ti/Au 
electrodes were revealed by a chemical liftoff process, removing 
any remaining photoresist/Ti/Au.

Device integration challenges were overcome by relying on 
reactive ion etching (RIE) to pre-treat bonding surfaces of both 
the PDMS microchannel and piezoelectric substrate. Immediately 
following low-power oxygen RIE, microchannels were aligned 
with the IDTs under a microscope. Wires were bonded to the 
IDT electrodes, and polyethylene tubing was inserted into the 
microchannel inlets and outlets.

The device testing experimental setup consisted of an radio 
frequency  (RF) signal generator first connected to a power 
amplifier, which was then connected to both IDTs. An 
oscilloscope recorded the signal voltage and frequency. The 
integrated MEMS device was placed on the stage of an inverted 
optical microscope for testing. Specified flow rates of micro/
nano particle containing fluid were delivered to the polyethylene 
tubing by a syringe pump.

Results and Conclusions
In conclusion, we have developed an effective method for 
the on-chip manipulation of micro/nano particles. When an 
alternating current (AC) signal was applied across the surface 
of both IDTs, aggregation of micro/nano particles within the 

microchannels did occur successfully at the pressure nodes of 
the standing SAW. Both 1D and 2D patterning of micro/nano 
particles was achieved, resulting in an aggregated line or grid 
of dots, respectively. Patterned particles ranged in size from 460 
nm to 10 µm in diameter.

Future Work
This work boasts a multitude of applications, particularly 
in pharmaceuticals, biology, and biochemistry. Future work 
involving the patterning of cells would be applicable to drug 
discovery, development, and testing. This technique could 
potentially be used to affix the positions of cells and provide 
a uniform environment for monitorable testing during high 
throughput screening. Cell responses to variations in dosage 
amount, frequency, and other factors could be observed. 
Secondly, functionalizing molecules with polystyrene micro or 
nano particles could lead to improvements in molecular sorting 
and  deoxyribonucleic acid (DNA) analysis techniques. Finally, 
microfluidic in-channel mixing, which is often difficult to attain 
in laminar microfluidic systems, could be achieved efficiently by 
selective functionalization and patterning of molecules.
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Abstract
Optical trapping is a powerful technique used to investigate the mechanical properties of the molecular motors that govern 
cellular processes. In order to examine such mechanisms, trappable “handles” must be developed that can be used for 
attachment to biological samples. This project involves the design and fabrication of cylindrical trapping particles to be 
used in measuring forces and torques exerted on deoxyribonucleic acid (DNA), in addition to optimizing existing fabrication 
protocols. In previous work, the entire top surface of a cylinder was chemically functionalized for binding to DNA. During 
the first stage of this project, this protocol was repeated with slight modifications in order to generate cylinders which 
dramatically reduced the unwanted precessing of particles in an optical trap, thereby minimizing measurement noise. 
The second stage principally dealt with fabricating smaller cylinders (600 nm height, 300 nm diameter) to allow for more 
accurate and precise measurements. Progress in this area has proved challenging, likely due to having approached the 
optical limits of the nanofabrication tools being used. It may ultimately prove more beneficial to design and fabricate a new 
type of trapping particle.

Introduction

There have been a myriad of uses for optical traps in the field of 
single molecule biophysics, with special emphasis on systems 
involving DNA. Briefly, an optical trap can be described as an 
instrument that uses collimated light, normally provided by a 
single mode laser, which is brought into a tight focus by high 
numerical aperture (NA) objective lenses to trap dielectric 
particles. The principal forces involved in an optical trap are the 
scattering force (a result of the momentum of photons) and the 
gradient force, which is the force that actually does the trapping. 
The scattering force “is proportional to the light intensity and acts 
in the direction of the propagation of light” while the gradient 
force is “proportional to the spatial gradient in light intensity and 
acts in the direction of that gradient” [1]. The diameter of the 
particles is on the order of the wavelength light that is being 
used. 

In this project we used crystalline quartz, which is birefringent, 
as our substrate for fabricating cylindrical trapping particles in 
order to make measurements of torque and force on DNA in 
an angular optical trap. In addition to being a well understood 
fabrication material, quartz was used since “angular trapping 
occurs in particles made from materials such as quartz, in which 
the extraordinary axis of the crystal is more easily polarized 
[due to the birefringent nature of quartz] than the ordinary 
axes” [2]. When such a particle is positioned in an electric field, 
a polarization is induced on the particle. Any misalignment 
between the electric field and the polarization of the particle 
results in a torque [3]. By monitoring the ellipticity introduced in 
the trapping beam by this particle, the torque can be determined 
with great accuracy (typically ~ a few kT).

Figure 1: Optimized protocol.
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Fabrication
The primary purpose of this project was to master and improve 
the existing cylindrical nanoparticle fabrication protocols [4]. 
Figure 1 outlines the optimized fabrication protocol. Part (a) 
depicts the initial step in our protocol; here a thin anti-reflective 
coating (ARC) has been applied (this coating was used to prevent 
unwanted ring like structures from appearing on the wafer from 
the reflective chucks used in the exposure process). In (b) the 
top surface has reacted with 3-aminopropyltriethoxysilane 
(APTES); this is the functionalized area to which we want to 
attach a biological molecule. Approximately 660 nm of OIR 
620-7i has been spun onto the wafer in part (c). 

A 10x stepper is used to expose the pattern in (d). Section (e) 
depicts the first anisotropic dry etch (CHF3/O2 used as etching 
gas). Etching times were selected such that particles of height ~ 
1 micron were generated. 

In the next step, part (f), the resist is removed by sonicating the 
cylinders/wafer in an acetone solution. The resist was successfully 
separated from the cylinder, leaving behind the APTES layer for 
attachment to streptavidin protein. The cylinders, in section (g), 
have been cleaved using a microtome blade. Finally, part (h) 
depicts the end product; from here a sample chamber will be 
prepared and the localized APTES on the top of the cylinders 
has to be reacted with streptavidin in order for use in an optical 
trap.

Summary
A protocol for the production of anisotropic quartz cylinders 
for use in novel optical trapping experiments was successfully 
performed with improvements made over the published protocol. 
Further optimization of the fabrication protocol would involve 
reducing the overall size of the cylinder. Initial attempts proved 
challenging due to the optical limits of the nanofabrication tools 
being reached. 

In addition, it may be possible to further refine and improve 
the trapping handles by employing new particle geometries or 
perhaps considering alternate fabrication substrates.
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Abstract/Introduction
Von Willebrand factor (vWF), a large multimeric blood plasma protein, is integral to in vivo platelet aggregation and clot 
formation (Figure1) [1]. Of particular interest are the shear dependent interactions between the A1-domain of vWF and 
platelet glycoprotein (GP) Ibα [2]. Weak, transient bonding between these two partners anchors platelets and vWF long 
enough for other glycoprotein and integrin mediated bonds to form [3]. Disruption of these transient bonds, such as mutations 
that abolish the shear dependence of the interaction, lead directly to clinical illnesses such as von Willebrand disease, 
the most common hereditary blood clotting disorder [1]. To detect the presence of inter-domain regulation within vWF, 
we investigated the interaction of platelets with the isolated A1, A1A2A3, D’D3A1A2A3 and ∆D’D3 (A1A2A3D4B1B2B3C1C2Ck) 
domains of vWF under flow conditions. In addition, we conducted ristocetin induced platelet aggregation (RIPA) assays 
to verify construct functionality, and enzyme linked immunosorbent assays (ELISA) to quantitate construct surface 
absorption. 

Results
ELISA, which were visualized at A650 with a horseradish 
peroxidase (HRP)/HRP antibody system developed by 
Invitrogen, revealed nonlinear concentration dependence as well 
as variable coat concentration for the different constructs tested 
— multimeric vWF, A1, A1A2A3, D’D3A1A2A3. Construct size 
dependent adsorption was observed as expected — A1 coated at  
~ 24%, A1A2A3 at ~ 58% and D’D3A1A2A3 at ~ 67% of multimeric 
vWF coating (data not shown). 

RIPA assays verified the functionality of the dimeric (D’D3A1A2A3 
and ∆D’D3), but not monomeric (A1 and A1A2A3) constructs. 
RIPA assays rely on the fact that platelets, in combination with 
ristocetin (antagonist) and a cross linker should aggregate in 
solution. In Figure 2, our negative control (platelets + vWF) 
shows no aggregation, while our positive control (platelets + 
vWF + ristocetin) and dimeric constructs (platelets + construct 
+ ristocetin) aggregate in solution. This reveals that both vWF 
and dimeric constructs are functionally active in solution; that is,  

they bind platelets with high affinity in the presence of a ristocetin 
antagonist. For monomeric, the paradigm is the opposite—
platelets + vWF + ristocetin + monomer should actually inhibit  
platelet aggregation versus platelets + vWF + ristocetin. No 
platelet aggregation inhibition was consistently observed, 
suggesting that our A1 and A1A2A3 were functionally inactive. 
This is curious, considering that A1 is widely known to inhibit 
platelet aggregation in the presence of ristocetin (or botrocetin, 
a close analog) [2,4].

Flow chamber experiments were conducted for plates coated with  
multimeric vWF, A1, A1A2A3, D’D3A1A2A3 and ∆D’D3 in the 
range of 0.0025 Pa to 16 Pa wall shear stress. Platelet interactions 
occurred for all constructs other than A1 and A1A2A3, where the 
interaction is quantified as the number of platelets bound to the 
surface in two minutes under flow conditions. Bovine serum 
albumin (BSA)-coated plates were used as a negative control and 
a baseline threshold for platelet interactions; that is, constructs 

Figure 1: Domain-level structure of von Willebrand factor. Figure 2: RIPA assay for dimeric vWF constructs.



2007 REU Research Accomplishments page 13

Biological  
Applications

that bound less platelets than BSA, such as A1 and A1A2A3, were 
considered nonspecific and discounted. 

Four experiments were performed in the same conditions 
on separate days and Figure 3 shows the results from one 
representative/typical experiment. Note that the ∆D’D3 construct 
experiences peak platelet binding at a much lower shear than 
both multimeric vWF and D’D3A1A2A3. This demonstrates that 
the ∆D’D3 domain has a role in regulating the shear dependence 
of vWF platelet interactions. 

Furthermore, at high shear (> 2 Pa), platelets tend to detach from 
the dimeric constructs while platelet binding occurs throughout 
the entire high shear range for multimeric vWF. 

Methods
Flow chamber experiments were conducted with circular 
parallel plate flow chambers (Glycotech) following the protocol 
of Dogget, et. al. 2003 [5]. Variable concentrations of multimeric 
vWF (Haematologic Technologies Human von Willebrand factor 
VIII Free, Cat#: HCVWF0191, Stock 210 µg/mL), A1, A1A2A3, 
D’D3A1A2A3 and/or ∆D’D3 were coated onto 35 mm round 
polystyrene petri dishes (Corning) via a 90 minute incubation at 
37°C. Recombinant vWF-A1 [6] and A1A2A3, D’D3A1A2A3 and 
∆D’D3 were prepared and isolated as previously described [7]. 
vWF construct coated dishes were mounted to the flow chamber, 
suffused with a platelet rich suspension isolated from healthy 
donor whole blood and visualized under a 10X light microscope 
(Nikon) [5]. RIPA assays were conducted following the protocol 
of Cruz, et. al. 2000 [2]. 

Conclusion
This study reveals that inter-domain regulation does indeed 
occur in vWF platelet interactions. Flow chamber experiments 
demonstrate that the D’D3 domain regulates shear dependent 
platelet binding by inhibiting low shear vWF platelet interactions 
by an, as of yet, undetermined mechanism. One possible mech-
anism is that the D’D3 domain inhibits the A1 domain at low shear, 
preventing GP Ibα binding. However, at high shear, vWF and 
D’D3 are elongated by shear forces, exposing the A1 domain. 

While in general agreement with our findings, the elongation 
theory does not explain the discrepancy between the dimeric 
constructs and vWF platelet binding at high shear. Repeating 
flow chamber experiments with GP Ibα coated polystyrene beads 
instead of intact platelets and characterization under an atomic 
force microscope are needed to cement our findings as well as to 
test mechanistic hypothesizes. 
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Abstract
This REU project successfully demonstrated an automated image segmentation technique to overcome artifacts from in 
vivo images and provide real time, accurate analysis of nuclear size, density, and nuclear-cytoplasmic ratio, critical visual 
markers of epithelial precancers. The algorithm was first calibrated using optical images of microfluidic droplets, and then 
applied on confocal images of oral cavity tissues. All images were segmented successfully to provide accurate count (95% 
with 6.2% standard deviation) of cells or droplets. 

Introduction
Cancer is a serious global healthcare problem, accounting for over 
6.5 million deaths annually. Although widely considered a disease 
of the developed world, 60% of cancers occur in developing 
countries, where low per-capita healthcare expenditure, 
unreliable infrastructure and facilities render advanced cancer 
screening technologies inaccessible. In lieu of these factors, we 
have developed a low-cost, handheld, microelectromechanical 
systems (MEMS)-based in vivo confocal microscope for sub-
cellular-resolution imaging of tissue towards early detection 
of epithelial precancers from which 85% of cancers originate. 
Currently, endoscopic procedures are performed for biopsy 
samples and images are manually segmented for initial testing of 
pre-cancer. However, this results in long turnaround time, high 
costs, discrepancies among different segmentation methods, and 

inconvenience for patients. An advanced algorithm is therefore 
needed to provide fast, low-cost, standardized results which are 
essential for in vivo pre-cancer detection. 

Algorithm Outline
The image was imported into MATLAB® and converted 
to grayscale for faster processing using inbuilt functions. 
Imclearborder was used to eliminate incomplete nuclei and only 
account for complete and visible ones. The gradient magnitudes 
were calculated and the threshold was increased to outline cell 
membranes. 

The normal watershed transform usually over-segments so we 
used the more advanced marker-controlled watershed transform. 
Foreground objects were marked with local maxima to ensure 
only wanted objects were accounted for. Strel and graythresh 
were used to mark the background in black against the resized 
white foreground markers. In order to only count minima at 

Figure 1: Statistics showing survival rates  
vs. cancer diagnosed at different stages.

Figure 2: Illustration of our imaging setup with  
top view of microscanner shown (Inset).
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markers and not the entire image, imimposemin was used and 
the transformation was initialized at this point. 

To visualize how the watershed function worked, the image was 
viewed as a topographical surface. The algorithm started at a 
minima of each marked object and expanded uni-directionally 
until it reached an edge of another region. The watershed 
transform was an accurate way to count and segment marked 
regions. Bwlabel labels connected components of the image, 
which allowed numObjects and Regionprops to give numerical 
statistics about the segmented image. Based on results from 
previous trials, parameters were set up to remove false counts. 
All nuclei sizes were put into an array and a mean nuclei size was 
calculated, together with a histogram displaying the occurrences 
vs. size. 

Algorithm Calibration
The algorithm was first calibrated using optical images of droplets 
in microfluidic channels. Microfluidic channels were fabricated 
using polydimethylsiloxane (PDMS) with rapid prototyping. 
A clean silicon wafer was coated with hexamethyldisilazane 
(HMDS) to ensure good adhesion between silicon and photoresist. 
Photoresist SU-8 2250 was applied to produce a master of 
appropriate thickness and the wafer was spun at 1860 rpm for 30 
seconds. Under soft lithography, the wafer was exposed to UV 
light for 50 seconds and developed for 3 minutes. On developing, 
features of microfluidic channels are transferred to the resist, and 
the master fabrication is complete. PDMS was poured onto the 
wafer after applying Sigma-Cote to reduce adhesion between the 
PDMS and wafer, cured for 45 minutes at 70°C, and peeled to 
form channels. The master can be used in this manner to reliably 
reproduce thousands of channels based on a design. 

Water droplets dyed with various colors were injected at 
different arms of the microfluidic channel. The fusion efficiency 
was observed when different flow rates were applied and the 
algorithm was capable to segment and count droplets with 93% 
accuracy and 8.7% standard deviation. Over-segmentation 
occurred when many droplets 
did not fuse together. Based 
on that, an additional criterion 
was implemented to minimize 
inaccurately segmented drop-
lets. 

Results and 
Conclusion
Medical confocal images 
were used for a more rigorous 
and robust testing of the 
algorithm. Images were taken 
from porcine oral cavities 
with our confocal microscope. 
The algorithm provided 95% 
accuracy and 6.2% standard 

deviation to hand-segmentation. Although over-segmentation did 
occur, the mistaken segmented regions were obvious in that they 
were not nuclei based on size and could therefore be discarded. 

The results show that our image segmentation algorithm can 
analyze images taken in vivo and detect nuclei to a good extent. 
Our algorithm, together with our hand-held in vivo microscope, 
can provide real-time, biopsy-free results. 

Future Work
Bayesian Classifiers can be implemented to detect specific object 
shape and size, which allows an observation of different cancer 
stages and an idea of what types of treatments are needed. A 
GUI can be written for easier usage and other research groups 
can benefit from automated image segmentation versus manual 
counting. Also with each image there are different objects and 
signals in them, thus performing a Fourier Transform can be 
useful in image analysis. 

Acknowledgements
I would like to thank the NSF, NNIN Research Experience for 
Undergraduates Program, Dr. Sanjay Banerjee, NNIN Facility, 
and Zhang Research Lab at UT Austin. 

References
[1] K. Kumar, K. Hoshino, H.J. Shin, R. Richards-Kortum and 

X.J. Zhang, “High-reflectivity Two-Axis Vertical Combdrive 
Microscanners for Sub-cellular Scale Confocal Imaging 
Applications”, Proceedings of International Conference on 
Optical MEMS and their Applications (Optical MEMS ‘06), 
August 21-24, Montana, USA, 2006. 

[2] Brette L. Luck, Kristen D. Carlson, Alan Conrad Bovik, Rebecca 
R. Richards-Kortum, “An Image Model and Segmentation 
Algorithm for Reflectance Confocal Images of In Vivo Cervical 
Tissue,” IEEE Image Proc., V14, #9, pp. 1265-1276, Sep. 2005.

Figure 3: Porcine oral tissue. Inset: Epithelium and basal layer.
Figure 4: Segmented image with markers shown using our algorithm.



page 16 National Nanotechnology Infrastructure Network

Biological  
Applications

Study of Silver Nanoparticles Biocidal Impact on  
Escherichia coli Using Optical and Atomic Force Microscopy 

Ruth Enid Kuilan León
Chemical Engineering, University of Puerto Rico, Mayagüez Campus

NNIN REU Site: Howard University Nanoscale Science and Engineering Facility, Howard University
NNIN REU Principal Investigator: Dr. James W. Mitchell, Chemical Engineering, Howard University
NNIN REU Mentor: Dr. Tina Brower-Thomas, Chemical Engineering, Howard University
Contact: rkl21656@uprm.edu, jwm@msrce.howard.edu, tbthomas@msrce.howard.edu

Abstract
Silver’s biocidal properties have been known to affect cellular metabolism and inhibit cell growth; therefore it is expected 
that it will affect Escherichia coli, a bacteria known as one of the many species of bacteria living in the lower intestines 
of mammals. One of the primary adverse effects of the bacteria is the ability to cause food-borne illness. Atomic force 
microscopy (AFM) is a high-resolution imaging technique that can resolve features as small as an atomic lattice in real 
space. One of its many advantages is that it allows molecular scale resolution in liquid or without vacuum; therefore it 
has been immediately extended to biological systems. The focus of the present study was to investigate the structural and 
surface alterations induced in E. coli by the exposure of silver nanoparticles and image these changes using AFM. It is 
expected we will obtain easily achievable images by AFM with different orientations in space and accurate measurements 
of the morphology of normal versus affected E. coli. Optical microscopy was used for preliminary experiments to confirm 
that silver nanoparticles can affect the E. coli [1-3].

Objective

Investigate the effects induced on Escherichia coli when exposed to a biocidal 
compound such as silver nanoparticles and image them using optical and atomic 
force microscopy.

Materials and Methods
Surface Characterizations. Silver/silicon (AgSi) and Si wafer samples were 
studied using AFM. AgSi samples were prepared by DC magnetron sputtering of 
Ag and Si targets to deposit films onto a Si wafer. The Ag content for the samples 
was expected to be from 18-20%. Characterization was done by observing patterns 
on the surface topography and by studying data provided by the AFM, such as the 
average roughness of each sample. Contact and tapping mode was used, the latter 
being the ideal method because of its use in biological applications.

Preparation of Bacteria Samples. E. coli was grown in two different mediums: 
brain heart infusion (BHI) broth and nutrient agar. Flame inoculation was used to 
probe the E. coli into glass slants containing each medium. E. coli slants were left in 
an incubator at 37°C overnight to observe bacterial growth. After bacterial growth 
was evident, slants were labeled as stock solutions. 

Serial Dilutions. Phosphate buffer was used to prepare solutions of decreasing 
bacterial concentration (10-1 to 10-6) from E. coli BHI stock solution. These were 
labeled according to their bacterial concentration. The most diluted solutions (10-4 
to 10-6) were plated in a BHI agar and left to incubate at 37°C overnight to observe 
and quantify colonies.

Optical Microscopy. E. coli BHI stock solution and diluted solutions were observed 
on depression slides by optical microscopy using a (40x) objective. 500 µL of each 
E. coli solution were added to the slides with a sterile pipette. E. coli behavior was 
observed and recorded for 5 minutes prior to exposure to silver nanoparticles. 

Figure 1, top: AgSi (3 µm scan) (Ra: 8.27 nm).

Figure 2, bottom: Si (3 µm scan) (Ra: 0.829 nm).
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Future Work
Future work is expected to include: further study of surface 
characterization of AgSi and Si wafer surfaces by AFM, and E. 
coli growth on mica surfaces. In both studies, E. coli will be 
exposed to silver nanoparticles and the E. coli behavior will 
be observed ex-situ and in-situ, anticipating that it will die. 
Additionally it is expected that quantifying the E. coli in each 
sample will enable calculation of the rate at which the E. coli 
dies.
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Figure 3: Before exposure to silver nanoparticles.

Silver Nanoparticles. Ag nanoparticle solution was prepared in 
a RPMI 1640 medium. This solution contained 1014 Ag  nano-
particles per milliliter. Slides containing E. coli were exposed 
to 200 µL of Ag  nanoparticles solution after 5 minutes of 
observation. E. coli behavior after exposure to Ag nanoparticles 
was observed for 35 minutes.

Results and Conclusions
Surface Characterization. Different patterns were observed 
when imaging surfaces by non-contact mode on the AFM. When 
the Si wafer samples were studied, surface topography images 
seemed smooth and very uniform contrary to AgSi samples 
that showed a rougher and more complex surface topography. 
AgSi samples appeared to have small scattered clusters along 
the surface. When average roughness (Ra) data was obtained, 
it showed that Si wafer surfaces had a (Ra = 0.829 nm) and 
that AgSi samples had a (Ra = 8.27 nm), confirming what was 
previously observed on surface topography images. Additionally, 
when the (Ra) for the AgSi sample and Si wafer sample were 
subtracted, a value of approximately 7 nm was obtained. This 
value confirmed that silver nanoparticles were embedded in the 
surface since it was the expected value for the size of the silver 
nanoparticles when prepared by DC magnetron sputtering. (See 
Figures 1 and 2.)

E. coli and Silver Nanoparticles. Before silver nanoparticles 
exposure, E. coli seemed healthy and moving freely in solution. 
E. coli was observed for a period of 35 minutes after exposure to 
silver nanoparticles solutions. During the 35 minute period, the 
E. coli movement began to decrease and E. coli began to collide 
with each other forming clusters. After the 35 minute period, 
the E. coli movement stopped completely and a large number of 
clusters were observed. (See Figures 3 and 4.)

Figure 4: 40 minutes after exposure.
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Abstract
Immobilization of proteins on polymer surfaces is of great interest for applications in biosensing, cell and tissue culturing, 
and medical device coating. This research studied the functionalization of a fluorescent protein on a structured polymer 
surface. Copolymerization of 4-trifluoroacetyl-[2.2]paracyclophane and 4-amino-[2.2]paracyclophane by a vapor deposition 
technique result in the formation of slanted, columnar, porous structures of the copolymer poly(o-trifluoroacetyl-p-
xylylene-co-o-amino-p-xylylene-co-p-xylylene), (PPX-COCF3-NH2). The coupling of green fluorescent protein (GFP) to the 
structured and planar (control) polymer surfaces was studied by chemisorption (i.e. using a linking reagent, hexamethylene 
diisocyanate (HMDI)) and physisorption (i.e. without any linker). The fluorescence intensity of GFP on the surfaces was 
measured by an optical microscope and the data was analyzed using imaging software. The fluorescence intensity on the 
structured surfaces was higher than planar surfaces. This method will open a new wealth of applications to functionalize 
proteins that have desired functional groups for biomedical applications. 

 

Introduction
Nanostructured poly(p-xylylene) (PPX) films are of great interest 
because of their unusual physical and chemical properties 
such as surface chemistry, morphology, and topology [1]. 
Nanostructured PPX films have increased surface area which 
enhances the efficiency of functionalization, and this is the 
significant difference between a planar and structured surface 
(Figure 1) [2]. Planar surfaces have functional groups only on 
the top surface whereas structured surfaces have spaces between 
the columns of porous polymer strands, which provide more 
functional groups available for attachment to proteins. 

 

Experimental Procedure
Surface functionalization was achieved by placing the films into 
a flame dried 50 mL round-bottom flask. First 5 mL of anhydrous 
toluene, 30 µL of HMDI, and a small amount of catalyst  
(di-n-butyl tin dilaurate) were added to the flask and the top 
was capped. The reaction was let go for 4 hours. The film was 
removed from the flask, washed subsequently with toluene and 
placed in the desiccator to dry for 20 minutes. 

GFP coupling to the surfaces was achieved by measuring 5 mL 
of GFP solution into a 50 mL round-bottom flask. The film in the 
desiccator was removed, placed into the flask, submerged, and 
the flask was capped. The reaction was let go overnight. The film 
was removed from the flask and placed in the desiccator to dry for 
20 minutes. The film was removed from the desiccator, washed 
subsequently with deionized water and placed in the desiccator 
to dry. The schematic of protein coupling onto a functionalized 
structured PPX surface is shown in Figure 2. 

Figure 1: Cross sectional SEM image of a structured PPX film [2].

Figure 2: Schematic of protein coupling to PPX surfaces.
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GFP imaging was performed using the Olympus Fluoview 300 
confocal laser scanning microscope with a single-line 488 nm 
blue laser using the 40X oil objective. The intensity per field 
analysis was performed using ImagePro Plus 5.0 [3]. 

 

Results and Conclusions
Using the crosslinking agent (HMDI) surface coupling between 
the reagent and the amino groups on the film was achieved. 
To characterize the surface of the film, it was run on the FT-
IR spectrometer and the resulting spectrum showed 2 peaks that 
were indicative that the surface coupling reaction linked the 
amino surface to the coupling reagent (HMDI). The spectra of 
the unreacted film and HDMI coupled film is shown in Figure 3. 
The IR spectrum shows an amide bond peak (between 1630-1695 
cm-1 for the C = O stretching and between 3300-3500 cm-1 for 
a secondary amine). An isocyanate peak at 2200 cm-1 is also 
observed. 

that GFP physisorption on nanostructured PPX films is higher 
than planar PPX films. This is due to the increased surface area 
and the porosity of nanostructured PPX films. However, the 
overall GFP attachment is highest when the GFP is chemisorbed 
to the nanostructured PPX surface. Novel surface properties can 
be obtained by coupling reagents attached to the structured PPX 
film. Therefore, the surface may be incorporated into medical 
devices or other engineering device applications [3]. 

 

Future Work
Another proposal would be to functionalize nanostructured PPX 
surfaces with RGD peptides, seed cells onto the film and monitor 
the cell growth. The amino acid sequence of RGD interacts with 
integrin receptor sites and is found in the extracellular matrix; 
therefore, it is suggested that cells would be highly attracted to 
the RGD peptides on the surface and increase cell growth. 
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Figure 3: IR spectra: amino film (bottom line), amino film  
with HMDI (middle line), amino film with GFP (top line) [3].

Figure 4: Fluorescence intensity results.

Next, GFP was attached to the free isocyanate group on the 
surface. In addition to the fluorescence imaging of PPX surfaces, 
an IR spectrum confirmed the coupling of GFP to the surface 
(Figure 3). The spectrum shows that the free isocyanate group 
has reacted with the GFP. 

The GFP intensity was measured in four different conditions  
using the confocal microscope: (i) a planar PPX-COCF3-
NH2 surface where the GFP is linked with HMDI (planar-
chemisorption); (ii) a structured PPX-COCF3-NH2 surface where 
the GFP is linked with HMDI (structured-chemisorption); (iii) a 
planar PPX-COCF3-NH2 surface where the GFP is adsorbed to 
the surface without a linker (planar-physisorption); and (iv) a 
structured PPX-COCF3-NH2 surface where the GFP is adsorbed 
to the surface without a linker (structured-physisorption). The 
fluorescence intensity results are shown in Figure 4 [3]. 

Figure 4 shows that nanostructured PPX films have higher 
intensities compared to planar PPX films. It was also observed 
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Abstract
We are developing an inkjet printing technique for patterning electrodes on polymeric substrates to create microfluidic 
devices for bioparticle applications. Electrode deposition is important for actuating electrokinetic phenomena in microfluidic 
devices, and polymeric substrates are becoming increasingly common. Dielectrophoretic (DEP) forces are induced via 
application of a spatially non-uniform electric field and are directly dependent on the sign and magnitude of the Clausius-
Mossotti factor. Accurate characterization of particle response when subject to spatially varying electric fields is essential 
for successful implementation of DEP-based particle sorting and manipulation techniques. We propose a microfluidic device 
that will (a) characterize Clausius-Mossotti factors for biologically relevant particles and media, and (b) allow for easy and 
inexpensive fabrication outside of a clean room environment. Particle characterization is conducted using an interdigitated 
electrode design in a polymeric microchannel. A Dimatix inkjet printer is used to deposit micro-scale electrodes onto Zeonor 
1020R using a silver nano-ink (PChem Assoc.). Electrode resolutions of approximately 70 µm have been accomplished using 
these techniques, which are compatible with applications on a biological scale. The inkjetting protocols developed allow for 
fast, inexpensive fabrication of our device and rapid prototyping for future research.

Summary
We are developing inkjet printing techniques for the rapid 
prototyping and manufacture of polymeric microfluidic devices 
that require on-device electrodes. Microfluidic devices have been 
produced utilizing DEP forces for particle sorting [1]. Proper 
functioning of these devices requires accurate characterization 
of DEP mobility. We desire a DEP characterization device 
that is cheap and easy to manufacture outside of a clean room 
environment. Cyclo-olefin copolymer substrates, such as 
Zeonor, are ideal for this application since they are inexpensive 
and mechanically resilient. The deposition of highly conductive 
electrodes on these substrates is necessary to generate locally 
non-uniform electric fields.

Dielectrophoretic forces are felt by mobile, polarizable particles 
subject to spatially-varying electric fields. Analytical modeling of 
these forces is possible when idealized particles are considered. 
However, accurate modeling becomes difficult when dealing 
with biological particles such as cells, which are of non-uniform 
shape and composition, and are subject to multiple double-layer 
effects. The magnitude and sign of the DEP force is dependent 
on the Clausius-Mossotti factor (ƒcm) (Figure 1). This factor 
measures the difference in complex permittivity ( ε ) between a 
particle and a medium in which it is suspended. The complex 
permittivity is a relation of the permittivity (ε) and frequency-
dependent conductivity (σ) of a given material. Under a negative 
DEP force, a particle will be repelled from regions with a high 
electric field, whereas positive DEP corresponds with movement 
toward higher electric fields.

Our proposed device for characterizing DEP mobility relies on 
interdigitated electrodes crossing a microfluidic channel (Figure 
2). The electrodes alternate positive and negative to create a non-
uniform electric field. By varying voltage amplitude at a given 
frequency and known flow rate, a graph of the trapping voltages 
against drag and sign of the DEP force can be obtained.

Electrode deposition was achieved on Zeonor 1020R using 
a Dimatix Materials Printer (DMP-2800), a tabletop inkjet 
printer. To be jettable, an ink must not have large agglomerates 
of particles or settle quickly, and should have low viscosity and 
surface tension. Modifications were made to the PFI-300 (PChem 
Assoc.) silver ink to produce a jetting, conducting ink. The pH of 
the ink was raised to 5.4 using a solution of 5:1 deionized (DI) 

Figure 1: Equations for dielectrophoresis 
and the Clausius-Mossotti factor.

~
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water to ammonium hydroxide, altering interparticle potentials 
and resulting in smaller aggregations. The ink was then filtered 
through a 0.8 µm filter to remove any remaining large particles. 
DI water could then be added to increase fluid volume and 
decrease concentration. Solutions of up to 5:1 DI water to ink 
were tested, with 1:2 yielding the best results with regards to 
jettability (Figure 3). The surfactant Triton X-100 was added 
in small amounts to later inks prior to filtering, which resulted 
in better electrode conductivity. A ratio of 40:1 Triton X-100 
to ink resulted in the most effective jetting while maintaining 
conductivity.

particles. Electrode adherence to the Zeonor substrate has been 
tested with several solvents, including ethanol, isoporopynol, 
and acetone. Adherence can be improved by depositing a 
3-Mercaptopropyltrimethoxysilane monolayer onto the Zeonor 
substrate prior to electrode printing, though this is necessary 
only if the electrodes are subject to relatively large mechanical 
stresses. We believe that our inkjet manufacturing techniques will 
allow electrode-based microfluidic devices to be easily produced, 
paving the way for future rapid prototyping applications.

Acknowledgements
Benjamin Hawkins and Brian Kirby for their guidance and 
support. The National Nanotechnology Infrastructure Network 
Research Experience for Undergraduates Program, National 
Science Foundation, and the Intel Foundation for funding. All 
the staff and faculty at the Cornell NanoScale Facility.

References
[1]  Hawkins, B.G., Smith, A.E., Syed, Y.A., and Kirby, B.J., Anal. 

Chem., 2007.

Figure 2: Side view of the proposed dielectrophoretic mobility 
characterization device, where F0 denotes Stokes’ drag force.

Figure 3: Various inks printed on a Zeonor 1020R 
substrate given in ratio of DI water to ink.

Figure 4: Top; High resolution printing of DEP characterization device 
with model ink on paper. Bottom; Ihe electrodes printed on Zeonor, with 
researcher’s hand for scale. Ihe electrodes all conduct along their entire 
length and are of different widths.  The far left is 1mm wide.

The Dimatix inkjet printer had to be tuned for functional ink 
jetting. Even after filtering, particle settling and ink evaporation 
resulted in clogging at the nozzle head. A 0.1 second purge cycle, 
during which a pressure increase forcefully pushed ink through 
the nozzles, was run every 300 seconds to remove clogs and keep 
the ink fresh. No heat was applied to the nozzle or to the Zeonor 
substrate, and voltage amplitudes were adjusted specifically for 
each nozzle. 

Using these techniques and materials, we were able to 
produce promising results. Conductive silver electrodes were 
successfully printed onto a Zeonor substrate. We were only 
able to resolve the printed silver features  down to about 1 mm. 
This was due in part to some variability in the angle at which 
the silver droplets would leave the print head. We hope to be 
able to produce smaller resolutions in the future. The device has 
been printed on paper using a model ink with 90 µm resolution 
(Figure 4), which is sufficient to actuate DEP forces in biological 
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Introduction 
Over the recent years, an interest in hand-held devices applicable in forensics and biological applications which need fast 
and efficient data analysis has increased through the research of lab-on-a-chip systems and bead-based detection technology 
[1]. In this research, three-dimensional hydrodynamic flow-focusing has been obtained in a two layer polydimethylsiloxane 
(PDMS) microfluidic device. Using sheath flow, this device employs a microfluidic manifold to focus fluorescent particles 
in three dimensions ensuring that the particles will be confined to the focal volume of the optical fibers embedded into the 
deoxyribonucleic acid (DNA) analysis microchip. The flow-focusing performance of this device has been characterized as a 
prelude to its integration into a hand-held particle-counter microchip. The geometry of the inputs and liquids of different 
viscosities were tested in order to achieve the most effectively focused stream. Through laser scanning confocal microscopy, 
the focused stream, using polyvinyl alcohol as a sheath fluid, was found to have a width of about 15 µm and a height of 
about 25 µm. In addition, successful calcium cross linking of sodium alginate microfibers was seen in this device with 
confocal microscopy through the diffusion of sheath fluid into the focused stream, within a channel of 100 µm by 100 µm 
cross section. 

Experimental Procedure 
The microfluidic device was constructed through two layer soft 
lithography [2]. Channels of 100 µm depth and 100 µm width 
were fabricated by spinning SU-8 100 photoresist onto blank 
silicon wafers at 2900 rpms for 35s. The distance between the 
inlets in the patterns did not affect the focused stream as much as 
the dimensions of the actual channels. After spinning the resist 
on the silicon wafers, the wafers were pre-baked for 10 min at 
65°C and then soft-baked for 30 min at 95°C. The wafers were 
exposed to ultraviolet light through a patterned chrome mask 
at 600 mJ/cm2 for 8s, three times. The exposed wafers were 
then baked for 10 min at 95°C [3]. After developing the wafer, 
polydimethylsiloxane (PDMS) was poured on the patterned 
silicon wafers and cured in an oven for 2 hr at 60°C. After 
curing the PDMS, the two layers of PDMS were placed into an 
oxygen plasma asher and then aligned under a contact aligner. 
Polyethylene tubing was attached to the inlets and outlets of the 
flow cell with epoxy. A final product of a flow cell, seen in Figure 
1, shows the flow cell before being characterized. 

Different geometries and different solutions of various viscosities, 
such as ethylene glycol, glycerol, Tris-HCL with EDTA (TE 
buffer), and polyvinyl alcohol were tested as sheath fluid and 
sample flow solutions to see the size and location of the focused 
stream with the fluorescent beads. The rate of the syringe pump 
was also considered. The velocity of the beads on the focused 
stream was also calculated to see how fast the beads could be 
detected. The focused stream was characterized under a Leica 
confocal microscope. 

Results and Conclusions 
The most effective pattern was designed with a symmetrical 
setting with the sheath fluid channels joining the central channel 
from both sides and from the top and shortly after, sheath fluid 
would connect from both sides and the bottom as shown in Figure 
2. The dimensions of the side sheath fluid channels were 50 µm 
wide, while the central channel was 100 µm wide. TE buffer 

Figure 1: Assembled flow cell with channels that 
have a cross section of 100 µm by 100 µm. 
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(with 80% glycerol to increase its viscosity) was used to carry 
the sample and flowed at 3 µl/min. (TE buffer is commonly used 
as a buffer for DNA.) Polyvinyl alcohol was pumped as sheath 
fluid at 13 µl/min. This version provided a focused stream with a 
width of about 15 µm and a height of about 25 µm in the center 
of the central channel as shown in Figure 3. A more circular 
focused stream was characterized because the side channels did 
not provide high pressure in the central channel which would 
cause the focused stream to be more oblong. 

The velocity of 5 µm-in-diameter fluorescent beads was about  
10 cm/s ± 2 cm/s in the focused stream. The velocity of the beads 
was calculated based on 20 streak-length measurements using 
pixel size and the rate at which the images were scanned. Also, 
due to the diffusion caused in the central channel in the flow cells 
designed, alginate microfibers were fabricated using sodium 
alginate in the sample flow and calcium chloride as sheath fluid. 
The sample flow was pumped at 1 µl/min and the sheath fluid 
was pumped at 333 µl/min [4]. 

Future Work 
Particles need to be analyzed to test the usability of the microfluidic 
device, by attaching the optical fibers in the microchip. Some 
work was done during this research to create bioluminescent 
microfibers using Renilla Luciferase in the sample flow and 
adding coelenterazine substrate to the microfibers after making 
them in the flow cell. However, the glow was not able to be seen. 
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Figure 2: Schematic drawing of flow cell with 50 µm wide  
central channel and 100 µm wide sheath fluid channels. 

Figure 3: Cross-section view of focused stream under confocal micro-
scope. The focused stream had a 25 µm height and a 15 µm width. 
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Abstract
Germanium (Ge) and silicon (Si) nanowires promise to become useful in the further miniaturization of integrated circuits 
because they allow for precise structuring at scales of 20-50 nm [1]. In order to accurately characterize the electrical 
properties of nanowires, a necessary ingredient to any semiconductor device integration route, a reproducible process to 
fabricate them must be established. Chemical vapor deposition (CVD) presents itself as a useful technique in the fabrication 
of nanowires by utilizing the vapor-liquid-solid (VLS) mechanism, which also allows for the heterogeneous integration of 
semiconductor nanowires. 

Using 2% diluted SiH4 and GeH4 in He as precursor gases in controlled pressure and temperature conditions, and with gold 
(Au) nanoparticles as catalysts for VLS wire growth, epitaxial growth of Ge and Si nanowires on silicon <111> wafers is 
demonstrated.

Introduction
The VLS growth mechanism of highly anisotropic silicon 
crystals, or “whiskers,” was introduced by Wagner, et al. (Figure 
1) [2]. Their study concluded that whisker growth required an 
impurity and that supersaturated liquid alloy droplets existed on 
the whisker tips. Subsequent studies have demonstrated reduced 
whisker sizes down to the nanoscale in silicon [3,4], germanium 
[5], and III-V compounds [6].

CVD of silicon and germanium nanowires utilizes VLS 
transport, in which a gold catalyst provides lower dissociation 
energy (rather than the bare substrate) for the decomposition of 
the carrier gas, H2, from the precursor, Si or Ge, in the following 
reactions at the vapor-liquid interface:

SiH4(g)  Si + 2H2(g) 

GeH4(g)  Ge + 2H2(g)

The semiconductor material then diffuses through the droplet, 
which is liquid at growth temperatures as it forms an eutectic 
alloy with the Au. Once supersaturated, the semiconductor 
atoms are incorporated into the crystal lattice at the liquid-solid 
interface, with epitaxial growth in the <111> direction.

Figure 1: VLS whisker growth [1]. (a) Initial Au droplet absorbs 
precursor vapor and becomes supersaturated Si-Au alloy. (b) Si from 
the supersaturated droplet migrates to the crystal lattice of the substrate 
and forms a silicon whisker in the <111> direction.

Figure 2: Schematic representation 
of the CVD apparatus used in the study.
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Process
The growth apparatus (Figure 2) used here was a cold wall CVD 
reactor containing a tantalum (Ta) resistive heater encased in 
quartz, with operating pressure range of 10-8 Torr to 20 Torr. A 
1/4 inch gap existed between the wafer and the heater, causing 
a difference in heat transfer when a precursor gas was or was 
not present. Thermocouples directly contacting the filaments 
monitored heater temperatures. Heater voltages and current were 
also monitored. An unfixed thermocouple measured the wafer 
temperature.

Silicon <111> wafers were prepared by a 45 second hydrofluoric 
acid (HF) dip, rinsed, and transferred within 10 minutes to a 
high vacuum (~ 5.0 × 10-6 Torr) metal deposition chamber. After 
depositing a 10Å gold (Au) film, the wafer was transferred into 
the CVD chamber (approximately 1 hr after HF dip).

Germanium nanowires were produced in a two step process. 
First, the wafer temperature was raised to 400°-450°C for  
5-10 minutes in order for the Au film to coalesce into droplets. 
The wafer temperature was then lowered within 30 min to a 
specified temperature, ranging from 230° to 280°C, and GeH4 
was introduced. The reactor pressure was maintained at 10 Torr.

Similarly, silicon nanowires were produced by raising the wafer 
temperature to 530°-580°C in 60-90 min and introducing SiH4 
into the chamber, maintaining reactor pressure at 10 Torr.

Results
In order to establish Ge wire growth, a series of growths at 
substrate temperatures of 300°C, 275°C, and 240°C were 
performed. High temperatures produced tapered wires, a result of 
the combination of axial and conformal growth. Figure 3 shows 
the scanning electron microscopy (SEM) data of Ge wire growth 
carried out at a pressure of 10 Torr and a substrate temperature 
of ~ 240°C. The measured nanowire growth rate was ~ 1.5 µm/
hr, with a nanowire aspect ratio of 33:2. 

Si wires were produced at a growth pressure of 10 Torr, with 
wafer temperatures of 580°C, 550°C, and 530°C. Epitaxial 
growth was less pronounced than in the Ge growths. Figure 4 
shows, at 2 hours, a silicon wire growth maintained at a pressure 
of 10 Torr and wafer temperature of ~ 580°C. The axial nanowire 
growth rate was ~ 5 µm/hr, with a nanowire aspect ratio of 40:1. 
The wires grown at a higher temperature showed a significant 
surface roughness.

Future Work
The current apparatus separates the heater from the wafer, which 
results in a wafer temperature dependence on the precursor 
pressure as well as a large temperature gradient between the 
heater and wafer. To mitigate these issues, a replacement boron 
nitride heater will be installed directly contacting the wafer, also 
allowing for higher wafer temperatures during growth.

Once grown, the nanowires will be deposited onto dielectric 
wafers, and we will fabricate three terminal, back-gate devices 
with metal contacts, allowing electronic properties to be 
characterized. 
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Figure 3, top: Cross-sectional SEM image of showing growth along the three 
<111> directions, predominately vertical, demonstrating epitaxial Ge nanowire 
growth on a Si substrate. 

Figure 4, bottom: Top down SEM image of silicon nanowires. The three <111> 
growth directions, aside from the normal to the substrate, can be clearly seen.
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Abstract
The transport and detection of nanoscale objects has become an essential part of sub-cellular biochemical research and 
with it the use of droplets as controllable confined volumes. To fully understand and utilize the chemical environment of 
droplet systems, it is necessary to elucidate the physical properties of the droplet interface, namely through studying system 
parameters such as the interfacial tension. The interfacial tension (IFT) is an important physical factor for designing and 
calculating fluidic dynamics in microfluidic droplet systems. In fluid dynamics, the capillary number (Ca) represents the 
relative effect of viscous forces versus surface tension acting across an interface between two immiscible liquids. Using Ca, 
it is possible to simulate fluidic channels and better aid in design, and explain phenomenon.

Introduction

This project seeks to investigate changes in the interfacial 
tension as a function of the following factors: ion concen-
tration, surfactant type, surfactant concentration, and oil  
type. The interfacial tension of numerous individual droplets was 
measured by examining the deformation and restoration dynamics 
of the drops through a microfluidic channel constriction. Droplet 
generation parameters were independently varied and results 
were captured using fast imaging techniques. This video data 
was analyzed using a mathematical model of droplet dynamics, 
coded with the program Labview, which calculated the interfacial 
tensions. 

These results will attempt to further clarify the quantitative 
relationship among the key factors, and should provide general 
trends for the interfacial tension as system variances are made, 
allowing future research the ability to predict the effect on droplet 
formation when used in microfluidic devices for bio-analytical 
applications.

Design and Fabrication
This microfluidic approach to measure IFT observes the response 
of individual droplets in a carrier fluid to deformation. A 
microfluidic tensiometer device should; (a) produce controllably 
sized droplets, (b) accelerate the droplets, and (c) induce drop 
deformation and restoration. We designed a system to generate 
aqueous plugs using a T-junction with an aqueous inlet and an 
oil inlet. To achieve independent control of the inter droplet 
distance as well as the droplet velocity, they are accelerated via 
flow focused oil lines coming from a single inlet. 

Droplet deformation occurs in a flow field generated by a 
microchannel constriction. We experimentally determined that 

a constriction width of 200 µm induces modest deformations, 
to which the Taylor theory applies. A thickness of about 200 µm 
throughout was determined to be optimal.

Silicon masters patterned with SU-8 photoresist were fabricated 
using photolithography as described in detail elsewhere. Briefly, 
in order to create channels of 200 µm thickness, it was necessary 
to successively spin two 100 µm layers of SU-8. These were 
exposed to UV through a patterned mask, and then developed 
using propyl glycol methyl ether acetate (PGMEA).

To form the microchannels, the pattern on the master was 
replicated in poly(dimethylsiloxane) (PDMS) and then sealed 
with oxygen plasma to a coverslip with a thin layer of spin-
coated PDMS. It was necessary to coat the coverslip with PDMS 
because the generation of aqueous droplets required channels 
with four hydrophobic walls to prevent wetting by the aqueous 
phase of the walls of the channel.

To address the microchannels, access holes to the channels 
were punched with a 16-gauge needle. Polyethylene tubing (PE 
100) was inserted into the access holes and then attached to a 
microinjector, with the aqueous and two oil inlets having their 
own respective injector.

Parameters Tested
The continuous phase type and its viscosity have significance 
on the experiment. High viscous oils generally make very stable 
small droplets easier than low viscosity oils. The compatibility of 
the oil with the sample is also important since biological samples 
require low mass transfer between the oil and water and vice 
versa to maintain droplet constant concentrations.
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Surfactants are known to reduce the interfacial tension at the 
oil-water interface and are necessary to create stable droplets 
in most systems. Similarly, different types of surfactants have 
varying compatibilities with both the continuous and dispersed 
phases.

When using biological samples, the pH of the system becomes 
important. The ion concentration is dependent on the pH. An 
investigation of the affects of ion concentration on the affects of 
interfacial tension is thus important.

Results and Conclusions
Interfacial tension was calculated by using a custom built Labview 
program that would track the vertical deformation of the droplets 
as a function of position. By measuring the time for drop shape 
relaxation, the interfacial tension could be calculated.

The results demonstrate that interfacial tension correlates 
positively with oil viscosity, negatively with surfactant 
concentration, and negatively with ion concentration (Figures 
1-3). The three surfactant types tested (Gran Surf 77, Tween 
20, and Span 85) were found to have no correlation with the 
interfacial tension (not shown). It is well known that surfactant 
concentration correlates negatively with interfacial tension. The 
fact that ion concentration correlates negatively with interfacial 
tension was a surprising result. Intuitively, we would expect 
that an increase in ions would cause the water phase to be more 
dissimilar to the oil phase, which would cause an increase in 
interfacial tension. 

In conclusion, we successfully developed a microfluidic device 
that rapidly measured interfacial tension of picoliter droplets, 
and have shown that surface active components indeed affect 
the interfacial tension. These results can be used to extrapolate 
interfacial tension values so as to extrapolate the optimal 
microfluidic chip design
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Figure 1: IFT as a function of oil viscosity at three different ion concentrations.

Figure 2: IFT as a function of surfactant concentration for three different oils.

Figure 3: IFT as a function of ion concentration for three different oils.
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Abstract
The presence of either copper(I) or copper(II) chloride in the polyol reduction of silver nitrate facilitates the production 
of silver nanowires. Silver nanowires have applications in many areas, including electronics and catalysis. These wires are 
produced quickly (in approximately one hour), with the synthesis being easily performed in disposable glass vials, using only 
pipettes to deliver reagents. Specifically, silver nitrate is reduced by ethylene glycol in the presence of poly(vinylpyrrolidone) 
(PVP) and copper(II) chloride. PVP acts as a stabilizing agent, while the copper chloride likely controls the rate of silver(I) 
reduction and initial seed formation. Our results indicate that both the copper and chloride ions are necessary to synthesize 
the wires; otherwise, ill-defined silver particles are formed. Scanning electron microscopy (SEM) has been used to 
characterize the wires. 

Introduction
Metallic nanostructures have a wide range of properties and 
applications. These properties and applications are determined by 
the shape, size, structure, and composition of the nanostructures. 
The presence of various ions has been shown to influence the 
shape and size of metallic nanostructures produced via the 
polyol method. For example, previous research done by the Xia 
group has shown that the presence of iron(II) or iron(III) ions in 
the polyol synthesis facilitates the growth of silver nanowires 
or cubes, depending on the concentration of the iron ions [1]. A 
study of copper salts has shown that the presence of copper(I) 
or copper(II) chloride in the polyol reduction of silver nitrate 
allows for the production of silver nanowires, which can be used 
in many areas, including electronics and catalysis [2]. 

Experimental Procedure
The polyol method involves the reduction of a metal salt 
precursor by a polyol, a compound containing multiple hydroxyl 
groups. The polyol used in this synthesis, ethylene glycol, served 
as both the reducing agent and solvent. 5 mL of ethylene glycol 
was heated at 150°C for one hour with stirring (260 rpm). This 
pre-heating was done in disposable glass vials placed in an oil 
bath. 40 µL of a 4 mM CuCl2•2H2O/ethylene glycol solution 
was added, and the solution was allowed to heat for 15 minutes.  
1.5 mL 114 mM PVP/ethylene glycol was then added to each 
vial, followed by 1.5 mL 94 mM AgNO3/ethylene glycol. All 
reagents were delivered by pipette. The reaction was stopped 
when the solution became gray and wispy, after approx imately 
one hour. The reaction was stopped by submerging the vials in 
cold water. The product was washed once with acetone and three 
times with deionized water. 

Figure 1: SEM of silver nanowire.

Figure 2: Higher magnification SEM of silver nanowires.
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Figure 3, top right: SEM of sample produced in the 
presence of copper(II) nitrate (no Cl present).

Figure 4, bottom right: SEM of sample produced in the 
presence of sodium chloride (no Cu present).

Results and Conclusions: 
The produced wires were relatively uniform in shape and size. 
They had a pentagonal cross-section, as determined by scanning 
electron microscope (SEM), and were, on average, approximately 
10-50 µm in length. 

These wires were also present in high yield (approximately 90% 
relative to other structures) and were produced in approximately 
one hour after the addition of all reagents. Figures 1 and 2 show 
SEM images of the wires produced. 

One of the advantages of this particular synthesis is its simplicity. 
To avoid supersaturation of the reaction media and thus particle 
formation, typically a syringe pump is required to controllably 
add reagents. Here, we are able to prepare silver wires in high 
yield without a syringe pump, which may not be available in all 
laboratories due to costs. The vial setup allows the reaction to 
be scaled up by simply running the reaction in additional vials. 
This setup of vials also allows a range of variables, such as 
concentration or temperature, to be tested at once. 

To elucidate the role of copper(II) chloride, several controls were 
run. Sodium chloride and copper(II) nitrate were used to test the 
effect of each ion on this synthesis (sodium and nitrate ions are 
spectators and should have no effect on this synthesis). As shown 
in Figure 3, when only copper(II) nitrate is present, only particles 
are produced. Similarly, as shown in Figure 4, when only sodium 
chloride is present, only particles are produced. However, when 
both copper(II) nitrate and sodium chloride were added, wires 
were produced, indicating that both ions are necessary for wire 
growth. 

Previous reports indicate that chloride ions can help stabilize 
initial silver seeds, preventing agglomeration, while Cl-/O2 has 
been shown to etch seeds [3]. To further investigate the function of 
copper(II) in this synthesis, further experiments were performed 
using copper(I) chloride. As with copper(II) chloride, copper(I) 
chloride facilitates silver wire formation. This result suggests 
that the redox behavior of the copper additives helps to control 
the reduction of silver nitrate and avoid initial supersaturation. 

Future Work
To better understand this proposed mechanism, trials run in an 
inert atmosphere are now underway to determine the role of 
oxygen in this synthesis. 
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Abstract
Like many large polyaromatic hydrocarbons (PAHs), C96 self-assembles into well-ordered supramolecular structures due 
to π-π interactions between adjacent molecules. Because densely packed monolayers of C96 fibers are easily obtained on 
silicon or silicon oxide (SiO2) via standard deposition techniques such as spin-coating or drop-coating, C96 is an attractive 
candidate for microelectronics applications. This project explores the possibility of using directed self-assembly to attain 
long-range ordering of C96 fibers for use in post-32 nm lithography. In this method, top-down lithography defines the pattern 
placement, and C96 self-assembly defines the pattern line-width. Experimental results demonstrate consistently strong 
C96 fiber alignment with 250 nm and 125 nm chromium (Cr) trenches, suggesting that with further process optimization, 
directed C96 self-assembly may be a viable extension of traditional lithography techniques.

Introduction
In lithography, the term “critical dimension” refers to the 
smallest feature size that can be accurately reproduced using a 
given technology. If current rates of progress in electronic device 
scaling are maintained, sub-16 nm dimensions will be reached 
within the next decade [1]. Optical lithography, currently the 
standard lithography technique for large-scale semiconductor 
fabrication, has achieved critical dimensions at the 32 nm node, 
but rising costs and fundamental limits may restrict its use at 
future nodes. 

We seek to extend traditional lithography for post-32 nm critical 
dimensions using a technique called directed C96 self-assembly. 
C96 is a large polyaromatic hydrocarbon (PAH) that self-
assembles on silicon or SiO2 into long fibers 2-3 nm in diameter, 
as shown in Figure 1. Looking down over the substrate, C96 
self-assembly results in a dense two-dimensional fiber network 
that can serve as an etch mask to transfer the pattern onto the 
substrate [2]. In this case, the critical dimension of C96 self-
assembly is the fiber width. The primary drawback of existing 
C96 self-assembly methods is that C96 fibers tend to orient 
randomly, rendering the resulting patterns unusable for many 
practical applications. 

Our objective is to develop a method to control the orientation 
of C96 fibers. One candidate is directed self-assembly, in which 
patterned features created by traditional lithography techniques 
direct the self-assembly of C96 fibers. Top-down lithography 
defines the pattern placement, and C96 self-assembly defines the 
pattern line-width. In our experiment, we qualitatively examine 
the interaction of C96 fibers with patterned metal trenches and 
determine the degree to which C96 fiber orientation is correlated 
to trench direction.

Experimental Procedure
A silicon wafer was first patterned via electron-beam lithography 
(EBL), followed by a metal liftoff. Line/space patterns—parallel 
lines of fixed width—were patterned onto ZEP 520A resist using 
a JEOL JBX-9300FS EBL system, with line-widths ranging  
from 125 nm to 1 µm. After developing the resist, we evaporated 
8 nm Cr on the sample and performed a liftoff process using 
n-methyl-pyrrolidone. The end result was a pattern of parallel Cr 
trenches, 8 nm deep and 125 nm to 1 µm wide. 

Figure 1: C96 self-assembly mechanism.
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C96 deposition was accomplished using one of two methods, 
dropcast or spincast. In both methods, we first dissolved 
crystalline C96 in chloroform (CHCl3) at a concentration of 10-5 M.  
Dropcasting involves applying several drops of the C96 solution 
directly onto a patterned sample and allowing the solvent to 
evaporate overnight. Spincasting differs from dropcasting in that 
we spun the sample at 1000 rpm for 60 seconds immediately after 
depositing the C96 solution, eliminating the need for overnight 
evaporation. 

Before imaging the sample, all C96 molecules that had not bonded 
covalently to the silicon substrate were removed with chloroform 
via Soxhlet extraction. Once clean, the sample was imaged 
using an atomic force microscope (AFM), which allowed us to 
determine the location and orientation of the C96 fibers. Though 
the AFM has excellent vertical resolution, lateral resolution is 
dependent on the width of the probe tip, approximately 25 nm. 
Therefore, imaged fibers appeared about ten times their actual 
width of 2-3 nm, limiting our ability to quantitatively analyze 
the surface patterns. 

Results
Samples were prepared using the experimental procedure for 
Cr line-widths of 1 µm, 250 nm, and 125 nm. Our conclusions 
are based on qualitative observations regarding the correlation 
between the C96 fiber orientation and the trench walls, as seen 
in AFM images. 

Figure 2: 1 µm trenches, (a) spincoated and (b) dropcoated.

Figure 3, left: 250 nm trenches, dropcoated.

Figure 4, right: 125 nm trenches, dropcoated.

We first noted that dropcast deposition is preferable to spincast 
deposition. The spincast samples, such as the sample shown in 
Figure 2a, demonstrated incomplete C96 fiber formation and 
limited correlation with the trench direction. In Figure 2b, a 
dropcast sample with the same 1 µm Cr line-width yielded much 
more robust fiber formation, but equally lacked correlation with 
the trench direction. 

For 250 nm and 125 nm Cr line-widths, however, dropcast 
samples demonstrated excellent C96 fiber alignment, as shown 
in Figures 3 and 4. Additionally, on the 125 nm samples, we 
observed consistency perpendicular to the trench direction—
there were approximately two C96 fibers in parallel in each 
trench. These results confirm the ability to influence C96 fiber 
alignment using a directed self-assembly method. 

Conclusions
We developed and tested a procedure that allows for long-range 
control of C96 fiber alignment using a directed self-assembly 
method. First, we showed that C96 fibers tend to self-align with 
250 nm-wide patterned Cr trenches. Later, in 125 nm trenches, 
we observed a significant degree of control over the number of 
fibers that align in parallel in each trench. 

We conclude that, with optimization, directed C96 self-assembly 
has the potential to be used in large-scale semiconductor fab-
rication as a practical lithography technique offering sub-32 nm 
critical dimensions. 
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Introduction
Gold nanorods have two plasmon resonance peaks in their absorbance spectra: a higher-energy peak related to their 
diameter and a lower-energy peak associated with their length. Typically, the low energy peak occurs at ~ 750 nm. Nanorods 
with an optical signal within the 700-1000 nm range are interesting for medical imaging of tissue at cellular resolutions. This 
range corresponds to an “optical window” where light absorption is minimal, thus allowing deeper tissue penetration. For 
example, we have previously explored the use of near-infrared two-photon luminescence (TPL) for epithelial pre-cancer 
cell detection [1]. Lengthening the nanorods shifts the lower-energy plasmon to longer wavelengths, improving the optical 
penetration depth. 

In this project, we focused on synthesizing gold (Au) nanorods with longitudinal plasmon peaks around 900 nm. We prepared 
colloidal Au nanorods using a seed-mediated approach and studied the effect of the additives hydrochloric acid (HCl) and 
sodium sulfide (Na2S) [2]. Then, we measured absorbance spectra of the Au nanorods, and quantified the nanorod aspect 
ratios using transmission electron microscopy. Longitudinal plasmon resonances were red-shifted to wavelengths as long as 
994 nm by adding both Na2S and HCl.

Experimental Procedure
Gold nanorods were synthesized in aqueous solutions using a 
seed-mediated approach. Au seeds were first prepared by adding 
sodium borohydride (0.01 M, 600 µL) to a preparation of 
cetyltrimethylammonium bromide (CTAB, 0.1 M, 9.75 mL) and 
hydrogen tetrachloroaurate (0.01 M, 250 µL), and stirring for 
two minutes. Next, 12 µL of this gold seed solution was injected 
into a growth solution containing CTAB (0.1 M, 9.5 mL), silver 
nitrate (0.01 M, 75 µL), Au tetrachloroaurate (0.01 M, 500 µL),  
and ascorbic acid (0.1 M, 55 µL). Additional compounds were 
combined with this “typical” growth solution to adjust the 
wavelength of the longitudinal plasmon peak. 

In the first experiment, hydrochloric acid (0.1 M, varying amounts 
between 50 and 2000 µL) was added just before injecting the 
seed solution. The second experiment involved adding sodium 
sulfide (Na2S, 0.1 M), which quenches the growth solution [2]. 
Na2S was added in two molar ratios of sulfur (S) to metal (M, 
both Au and Ag) at different times following seed injection (both 
15 and 30 minutes afterwards, in a 2:1 and 4:1 S:M ratio). In 
the third experiment, both hydrochloric acid (0.1 M, amounts 
between 50 and 1000 µL) and Na2S (0.1 M, 4:1 S:M ratio at 30 
minutes) were added to the growth solution.

The Au nanorods were purified by two cycles of centri fugation 
at 8500 rpm for 10 minutes, followed by suspension in deionized 
water. Nanorods were characterized using UV-Vis spectroscopy 
and transmission electron microscopy.

Results
Experiment 1.  Adding up to 500 µL of HCl shifted the lower-
energy plasmon resonance peak out to a maximum of ~ 800 nm.  

Larger HCl additions seemed to poison the growth solution, 
blue-shifting the low-energy peak back toward the wavelength 
of the control (Figures 1 and 4B). Adding more HCl also lowered 
the yield of rods, as evidenced by the decreased absorbance ratio 
between the low- and high-energy peaks. A higher transverse 
peak, relative to the longitudinal plasmon peak, precluded 
formation of a higher population of spheres (gold particles 
without a longitudinal dimension).

Experiment 2. Injecting Na2S at a larger S:M ratio and shorter 
time into growth shifted the long itudinal plasmon farther to 
the red (Figure 2). Changing the time of addition had a greater 
effect on nanorod length than varying S:M. Also, nanorod yield 
decreased while red-shifting the longitudinal plasmon.

Experiment 3. Adding Na2S and up to 100 µL of HCl red-shifted 
the maximum wavelength of the second plasmon peak to 994 nm.  
Additional HCl lowered the rod yield and blue-shifted the 
longitudinal peak away from the 994 nm maximum. As shown in 

Figure 1: Addition of sodium sulfide to the growth solution.
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Figure 3, adding both Na2S and HCl during rod growth lowered 
the longitudinal peak height; thus, rod yield was compromised by 
including these additives. However, Figure 4C exhibits nanorod 
samples with an absorbance peak positioned near the lower 
energy boundary of the “optical window” for cellular imaging, 
making them interesting agents for TPL imaging. 

Conclusions
Longitudinal plasmon resonances were red-shifted as far as  
994 nm with the addition of 100 µL 0.1M HCl followed by 
Na2S in a 4:1 S:M ratio 30 minutes after the growth reaction 
was seeded. Adding Na2S alone could not mimic this result; rods 
obtained with only Na2S had a longitudinal peak red-shifted to 

925 nm, and were obtained in much poorer yield. Adding HCl 
alone resulted in nanorods with a longitudinal peak having a 
maximum red-shift of 800 nm. Larger HCl additions blue-shifted 
this peak wavelength away from this maximum. Rods with the 
most potential for TPL imaging were obtained by adding 50 µL 
0.1M HCl and. Na2S at a 4:1 S:M ratio at 30 min, and had a 
longitudinal peak at 915 nm.

Future Work
Future work could involve increasing the monodispersity of the 
gold nanorod lengths in these altered procedures, as indicated by 
the breadth of the longitudinal plasmon peak. The yield of rods 
could also be increased by more delicately tuning the ratio of 
sodium sulfide or the time at which it is added.
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Figure 4, right: TEMs of gold nanorods synthesized in the presence of 
various additives with the most red-shifted second plasmon peak.

Figure 2: Addition of hydrochloric acid to the growth solution.

Figure 3: Addition of both HCl and Na2S to the growth solution. 
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Abstract
A simple cadmium selenium (CdSe) quantum dot photodiode was assembled. The device is composed of two electrodes, 
indium tin oxide (ITO) and ITO/titanium dioxide (TiO2) plates, two layers of 3-mercaptopropionic acid, and a thin layer of 
CdSe quantum dots. With this simple configuration, photocurrents up to 0.5 µA were detected under room light excitation. 
In addition, the diode photocurrent action spectra closely resembled the absorption spectrum of the parent colloidal CdSe 
quantum dots, indicating CdSe-TiO2 coupling. Most interestingly, cyclic voltammetry scans revealed the photodiode 
properties of the device. 

Introduction

The emission and absorption spectra of CdSe quantum dots are 
highly tunable making this one of the most studied nanocrystalline 
semiconductors. TiO2 is widely used as an anode material in 
photovoltaic cells due to its superb performance as a charge 
carrier. Therefore, a CdSe/TiO2 coupled system is expected to be 
an efficient and tunable photoanode. 

In the past, CdSe and CdSe/TiO2 systems have been grown 
from their precursors on a substrate [1,2]. Such methods yield 
a densely packed, well-connected nanocrystalline structure, in 
which the CdSe absorbs visible photons, while the TiO2 network 
acts as a charge transfer system. In previous reports, however, 
the size and shape of the CdSe quantum dots could not be 
precisely controlled. In contrast, direct deposition of as-prepared 
quantum dots on TiO2 coated substrates fails due to poor CdSe-
TiO2 coupling. 

Here, we demonstrate an alternative method to assembling an 
effective photoanode using colloidal CdSe quantum dots and an 
intermolecular linker, 3-mercaptopropionic acid. The acid linker 
is a bifunctional molecule in which the thiol group on the linker 
binds to the CdSe quantum dots, while the carboxylic acid group 
attaches to the TiO2 network. 

Experimental Procedure
Chemical Preparation. Colloidal CdSe quantum dots were 
synthesized using the hot injection method as described in 
Qu, et al., 2001 [3]. By washing extensively with butanol and 
toluene, excess ligand in solution and on the surface of the CdSe 
quantum dots were removed. The bare nanocrystals were then 
suspended in tetrahydrofuran (THF) (Solution 1). In addition, 
3-mercaptopropionic acid was diluted in ethanol (Solution 2). 
Lastly, 0.66 mmol of TiO2 nanoparticles and 5 drops of polystyrene 
spheres were suspended in 10 ml of ethanol (Solution 3). 

Electrode Preparation. Indium tin oxide (ITO) was chosen 
due to its transparency and low cost. ITO plates were cut into 

rectangular pieces, approximately 0.5 × 1.0 in. in dimension. 
After cleaning with ethanol and toluene, half of the cut ITO 
plates were spin-coated with Solution 3. These plates were then 
annealed at 450°C for 30 minutes. Before being stored under dry 
condition, the plates were rinsed thoroughly with ethanol. 

Device Assembly. Solution 2 was drop-coated onto the TiO2 
coated ITO plate. When most of the ethanol had evaporated, 
Solution 1 was deposited. It took a few hours for the THF to 
evaporate. After that, an uncoated ITO plate was offset on top, 
and the whole device was secured using binder clips. Finally, 
copper tapes were pasted on the edges of the electrodes to 
enhance electrical connections. The cross sectional view of the 
device is shown in Figure 1. 

Figure 1: Device configuration (drawing not to scale).

Characterization. All measurements were done using 
MicroAutoLab-TypeII apparatus. 

Result and Conclusions
In Figure 2, the incident photo-to-current conversion efficiency, 
IPCE4, spectra resembled the absorption spectrum of CdSe 
colloidal quantum dots at wavelengths longer than 520 nm. In 
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other words, CdSe quantum dots were producing current under 
photo-excitation. 

The most cyclic voltammetry characteristics of the device 
are presented in Figure 3. The observed current at 1.0 V is 13 
times greater than that at -1.0 V. In addition, the cell shows 
ohmic behavior from 0.0 V-1.0 V. This cyclic voltammetry scan 
provides strong evidence that the cell possesses photodiode 
characteristics. 

is in the middle of the film. If the film were too thick, electron 
tunneling would be greatly inhibited. If the film were too thin, 
there would not be enough CdSe quantum dots to absorb the 
photons. 

The film used in this project was fairly thick (~ 50 µm). Since 
the absorption spectrum of the CdSe-TiO2 system increased 
dramatically at shorter wavelength (< 500 nm), most photons 
were absorbed well before they reached the middle region. As a 
result, charge separation was less efficient and less photocurrent 
was detected. The decrease in IPCE at wavelengths shorter than 
520 nm in Figure 2 is therefore due to the large film thickness. 

In conclusion, CdSe-TiO2 coupled photoelectrodes were 
successfully prepared using 3-mercaptopropionic acid as a 
linker. A simple device assembled from these photoelectrodes 
showed high sensitivity to various wavelengths and possessed 
photodiode properties. 
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Figure 2: Photocurrent action and absorbance spectra 
(monochromator rate at 1.44 nm/s; applied potential at1.0 V).

Figure 3: Cyclic voltammetry scans (scan rate 
at 0.001 V/s; 25 cm below a 20 halogen lamp).

Figure 4: Electron tunneling.

The proposed photoelectrical mechanism of the CdSe-TiO2 
coupled system involves electron tunneling. Upon irradiation, 
CdSe quantum dots absorb energy and promote electrons from 
the valence band to the conduction band (exciton generation). 
The applied voltage then helps inject the excited electrons into 
the TiO2 network, and subsequently into the ITO and the closed 
circuit. Since the valence band offsets between CdSe and either 
TiO2 or ITO are large, the holes are confined to the CdSe. In 
contrast, the conduction band offsets between CdSe and TiO2 
and ITO are relatively small. With sufficient applied potential, 
electrons could “hop” from the plain ITO plate to re-fill electron 
deficiencies (see Figure 4). 

The probability of successful electron tunneling decreases 
exponentially with distance. Thus, the ideal position of the holes 
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Abstract/Introduction
It has been previously shown that the surface recom-
bination velocity of exposed indium gallium arsenide 
(InGaAs) quantum wells can be significantly reduced by 
permanently placing the heterostructure in a hydroxide 
solution or by forming a hydroxide crystalline layer 
[1]. The focus of this experiment is to use temporary 
hydroxide treatments, which do not form a crystal 
layer, to improve surface quality. A step was etched into 
an indium phosphorus (InP)/InGaAs heterostructure 
to expose a quantum well. Next, half of the sample 
(perpendicular to the step) was covered with photoresist 
and the whole sample was treated with buffered oxide etch 
and various concentrations of sodium hydroxide (NaOH) 
solution. After stripping the resist, the covered side was 
compared to the treated side to measure the difference 
in photoluminescence. The measurements show that the surface treatments did not reliably improve surface quality. 
Specifically, with a 90% confidence level, it was determined that a 1 mM NaOH, 30 minute treatment had no effect. 

The ultimate goal of this research was to improve a device being developed for nanomechanical tuning of electron states. 

Experimental Procedure
To measure the effect of the hydroxide treatment on exposed 
quantum wells, steps were etched into the InP/InGaAs 
heterostructures, exposing the quantum wells. A standard photo-
lithography process using 1818 photoresist was used to cover 
half the sample with photoresist. Next, the sample was etched 
in a solution of HCl: H3PO4:CH3COOH (1:1:2) for 120 seconds, 
a solution of H2SO4:H2O2:H2O (1:8:500) for 120 seconds,  
and, again, a solution of HCl:H3PO4:CH3COOH (1:1:2) for  
90 seconds. 

Because it was expected that the surface treatment only affected 
the exposed quantum well, the treated and untreated regions of 
the capped quantum well were used to check the experimental 
procedure. A great difference in PL of the capped regions would 
indicate a systemic error in the experiment. 

After etching, photoresist was painted onto half of the sample 
(perpendicular to the step). (A standard photolithography process 
was not used because the developer may chemically passivate 
the exposed quantum well bonds.) Then, an eye-dropper was 
used to form a bubble of NaOH solution on the sample. After 
various times of treatment, the sample was rinsed with deionized 
(DI) water and a solvent rinse. 

Figure 1: Four regions of the sample used in the experiment 
(With InP Cap/Exposed InGaAs Well, Treated or Not Treated).

Theory 
InP/InGaAs Heterostructures. A quantum well is formed 
in a semiconductor when a thin semiconductor with a lower 
band  gap (ex: InGaAs) is sandwiched between two thicker 
layers of a different semiconductor (ex: InP) with a higher 
band gap. Electrons within the middle layer are confined to the 
2-dimensional plane of the well. 

Surface Recombination. When the layer above the quantum 
well is etched away, the well is “exposed.” The incomplete 
bonds at the surface create trap states. Trap states are energy 
levels between the conduction band and the valence band at 
which electron-hole pairs recombine non-radiatively. Chemical 
bond passivation is used to slow trapping and recombination. 

Photoluminescence (PL). When photons are absorbed by a 
semi-conductor, electrons within the compound are excited to 
higher energy states. When these electrons recombine to their 
original state through radiative recombination, photons are 
emitted. The amplitude and wavelength of the emitted light can 
be measured to further characterize the semi-conductor which 
produced the PL. Because PL intensity decreases when many 
electron-hole pairs recombine non-radiatively at the surface, a 
low PL indicates a large amount of surface recombination. 
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The PL of four points on each of the four resulting regions was 
measured using the apparatus shown in Figure 2 from a frequency 
of 800 nm to 1750 nm, at room temperature. 

Results and Conclusions 
The average maximum PL of the untreated side is 1.56 pA 
(standard deviation = 1.26) while the average maximum PL of  
the treated side is 1.43 pA (standard deviation = 1.43). The 
means are statistically similar, with a confidence level of 90%. 
Treatments from 1 mM to 10 M and treatment times from 1-30 
minutes were tested. A student t-test was used to analyze the data 
because previous experiments showed that the variation across 
the sample after etching, but before surface treatment, was about 
100%. Therefore, only an improvement of above 100% could 
be attributed to the surface treatment, and not sample variation. 
Other experimental data indicates that the photoresist itself did 
not effect the PL of the samples. 

Future Work 
While it can be concluded that a 1 mM NaOH solution treatment 
for 30 minutes did not significantly improve the PL of the 
heterostructure, other concentrations and treatment times may 
have an effect. However, when the concentration was increased 
to 1M, the photoresist was etched away on the sample and so 
the control side was not preserved. A different photoresist may 
prevent this phenomenon. 

Figure 2: Apparatus for measuring photoluminescence.

Figure 3: PL of exposed quantum well  
treated in 1 mM NaOH solution for 30 minutes.

It was also observed that longer or stronger treatments triggered 
a chemical reaction that resulted in a dark-colored film on 
the surface of the heterostructures. It would be worthwhile to 
experiment with other hydroxide solutions, such as potassium 
hydroxide (KOH), to determine if the formation of the film 
could be prevented. It would also be interesting to repeat this 
experiment, but allow a crystal layer to form, just to see if the 
previous results of Yablonovitch could be duplicated with this 
experimental apparatus. 
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Abstract 
Nonvolatile memory technologies are focusing on devices with longer retention, faster read and write, higher bit density, 
improved endurance, and low-voltage program/erase characteristics. Nanocrystal (NC) memories are promising for realizing 
high-density nonvolatile storage with the inherent advantage of low-voltage operation [1]. Recently carbon molecules in the 
form of fullerenes (C60), known as “bucky balls,” also have been incorporated in non-volatile memory devices [2] with its 
advantages of mono-disperse nature and molecular size. In this project, various memory structures with self-assembled 
multi-stacked gold, platinum, and C60 nanocrystals as floating gates have been fabricated and characterized. In two-layer 
nanocrystal structures, the C60 bottom layer acts as an additional barrier to prevent charge back-tunneling from the upper 
layer, improving retention time without a commensurate penalty in program time. The upper nanocrystal layer functions 
as additional charge storage to provide sufficient memory window. 

 

Introduction 
Figure 1 shows the cross section of a double-layer nanocrystal 
memory device. By applying enough positive bias across the 
gate, electrons will quantum-mechanically tunnel through the 
thin tunneling oxide. If the lower-layer nanocrystal is designed 
so that it is energetically unfavorable for charge storage due to 
its small size, electrons will step through the lower nanocrystal 
layer, and get stored in the second layer nanocrystal. After taking 
away the applied potential, the energy penalty for electrons in the 
second layer to tunnel back into the first layer is larger enough, 
again due to the large charging energy associated with the small 
size. The first-layer nanocrystal acts as a part of tunneling barrier 
to provide prolonged retention time. The same concept applies 
to the hole storage when negative bias is applied. Charging 
nanocrystals with electrons and holes can require different gate 
biasing due to different properties of nanocrystals, which also 
contribute to different retention time characteristics. 

Figure 1: Schematic of the double-layer nanocrystal memory.

The goal was to engineer the best structure such that one can 
obtain a memory device with an optimal memory window and 
retention time. This required the optimization of the tunneling 
oxide thickness, nanocrystal diameter and the choice of a 
nanocrystal material. 

Experimental Procedure
P-type wafers with a doping level of 1015 cm-3 were used in this 
study. The device isolation was achieved by the local oxidation 
isolation (LOCOS). 2-3 nanometers of tunneling oxide was 
grown on the active region in a diluted oxygen ambience 
using an atmospheric-pressure furnace. Each wafer was named 
separately. 

Sample 1 (S1) was the control device without any floating gate, 
sample 2 (S2) had a single-layer gold (Au) nanocrystal as a 
floating gate, S3 had a double-layer Au nanocrystal floating gate,  
S4 had a single-layer C60 nanocrystal floating gate, S5 had a 
double-layer C60 and Au nanocrystal floating gate, and S6 had 
the same structure as S5 but with a thinner thickness of tunneling 
oxide. 

The Au nanocrystals were deposited through e-gun evaporation 
while the C60 nanocrystals through the thermal evaporation. 
For those samples with double-layer nanocrystals, 2-3 nm of 
evaporated silicon dioxide (SiO2) was inserted between two 
layers. After the floating-gate formation, 20-30 nm of control 
oxide was deposited through a plasma-enhanced chemical vapor 
deposition (PECVD), followed by chromium and aluminum 
evaporation as the control gate. Finally the control gate was 
patterned to finish the device fabrication. The device was now 
measured, and memory window and retention time for different 
configurations were compared. 
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Results and Conclusions 
After 1.2 nm Au deposition on the tunneling oxide, the 
minimization of local energy at the Au/SiO2 interface reshaped 
the thin film into discontinuous and spherical Au nanocrystals, as 
shown in the scanning electron microscopy (SEM) image (Figure 
2). The diameter of each nanocrystal was about 5 nm. 

To measure the memory window, we performed multiple 
capacitance-voltage (CV) sweeps from inversion to accumulation 
and back again. The observed hysteresis of the CV curves 
indicated memory effect through charge storage. Figure 3 
represents the memory window obtained from a double-layer C60 
and Au floating gate. 

We then measured the retention time for each configuration, and 
as demonstrated in Table I, we compared the values to obtain the 
optimal configuration for a memory device. Based on the results 

we concluded that double-layer nanocrystal floating gates with 
C60 as the bottom layer and Au as the upper layer would give the 
best memory device in terms of memory window and retention 
time. Since mono-dispersed C60 has a diameter of about 1 nm, it 
performed best in blocking back-tunneling of electrons and holes 
from the upper layer to the channel in this project. 

 

Future Work
More tests will be performed to study the behavior of these 
memory devices under short-pulse program/erase operations. 
The retention time will be further improved by incorporating 
high-k material as the tunneling dielectric. Finally, the control 
oxide thickness can be scaled to eliminate short channel effects 
in the sub-micron gate-length devices. 
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Abstract
We simulated two-dimensional electro-luminescence (EL) performances of organic multi-layered quantum dot light emitting 
diodes (QD-LEDs), through iterative time-step calculations. Simulations were run for LED anode-cathode pairs of various 
overlapping length. Our simulation results showed that: (1) nearly all recombination happened on the QD mono-layer; (2) 
when the spatial overlap was zero, the area of emission could be further decreased to 50 nm under driving current densities 
at the mA/cm2 level; and (3) with increasing driving current, the decay time of the excitons significantly slow down leading 
to the saturation of neighboring QDs, and therefore loss in resolution. 

Introduction
The resolution of near-field optical signals, captured at a distance 
shorter than the wavelength of the emitted light, is determined by 
area of light emission rather than Rayleigh diffraction. Near-field 
scanning optical microscopes (NSOMs) use this phenomenon 
on scanning probe microscopes (SPM). Light emitting diodes 
(LEDs) can be incorporated on the probe tip leading to aperture 
free NSOMs [1]. We have fabricated a silicon microprobe 
integrated with a nanometer-sized LED, consisting of organic 
quantum dots (QD) on the tip, for NSOM. The physical properties 
of the QD-LED directly define the spectral range and imaging 
resolution due to the quantum confinement effects. 

Methodology
We applied the Poisson equation using the charge distribution to 
solve the potential which was consequently used to determine 
charge transport. We then ran a time-step process until steady-
state solution was achieved. Quantum tunneling is assumed over 
nanocrystal energy barriers. 

Device Schematic (refer to Figure 1)
The LED was designed to have ohmic electrode contacts, organic 
transport layers and a monolayer of capped nano-particles. Our 
two-dimensional simulations varied the lengths of the spatial 
overlap between the two electrodes. All simulations were done 
in MATLAB®.

Algorithm Outline
The algorithm basically divided our LED device into many 
subdivisions. Each subdivision being 10 nm wide and 2 nm tall, 
which was consequently the resolution of our two-dimensional 
solution. To decrease run time, we found the smallest device 
width after which the position-dependent variable distributions 

did not change significantly. For no spatial overlap, our device 
was 500 nm. 

We assumed several variables that were functions of position 
such as potential, electric field, and carrier transport. Each 
iteration solved the potential using the charge distribution, and 
found the new charge distribution from finding charge transport 
determined from potential. We ran these iterations until the 
steady state condition [3] was reached:

	 ∇Jn/q = -∇Jp/q = Bnp  (Recombination) (1)

where the divergence of the current densities over the charge 
of the carriers, q, was equal to the recombination that occurred 
at each division. The Langevin recombination constant B was 
equal to 10-18m3/sec.

Potential
The potential was determined using the charge distribution by 
solving the Poisson equation [2]:

 ∇2Φ = q (p-n)/ε  (2)

Figure 1
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where ε represents the permittivity of free space, p and n represent 
the hole and electron carrier concentrations and Φ represents 
the potential. After defining relevant boundary conditions, we 
numerically solved the potential employing matrices.

Charge Transport
Assuming that carrier injection was due to thermionic emission 
at the ohmic electrodes, the carrier density at the electrodes was 
approximated [3] as 1024/m3 for holes at the cathode and the 
electrons at the anode. 

We assumed that the charge transport [2] was composed of drift 
and diffusion:

 Jp = q(µppE + Dp∇p)  (3)

 Jn = q(µnnE + Dn∇n)  (4)

where µ represents the mobility variable, D represents the 
diffusion variable and E represents the electric field. Mobility 
and diffusion were also functions of position being dependent on 
electric field [2] as in an electron-hopping like model:

 µn/p = µ0 n/p √(E/Epf)  (5)

 D = µKT/q   (6)

where µ0 n/p is the mobility constant, and Epf is the activation field 
related to disorder equal to 107 V/m. The mobility constant for 
each carrier at its respective transport layer was 10-10 m2/Vs and 
in the other layer as 10-12 m2/Vs [3]. Treating our equations like 
vectors, we calculated each dimensional component.

Across the nanocrystal monolayer, we found charge flow 
by taking quantum transmission rates over square wells or 
barriers using one-dimensional Boltzmann-Maxwellian velocity 
distributions. The energy diagram was found in previous 
literature [4] assuming that the transporting layers were PBD, 
TPD, and the nanocrystals were CdSe.

Exciton Kinetics
We assumed that light originated from Forster energy transfers 
into the nanocrystal monolayer with a slow diffusion limit [5]. 
We only considered the excitons formed in the nanocrystal 
monolayer presuming that most of the excitons would form in 
the monolayer. Because the diffusion coefficient is inversely 
related to the decay rate squared, τexc

2, we assumed a modestly 
long τexc of 100 ns which would correspond to relatively slow 
exciton diffusion for CdSe nanocrystals.

Results And Discussion
The recombination profile (see Figure 2) shows that exciton 
formation occurs only on the nanocrystal monolayer. We expect 
that since the monolayer is also the most radiative part of the 
device, the light emission should be easily confined to these 
nanocrystals. This also verifies our initial assumptions that only 
the excitons formed on the monolayer are important in computing 
Forester energy transfers.

Additionally when spatial overlap is zero (see Figure 3), the 
area of light emission is further confined to 50 nm inside the 
monolayer at low voltages.

At higher driving currents, the low exciton limit [5], where 
the exciton injection rate < τexc

-1, is not fulfilled anymore as 
nanocrystals get more than one exciton (see Figure 4), produced 
biexcitons and led to slower decay rates. When this happened, 
there was a loss of resolution implying that the tradeoff for low 
exciton diffusion was lower light intensities.
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Abstract
High-performance flexible thin film transistors (TFTs) were fabricated on plastic substrates using lightly tantalum (Ta)-doped 
tin dioxide (SnO2) nanowires as the channel material. High densities of crystalline SnO2 nanowires were dry-transferred 
directly onto plastic substrates, followed by lithographic patterning of resist, sputtering of chromium/gold (Cr/Au) contacts 
and a silicon dioxide (SiO2) insulator layer, and a second lithography process to define a top Cr/Au gate. The top-gated TFT 
structures exhibit both mechanical flexibility and excellent electrical properties under cyclic tension experiments. Charge 
carrier mobility was estimated to be as high as 160 cm2/(V•s)—two orders of magnitude higher than that of conventional 
amorphous-silicon or organic TFTs. The low-cost nanowire growth and dry-transfer processes make this approach a cost-
effective means to fabricate flexible TFT’s. SnO2 nanowire-based transparent TFT (TTFT) devices were also fabricated 
on glass substrates optimized for transparency using sputtered Sn doped indium tin oxide (ITO) electrodes (annealed at 
200°C) and a photocured hard-baked epoxy as a gate dielectric (SU8-25 20%, MIBK; Microchem Corp.). Although highly 
transparent, higher contact resistance was observed for TTFT devices using ITO contacts, additional improvements to these 
devices need to be further explored. 

Introduction
Metal oxide nanowires have attractive electrical and optical 
properties (i.e. high electron mobility and optical transparency) 
that make them ideally suited for use in high performance TFTs 
on low-temperature substrates. In this work, we report on the 
performance of lightly Ta-doped SnO2 nanowires incorporated 
into flexible polyethylene terepthalate (PET) based top-gated 
TFTs. High density dry transfer of previously synthesized single-
crystalline nanowires enables subsequent low-temperature 
device fabrication without sacrificing device performance [1,2]. 
The performance of these devices show field effect mobilities 
in excess of 100 cm2/(V•s) and on/off ratios > 105 which are 
a marked improvement over existing conventional amorphous-
silicon and organic semiconductors [3-5]. Additionally, high 
optical transmittance of SnO2 nanowires suggests that TFT 
devices could be designed for high transparency as well as 
flexibility [1]. 

Device Fabrication
Ta-doped SnO2 nanowires were synthesized with the method 
described by Dattoli et. al. [1]. After growth, nanowires were 
dry transferred onto the PET substrate (100 µm thick) in one 
direction to maximize the number of parallel nanowires (Figure 
1, bottom inset). A photolithography process was used to define 
the Cr/Au source and drain contacts, followed by 360 nm sputter 
deposition of the SiO2 gate insulator and definition of the Cr/Au 
gate contact. All electrical measurements were carried out in air 
at room temperature.

Results and Conclusions
As a result of Ta doping, the TFTs behaved like n-type 
enhancement-mode transistors [1]. Doping of the SnO2 nanowires 
reduced the contact resistance in the TFT devices, evidenced 
by the ohmic behavior in the linear regime current-voltage (Ids-
Vds) characteristics (Figure 2). Devices showed negligible gate 
leakage at both source and drain. The field-effect mobility, µfe 
ranged from 55 cm2/(V•s) to 160 cm2/(V•s) and coincided with 
mobilities measured on similar SnO2 nanowire-based TTFTs [1]. 
The mobility was estimated from low-bias (1V) transconductance 

Figure 1: Logarithmic scale gate sweep characteristics of an unbent plastic TFT 
device shown in the upper inset. Bottom inset depicts the device architecture. 
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measurements, and the capacitance of the nanowire “film” was 
approximated using the formula for an infinite plane (ε0•3.9/tox) 
[1]. An on/off ratio of > 105 was achieved within a 5V gate bias 
range with a 1V bias at the source (Figure 1). The channel length 
and width of this device is 8 µm and 47 µm respectively (Figure 
2, inset).

The TFT radius of curvature was used to quantify the degree 
of compression during bending measurements. The radius of 
curvature was measured with ImageJ by analyzing photographs 
of the TFTs during compression (Figure 3). TFTs were tested 
before and during compression at 8 mm. The gate sweeps in 
Figure 3 are at a 1V source bias and show high gate mobilities 
above 100 cm2/(V•s) for both bent and unbent conditions. This 
device (Figure 3, lower inset) has a channel length of 3.3 µm 
and width of 66 µm. At the 8 mm radius of curvature, there is a 
decrease in the maximum current and ~ 66% reduction in field 
effect mobility, µfe. 

TFT devices were also tested after ten repeated compressions at 
curvatures from 20 mm to 4 mm. Gate sweeps at decreasing radii 
of curvature (Figure 4) show µfe above 100 cm2/(V•s) and on/off 
ratios > 104. Like devices tested during compression, lower radii 
of curvatures show an 80% reduction in field effect mobility, 
and an order of magnitude reduction of the on/off ratio. Even 
after these reductions, the TFT performance characteristics in 
compression are still above comparable devices [3-5].

Future Work
The highest fabrication temperature was 150°C which shrank 
the PET substrate on the order of microns. This shrinkage 
encumbered alignment of subsequent mask layers. Future 
processing should maintain temperatures lower than 90°C to 
minimize plastic substrate shrinkage. Finally, highly transparent 
TTFT devices using ITO contacts were obtained but showed 
high contact resistances. Future TTFTs could have thinner SU-8 
insulating layers or separate annealing of ITO to minimize sheet 
resistance prior to spin coating SU-8. 
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Figure 2: Voltage sweep characteristics of an 
unbent plastic TFT device shown in the inset.

Figure 3: Gate sweep characteristics of an unbent and bent 
plastic TFT device (insets) taken during compression. 

Figure 4: Gate sweep characteristics of the same plastic 
TFT device tested after 10 compressions of decreasing 
radius (20-4 mm) shown in the bottom inset. Upper inset 
shows log scale representation of the same data.
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Introduction 

the surface. However, since graphene is hydrophobic, we needed 
to test a control sample, with graphene only, along with a sample 
soaked for an hour in fluorescein (FITC) and a sample soaked 
for an hour in deoxyribonucleic acid (DNA), both of which are 
hydrophilic chemicals. By doing this, we expected the graphene 
to bond with the high dielectric oxide and uniformly layer over 
the samples. We proceeded to the atomic layer deposition system, 
which uses two precursor gases H2O and tri-methyl aluminum 
(TMAl). The two gases pulsed respectively and reacted with the 
surface of the substrate to form the high dielectric, Al2O3 (oxide), 
on the surface. Each cycle put a 0.1 nm layer of Al2O3 on the 
surface and we performed 80 cycles resulting in 8 nm of Al2O3. 
After the ALD was completed, we took more AFM images of our 
samples to observe and conclude our results. 

Results and Conclusions 
We were able to conclude from our AFM images that the control 
sample did have some oxide on the surface however, we were 
uncertain as to why this would happen because we did not think 
that any Al2O3 would exist on the surface at all. We believe that 

Figure 1: Energy band inversely proportional 
to the width of the graphene ribbon.

Due to the limitations of silicon based transistors, as the 
dimensions are continuously scaled down, there exists the 
need to find materials that produce more promising electrical 
properties such as high mobility, nearly ballistic channel and 
ohmic contact. Carbon based materials, especially single-walled 
carbon nanotubes (SWNTs), are among the most promising 
materials thus far. Yet due to the uncontrollability of chirality 
and position of SWNTs, the large scale integration is still 
unachievable. Recently, single layer graphene, which is a one 
atom thick layer of carbon, was discovered to be stable. Due to the 
structure of graphene, electrons can travel through the material 
at the same speed, acting as if they have no mass. Graphite, from 
which graphene is derived, can be grown in a controlled manner 
leading to the possibility of large-scale integration particularly 
in the development of field effect transistors. Another unique 
advantage of graphene materials is their band gap is inversely 
proportional to the width of the material, as you will see in Figure 
1 [1], which indicates that the smaller it is the more potential 
energy it has, which is a very attractive semiconducting quality. 
The development and fabrication of such a device however, is 
nontrivial. Due to graphene being hydrophobic, we must coat 
the surface of the graphene with a material which will allow 
for the bonding of the high dielectric material, aluminum oxide 
(Al2O3), serving as the top gate. We used atomic layer deposition 
(ALD) to deposit the Al2O3, and after we coated the graphene, 
we checked our results using atomic force microscopy (AFM). 

Experimental Procedure 
The first stage of our experiment was the development of 
single layer graphene (SLG). This involved a process named 
micromechanical cleavage. In this process we cleaved off layers 
from a 10 × 10 × 2 mm block of highly oriented pyrolytic graphite 
using scotch tape. Once we achieved relatively thin sheets of 
graphite on our tape, we contacted the tape against the substrate 
at varying angles. Next, we investigated our substrate under the 
5x/20x optical microscope for signs of graphene which reflects a 
pale pinkish/purplish color when viewed under the microscope. 
We proceeded, from this point, by calcining our chip at 470°C for 
20 minutes which burned away tape residue and any impurities 
on the surface. We confirmed our findings using the atomic force 
microscopy (AFM) system. 

Our next step was to deposit the high dielectric oxide layer on 
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see in Figure 4. We were slightly disappointed by this outcome 
because our lab had successfully coated carbon nanotubes with 
DNA in a prior research experiment, so we believed that this 
would work. 

Future Work 
We will attempt to try more hydrophilic chemicals to achieve a 
uniform distribution of the Al2O3 (oxide) layer. Once achieved, 
we will etch the graphene down to a narrow ribbon and use the 
e-beam to pattern contacts on the graphene sample. Once the 
pattern is made, we will use metal sputtering to deposit the metal 
contacts on the graphene sample. We will then test the electrical 
properties of the device and compare with a chemistry method 
being tested in the lab. 
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Figure 2: Control sample after ALD.

Figure 3: Graphene sample soaked in FITC for one hour after ALD.

Figure 4: Graphene sample soaked in DNA for one hour after ALD.

this was a result of defects in the graphene. Perhaps the dangling 
bonds reacted with the Al2O3 and caused the dielectric to form. 
There existed a minimal amount of oxide on the surface, as 
shown in Figure 2. 

We then investigated the sample with the FITC coating and we 
noticed more Al2O3 build up on the surface of the graphene, 
however it was still not uniformly distributed on the surface as 
you can see in Figure 3. We also noticed that the Al2O3 layer was 
patterned in blotches which indicated to us that the FITC may 
have reacted with the graphene forming undesirable bonds. 

Lastly, we observed the sample coated with DNA, which had 
produced the best results thus far. There was considerably more 
oxide on the surface than both of the previous experiments. The 
Al2O3 was still not uniform over the surface, however, as you can 
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Abstract
Carbon nanotubes (CNT’s) are molecular-scale tubes of graphitic carbon with outstanding properties. CNT’s are stronger 
than steel, harder than diamonds, and also posses unique electrical characteristics such as the following: high electrical 
conductivity, very high tensile strength, highly flexible, high thermal conductivity, and good field emission of electrons. 
They have the ability to increase the tensile strength and halt crack propagation in concrete, provide stronger yet lighter 
sports equipment, produce artificial muscles, stronger bridges, are instrumental in production of a space elevator, and 
act as transistors/diodes/resistors in computer circuits. However, commercial applications have been gradual due to high 
production costs and issues concerning reliability. When exposed to oxygen or a natural atmosphere, the nanotubes degrade 
within a few days. Therefore, we suspended CNT’s in various polymers which provided a medium that should protect the 
carbon nanotubes from the atmosphere. 

By placing the suspended CNT’s on devices that were built on silicon wafers, we were capable of measuring the CNT 
electrical characteristics. Therefore, we were able to observe how the CNT’s degrade with time while being suspended in 
various polymers. The goal was to discover a polymer that increased the amount of time that CNT’s remain effective, and 
hence greatly enhanced their stability and utilization. 

 

Introduction
The proposed problem is that carbon nanotubes are degrading 
too quickly in ambient air. Therefore, the point of the study is to 
experiment with different polymers to passivate the nanotubes 
and increase their working lifetime. It was hypothesized that 
carbon nanotubes coated with a polymer will not degrade as 
quickly as those not coated with polymers. The theoretical 

implication of the study included the fact that the exact causes of 
CNT degradation are not known, and the results should determine 
how the atmosphere changes the quality of the CNT. 
 

Experimental Procedures
The experimental design revolved around a plan to build devices, 
on silicon wafers, which were capable of testing the electrical 
characteristics of CNT’s, and then placing the CNT’s on the 
devices. The CNT’s were in the form of a liquid solution which 
contained completely dispersed CNT’s as shown in Figure 1. In 
order to build the devices and coat them with the polymer, four 
photolithography steps utilizing different masks were required. 
Mask one: gold/chrome deposit and liftoff. Mask two: source drain 
electrodes for CNT. Mask three: isolation to separate devices via 
gold/chrome etching. Mask four: polymer deposit and polymer 
etch from bond pad. (Note: The CNT’s were deposited using the 
dielectrophoresis (DEP) method. Experiments were completed 
to find the etch rate for each polymer, which was removed using 
the dry etching process.) Figure 2 displays a cross-section of the 
method for building the device, and the deposition of the CNT’s 
and polymer. 

Results
The first run results were flawed due to an issue concerning 
oxide breakdown, which occurred with those wafers that 
originally consisted of a 10 nm oxide layer. The calculated 

Figure 1: SEM image of CNT connected via 
the source and drain electrodes on the device.
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voltage breakdown (VB) 
equaled 100 V. However, the 
measured VB was 10 V. The 
remaining runs utilized wafers 
which consisted of a 50 nm 
oxide layer which prevented 
further occurrences of oxide 
breakdown. 

Repeatability test were com-
pleted to understand how the 
probing process may affect the 
results. One repeatability test 
showed that when the devices 
are probed once and a voltage 
sweep is applied continuously 
over a set period of time, 
the results are repeatable. 
How ever, the results are not 
repeatable when the devices 
are probed multiple times and 
a voltage sweep is applied 
each time the device is re-
probed. During the first run of 
the multi-probed repeatability 
test, the gate and drain current 

dropped significantly after the eighth device probing was 
complete. 

After the four mask method was complete, the wafer with no 
polymer had a 69% yield of good devices (see Figure 3), while 
the wafer covered with polymethyl methacrylate (PMMA) had a 
33% yield, and the wafer covered with benzocyclobutene (BCB) 
had a 7% yield. 

A high drain current is desired, because drain current behaves 
as a conductor. Gate current behaves as an insulator; therefore 
it needs to be relatively small. The electrical characteristics of 
the same devices were measured and compared each day to 
observe the amount of time that elapsed before CNT degradation 
was noticed (see Figure 4). The CNT’s on the wafer without 
the polymer and the wafer coated with PMMA degraded at 

approximately the same rate. However, on day eight of the 
experiment, 8% of the devices on the wafer without the polymer 
remained functional, while 31% of those on the wafer covered 
with PMMA remained functional. After three days, 0% of the 
devices on the wafer covered with BCB remained functional. 
 

Conclusion and Future Work
The results led us to conclude that passivation does not appear 
to improve CNT lifetime, multiple probing appears to degrade 
the results, and BCB processing degrades CNT yield. The future 
work involves repeating the experiments with other polymers to 
observe how the polymers alter the CNT lifetime. 
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Abstract
Polar gallium nitride (GaN)-based blue lasers have been hindered by poor yields in their fabrication. Nonpolar GaN-based 
blue lasers, which are grown along a different crystal plane than polar GaN-based blue lasers, show great promise for 
increasing laser yields and lifetimes. They lack the polarized electric field inherent in c-plane GaN substrates. Continuous-
wave (CW) operation of nonpolar lasers has been recently achieved, yet they are hindered by their low lifetimes relative to 
polar blue lasers. Initial measurements suggest that a large increase in lifetime can be realized by reducing the resistance 
across the p-type metal contacts of the laser. Contacts schemes were tested using a circular transfer length method (CTLM) 
structures. Significant improvements in the p-type contact resistance have been realized by optimizing metallization 
schemes, thermal annealing conditions, and doping levels. 

Introduction
GaN and related materials have been around for over a decade 
and are extremely useful blue and near-UV light emitting diodes 
and lasers. Their uses include ultra high density optical storage, 
lighting sources, high resolution printing and advanced medical 
imaging applications [1]. 

Non-polar GaN substrates are inherently difficult to grow and 
appropriate metal contacts with work functions higher than 
p-GaN are difficult to find [2]. The metals are typically more 
difficult to deposit due to higher evaporation temperatures and 
consequently are less reliable. Experiments have shown that the 
majority of the resistance is across the p-type contact resistance, 
so they are the best candidate for optimization at this point. 
Typically contacts for polar p-GaN use some combination of 
platinum (Pt), palladium (Pd), and gold (Au) contacts. Research 
has also shown that the resistance can be significantly reduced 
by growing a highly doped, p++, layer on top of the p-GaN just 
beneath the contacts [2]. 

Experiment
The p-GaN M-plane substrates were grown by Mitsubishi 
Chemical. The top 20 nm p++ layer was grown by metal-organic 
chemical vapor deposition techniques. The sample was then 
rapid thermally annealed at 750°C in nitric oxide (N2O2) for 15 
minutes. Then 100 nm of silicon oxide (SiO2) was deposited on 
top of the p-GaN as a protective layer during processing. The 
CTLM contacts were fabricated with standard photolithography 
techniques. The spacing varied between 5 µm to 100 µm. Then 
we used a 20 minute UV ozone de-scum followed by a 1 minute 
buffered hydroflouric acid (HF) wet etch and a 30 second 
hydrochloric acid (HCl) dip. The metal contacts were then put 
down with standard electron beam deposition techniques. The 

liftoff was preceded by a 30 second sonication in 70°C deionized 
water. Depending on what contacts we were making, we would 
repeat the process to make a set of 100-250 nm gold pads on top 
of the contacts to protect them during testing. Then I-V curves 
were obtained for three sets of CTLM’s on each sample using a 
standard 2-probe arrangement. The data was aggregated and the 
contact resistances were determined at the 250 µA current level. 

Results and Discussion
Figure 1 shows the specific contact resistivity as a function of the 
bis-cyclopentadienylmagnesium (CP2Mg) flow rate (in standard 
cubic centimeters). The flow rate of the dopant gas during the 
metal-organic chemical vapor deposition (MOVCD) process 

Figure 1
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was varied for different samples. 100 sccm was found to be the 
ideal flow rate. More research is needed to optimize the specific 
contact resistivity between the 100 and 200 sccm flow rates. 
With the Ni/Au contacts in the first sample run the I-V curves 
were found to be considerably non-ohmic, and the resistances 
and several orders of magnitude higher than the literature on 
C-plane contacts suggested they should be. 

of the I-V curves were nearly perfectly ohmic. At higher spacing 
the curves were more linear, but at the lower spacing (5 to 10 µm)  
the curves looked slightly like a p-n junction I-V curve. We later 
tried several variations of the Pt/Pd/Au scheme and were able to 
optimize the thickness as well. 

Summary
We found an optimum metal scheme and thickness for the 
contacts. We also optimized the surface treatments and wet 
etching processes. Our best contacts were nearly ohmic and the 
calculated specific contact resistivities were on the order we 
hoped for. We still have some work to be done with optimizing 
the flow rate and doping levels of the top p++ layer of the p-GaN, 
but the improvements made so far should give an order of 
magnitude increase in the laser lifetime and efficiency of the 
next batch of fabricated lasers. 
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Figure 4: A cross sectional view of the laser [1].  

Figure 2

Then the anneal temperature of the Ni/Au contacts themselves 
was varied (Figure 2). We found considerable difference across 
the anneal temperatures. We still kept the original anneal 
temperature for the p-GaN the same for each sample. The 
overall numbers were around the same order of magnitude as the 
previous flow series. The I-V curves were slightly more linear, 
but still far from ohmic. However we determined that the nickel 
was perhaps not the best metal for the contacts and then varied 
the metallization scheme for the contacts.

The metallization scheme proved to be our most significant. 
We found that different metals provided an order of magnitude 
decrease in contact resistivity. We tried using metals with 
higher work functions since those seem to have lower contact 
resistance. The Pt/Pd/Au (7/7/100nm) proved to be the best 
scheme (Figure 3). Not only was the resistance lower, but most 

Figure 3
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Abstract
Fabrication of high aspect-ratio three-dimensional (3D) microstructures has many important applications in modern 
microchip technology. A micro-electro-mechanical system (MEMS) fabrication procedure is presented that can produce 
high aspect-ratio 3D metal structures, which may be used for (but is in no way limited to) electronic, optical, chemical, 
and/or fluidic interconnection. This represents the interdisciplinary marriage of a number of highly disparate device 
technologies. The aforementioned MEMS structures were produced through micro-fabrication procedures, including 
spinning photoresist, post and pre-baking, developing, curing, electroplating, polymer decomposition, and seed layer 
etching. Some of the applications of the structures which were fabricated using this method include coplanar waveguides, 
inductors, and microfluidic filters. The primary focus of this research was to develop an enabling process technology to meet 
the fabrication and integration needs of generic 3D complex device structures.

Introduction
This study was performed in an attempt to demonstrate a 
novel fabrication methodology for producing complex three-
dimensional microstructures. Although this method extends 
far beyond the creation of high aspect ratio copper pillars, the 
most comparable previous fabrication methodology was for that 
purpose.

In the past, there have been many different proposed fabrication 
methodologies for creating high aspect ratio copper pillars. These 
included the copper pillar bump process [5,6] and a method 
involving through silicon vias [2,3,4,6] wherein the silicon is 
etched following copper filling of the holes (known as “vias”).

The pillar bump process involved patterning a layer of photoresist 
and then electroplating into the resist openings [5,6]. This method 
was severely limited in several ways, including the fact that it was 
extremely difficult to electroplate copper into high aspect ratio 
resist openings and it was very difficult to fabricate high aspect 
ratio vias in resist [6]. This process, therefore, was typically only 
able to achieve comparably low aspect ratios (usually, < 5.)

The other process essentially involved creating vias in a silicon 
wafer and then electroplating into the resultant vias [2,3,4,6]. 
Via creation was usually done either by etching or laser-ablation 
[6]. Next, an oxide layer would be deposited onto the wafer, 
followed by the deposition of a seed layer. The via would be 
filled with copper through an electroplating process. Finally, the 
silicon wafer would be etched away (using potassium hydroxide 
(KOH)) to leave behind the high aspect ratio copper pillars. There 
were also several problems with this process, to which several 
solutions were proposed. One such problem was the creation of 
voids during electro-deposition inside the vias due to the non-
uniform current densities resulting from the local geometry of 
the sample. One proposed solution to this problem was the use 

of an aspect ratio dependent electro-deposition process, whereby 
the current density was continuously varied as a function of time 
[3]. Moreover, it is difficult to bond the resulting pillars to the 
wafer containing the circuitry.

It has been well established that it is possible to create high 
aspect ratio polymer pillars [1,7]. These have been mainly been 
used in attempts to create electrical-optical I/O devices (such as 
micro-electro-optical-mechanical systems or MEOMS) [1,7].

During a previous REU project, sidewall metallization of 
polymer pillars for use as chip I/Os was investigated [7], and 
it was shown to be possible to create copper pillars with aspect 
ratios exceeding 20:1. Under that method, polymer pillars were 
created, and then a seed layer was deposited onto them. Once the 
seed layer had been created, copper was electroplated onto the 
side wall of the pillar. Finally, the polymer was removed through 
thermal decomposition. What remained was a high aspect ratio 
structure [7].

The method proposed here extends that previous work and 
uses a similar process to create structures with a more complex 
geometry. Some of the structures created were square spiral 
inductors, coplanar waveguides, an electromechanical chuck, 
and a microfluidic filter.

Experimental Procedure
Two different fabrication methodologies were created, capable of 
creating ~ 50 µm and ~ 140 µm tall polymer pillars respectively 
(which would directly affect the height of the resulting structures). 
They differed in that the taller pillars were created by spinning 
two layers of polymer (Avatrel®) on the substrate surface. Herein, 
the sample with two layers of Avatrel shall be denoted as being 
produce through the “2-spin process.” 
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A single layer of Avatrel 2090P polymer photoresist was spun on 
a silicon dioxide coated silicon wafer at 600 RPM for 40 seconds 
(twice for the 2-spin process.) The wafer was then pre-baked for 
45 minutes on a hot plate at 108°C. Then the wafer was exposed 
for 25 seconds in an EVG620 mask aligner (50 seconds for the 
2-spin). Following the exposure, the wafer was post baked for 20 
minutes at 108°C in an oven. The wafer was then developed using 
an Avatrel development solution. Following this development, the 
wafer was inserted into a PlasmaTherm reactive ion etcher (RIE) 
for a minimum of 3 minutes for descumming. After the descum, 
the wafer was cured in the Lindberg furnace at a temperature 
of 160°C for 2 hours. After having been cured, the wafer was 
metallized using the Unifilm sputterer (with 300Å of titanium, 
3000Å of copper, and 300Å of titanium). This thin layer of metal 
acted as a seed layer for the copper electroplating which would 
occur later in the procedure. 

A second layer of Avatrel was then spun on top of the wafer, 
again at 600 RPM for 40 seconds (this is done twice for the 2-
spin process.) The wafer was then pre-baked once more, and 
then exposed using the mask aligner (for 30 seconds for the 
single spin process and 37 seconds for the 2-spin process). 
Once again, the wafer was post baked at 108°C for 20 minutes, 
following which the wafer was again developed. The wafer was 
placed into the RIE for a minimum of an additional 3 minutes. 
The wafer was then placed into a buffered oxide etchant (BOE) 
to remove the 300Å layer of titanium on its surface. The top 
surface of the wafer was then electroplated using a copper sulfate 
solution, a copper anode and the wafer as the cathode. The wafer 
was then thermally decomposed in the Lindberg Furnace for 2 
hours at 450°C to remove the Avatrel. To remove the remaining 
seed layer, the wafer was placed into a copper etching solution 
produced from a 1:1 ratio of hydrogen peroxide and ammonium 
peroxide.

Results and Conclusions
A novel fabrication methodology for producing complex, 3D 
structures was demonstrated to be feasible. Several different 
structures with various different interdisciplinary applications 
were constructed. In addition, process optimization has been 
performed. An aspect ratio of ~ 17.1:1 was achieved, as measured 
via images from the Hitachi scanning electron microscopy 
(SEM).

Future Work
In the future, additional work can be done on building taller 
structures, or structures with more complex geometries. Work 
can also be done on providing a computational model of the 
various stresses, strains, and forces induced on the structures to 
determine the origins (and theoretical magnitudes) of the several 
different kinds of deformations that were observed to occur on 
the structures during the fabrication process.
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Introduction and Motivation 
Electromigration (EM), the movement of metal atoms due to the flow of current, can cause failure in interconnects in 
complementary metal oxide semiconductor (CMOS) circuits. EM performance in copper (Cu) interconnect structures is 
largely related to the diffusion of copper atoms along the barrier layer interfaces. It has been shown that the mobility 
of copper atoms is closely related to the adhesive strength of this copper / barrier layer interface [1]. In the past these 
properties have usually been assessed separately. 

Previously, Zhou et al. [2] reported that there was an increase in electromigration mean-time-to-failure as the interlayer 
adhesion increased. Lane et al. [1] showed that when the interface debonding energy of a copper / barrier layer is small, the 
void growth rate during EM is higher. This is presumably due to more mobile copper atoms. This again shows a connection 
between EM and adhesion. 

In our work, we are developing a novel technique for characterizing EM performance and adhesion of a copper/barrier 
layer simultaneously. Once this technique is developed, it will provide a unique tool in optimizing EM performance in the 
next generation of integrated circuits and nanoelectronics. Using thin film fracture mechanics techniques, adhesion in 
copper / barrier film stacks was analyzed in the presence of electromigraton. The crack propagation rate or velocity, v, was 
measured versus applied strain release rate, G (which is a measure of adhesion). This was measured while different current 
densities were applied. X-ray photoelectron spectroscopy (XPS) was performed on the fracture surfaces to see if the failure 
does indeed occur at the Cu/barrier interface. 

Figure 1: Interconnect 
structure used in EM/

adhesion studies

Experimental Method 
Samples were obtained of typical multilayer interconnect 
structures, as shown in Figure 1. Copper was the main conducting 
layer and silicon nitride (SiN) was the barrier layer on top. The 
SiN layer was etched off at the ends in order to make contact 
areas. 85% aqueous phosphoric acid at room temperature was 
used. The resistance was measured every 5 minutes until the SiN 
was removed. 

As shown in the schematic diagram in Figure 2, the crack 
propagation rate or velocity, v, was measured versus applied 

Figure 2: Schematic of samples used in standard subcritical double-
cantilever beam fracture mechanics measurement, to measure crack 
velocity, v, versus adhesion, G, for different current densities.

strain release rate, G (which is a measure of adhesion) by using 
standard subcritical double-cantilever beam fracture mechanics 
method. This was measured while different current densities 
were applied. 



2007 REU Research Accomplishments page 53

Electronics

 

Results and Discussion 
Figure 3 shows the results of previous work by our group [3]. 
This shows the relationship between crack velocity, v, versus 
the applied strain energy release rate, G (or driving force for 
cracking/debonding) for a copper/tantalum nitride interconnect 
without any current. In our present results, shown in Figure 4, we 
see v-G curves for two control specimens and two specimens with 
different current flow, J. Negative J represents electrons flowing 
opposite to the crack growth direction and positive J represents 
electrons flowing along the crack growth direction. We can see 
that these current densities are ~ 2 orders of magnitude below 
those used in standard electromigration tests, and there is no 
noticeable effect on crack growth at these low current densities. 

XPS was done on the two surfaces exposed by the fracture in 
order to determine which interface of the structure failed. Table 

1a shows XPS results of the top fracture surface (in Figure 2), 
indicating it is indeed a SiN layer. Table 1b shows XPS results 
of the bottom fracture surface (in Figure 2), indicating it is, in 
fact, a copper layer. From these results, we can conclude that the 
crack is indeed growing between the layer of Cu and the layer 
of SiN. 

Conclusions
Using thin film fracture mechanics techniques, adhesion in 
copper / barrier film stacks was analyzed in the presence of 
electromigraton. Initial results at low current densities show 
no change in adhesion. X-ray photoelectron spectroscopy was 
performed on the fracture surfaces to show that the failure does 
occur at the Cu/barrier interface. Further measurements of 
crack propagation at higher current densities need to be done. 
Challenges that need to be overcome in the future are excessive 
Joule heating at these higher current densities, and enhanced 
oxidation for Cu and failure of solder joints at the higher 
temperatures due to the Joule heating. 
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Figure 3: Previous results of our group measuring 
crack velocity versus adhesion without any current [3].

Figure 4, above: v-G curves for this work for two 
current densities, showing little effect on crack growth.

Table 1a, top left: XPS results of the bottom fracture 
surface (in Figure 2), indicating a copper layer.

Table 1b, bottom left: XPS results of the top fracture 
surface (in Figure 2), indicating an SiN layer.
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Abstract 
As silicon transistors are reaching their limits, next-generation complementary metal oxide semiconductor (CMOS) 
transistors may use new materials such as III-V’s (i.e. indium gallium arsenide (InGaAs)). Key steps in new transistor 
fabrication include epitaxial regrowth, planarization, and etchback. Several planarization materials have been tested to 
develop a smooth and controllable protection layer during gate exposure. 

Introduction 
Moore’s Law predicts the doubling in transistor surface area 
density roughly every two years. However, silicon is rapidly 
approaching its limit in scalability, which will require fabrication 
with new semiconductor materials. Currently, 65 nm gate length 
silicon devices are on the market, with 45 nm devices following 
behind. It is believed that silicon can be scaled to 22 nm devices, 
but beyond this limit, more exotic III-V materials such as InGaAs 
may be used in CMOS fabrication, which introduces a host of 
new engineering challenges. 

The group objectives are to demonstrate a concept device 
showing that CMOS transistors can be reliably fabricated using 
III-V materials, confirm the record breaking current density of 
greater than 6 mA/µm that theory predicts, and then scale to 
sub-22 nm gate lengths. 

A crucial aspect of the fabrication routine is the planarization 
process, whereby the source/drain contact regions are protected 
when the gate stack is exposed. Once the gate stack has been 
processed, a highly-doped InGaAs layer is conformally regrown 
across the wafer to provide current carriers, followed by a 
molybdenum (Mo) layer for ohmic contacts. These layers must 
be etched off the top of the gate stack, yet remain intact on the 
source/drain contact regions. However, the physical and chemical 
etch processes not only penetrate the source and drain regions, 
but they are also capable of damaging the InGaAs conduction 
channel, as shown in Figure 1. 

In the planarization process, a thick layer of material is spun on 
a wafer to create a smooth plane at the surface. This layer is then 
ashed back to just below the gate height, exposing the gate but 
covering the source/drain regions. The InGaAs and Mo layers 
are then removed from the gate stack, and stripper solution 
removes the remaining planarization material from the source/
drain regions so that contacts can be laid. 

Experimental Procedure 
Three different potential planarization materials were tested for 
the smoothest, most reliable, and most controllable characteristics: 
SPR510, a photoresist; PMGI SF11, a photoresist underlayer 
material; BCB, a plastic material. 

The three planarization materials differed in their spin and 
curing recipes, as well as the ash process. PMGI is ashed back 
with MIF701 developer, SPR510 with an O2 plasma, and BCB 
with CF4/O2 plasma. During the ash stages, samples were 
progressively cleaved and inspected in the scanning electron 
microscope (SEM) to check the planarization height relative to 
the gate stacks. Once they were ashed to the proper height, the 
Mo and InGaAs etches were performed to see if the planarization 
materials provided proper protection. 

All materials were tested on samples that contained “pseudo” 
gate stacks, which were composed of chromium (Cr) and silicon 
dioxide (SiO2) on a Si wafer, and differ from the final design 
depicted in Figure 1. The entire sample was then covered in Mo 
to simulate the regrowth stage. 

Figure 1: Mo and InGaAs etching can damage conduction channel.



2007 REU Research Accomplishments page 55

Electronics

Results and Conclusions 
PMGI SF11 developed smoothly and evenly, creating the desired 
planar surface. However, it was difficult to spin on a smooth 
layer, and the PMGI etched off very rapidly under the Mo etch. 
As seen in Figure 2, almost no PMGI remains on the surface, so 
the source/drain regions are exposed. 

The BCB samples maintained a smooth surface just below the 
gate height after ashing, but BCB requires a sensitive curing 
process, is difficult to remove, and takes much longer to process 
than SPR510, so it is being saved as a backup option in the final 
process. 

SPR510 spins on smoothly and the ash rate is much slower and 
thus more controllable. However, when ashed with O2 plasma, 
the surface was very rough and it was difficult to obtain a smooth 
gate stack exposure. Experiments were also executed with a post-
ash reflow bake and O3 plasma to smooth the surface, but these 
processes yielded little improvement—if any—on the surface 
roughness, as seen in Figure 3. 

It was later suggested that ashing the SPR510 in inductively-
coupled plasma (ICP) rather than the capacitively-coupled plasma 
may yield a smoother surface. As seen in Figure 4, the sample 
has a much smoother surface, a cleanly exposed gate following 
the Mo etch, and most of the original photoresist remains at the 
level of the gate stack. 

Each of the three materials has distinct strengths and weaknesses, 
but SPR510 appears to be the best candidate for the planarization 
process. It yields a smooth surface, controllable ash rate, and 
withstands the subsequent Mo and InGaAs etches. PMGI etches 
too rapidly, and BCB may be a strong candidate, but is much 
more cumbersome to work with than SPR510. 

Future Work 
The team must integrate the three distinct stages of the entire 
transistor fabrication process. The planarization process has 
been developed using gate stacks that mimic the samples that 
will be returned from the regrowth lab. The process must be 
fine-tuned from beginning to end with the gate stack fabrication, 
regrowth layers, and planarization process, as well as back-end 
processing. 
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Figure 2: PMGI sample after developing and Mo etch.

Figure 3: SPR510 after ash, reflow bake, and O3 plasma.
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Abstract:
Efficient light emitting diodes (LEDs) seek to minimize input power while maximizing optical output power. To minimize 
input power, the total voltage drop across the LED should be reduced. Significant loss occurs at metal-semiconductor 
junctions where electrical contact is made to the diode. This experiment studied different methods of minimizing the voltage 
drop across the LED. The p-contact on our device is made of indium tin oxide (ITO), which cannot tolerate annealing 
temperatures of 650°C or more [1,2]. The titanium aluminum gold (Ti/Al/Au) triple layers we use have been demonstrated 
to be effective n-contacts, but require annealing temperatures upwards of 750°C [3]. Therefore, our Ti/Al/Au contacts have 
been left unannealed, resulting in Schottky diode-like behavior of the junction. 

Experimental Procedure
To improve the quality of the contact behavior, two contact 
schemes and methods of treating the n-type gallium nitride 
(GaN) surface were tested. The Ti/Al/Au scheme was compared 
to a copper germanide (Cu3Ge) scheme. Cu3Ge contacts to 
n-GaN can be annealed at temperatures within the tolerance of 
ITO [4]. Hydrogen chloride (HCl)-based wet etches are effective 
at removing native gallium oxides (GaxOy) [5]. Lastly, etching 
the n-GaN surface by reactive ion etching (RIE) has been 
demonstrated to both improve ohmic behavior of the contact 
and decrease contact resistance [6]. The effect of annealing 
temperature on the Cu3Ge contact scheme was also examined, 
but is not presented here. 

Ohmic behavior and contact resistance were determined using 
the transmission line method (TLM). We used quarters of 2-inch 
Al2O3 wafers with epitaxial LED layers grown by metal-organic 
chemical vapor deposition (MOCVD). Before processing, the 
n-type GaN layer was exposed using an inductively coupled 
plasma etch to simulate etch damage that occurs during regular 
LED processing. 

 

Contact Deposition 
Contact schemes and surface treatments were distributed across 
samples according to Table 1. Contact metals were deposited 
by electron-beam evaporation. Ti/Al/Au layer thicknesses were 
200/600/3000Å. The Cu3Ge contact scheme was deposited as 
Ge/Cu/Ge:400/970/400Å. This 30 at.% Ge composition has 
been observed to yield the low-resistivity ε1-Cu3Ge phase after 
annealing [7]. Cu3Ge annealing was performed in a rapid thermal 
annealer at 550°C for 10 minutes in N2 with a flow rate of 5 sccm. 
Ti/Au (200/3000Å) contact pads were then deposited on top of 
all n-contacts. The final step was to isolate the TLM patterns 
by etching around them through the n-type GaN to the Al2O3 
substrate. The width of the resulting structure was 100 µm and 
the depth was 3.6 µm. Contact dimensions were 94 × 50 µm2,  
and the TLM spacings varied from 5 µm to 40 µm. 

 

Surface Treatment 
n-GaN HCl immersion and RIE treatment were examined for 
their effect on ohmic behavior and contact resistance. Because 
these treatments affect only the n-GaN and not the contact, the 
resultant relative improvements in electrical performance are 
expected to be independent of the particular contact scheme. 
Therefore, these surface treatments were only tested on the Cu3Ge 
contact scheme. HCl treatment was performed by immersion in a 
HCl:DI 1:3 solution for 1 minute at room temperature. RIE dry 
etch was performed in SiCl4 with a flow rate 10 sccm. Chamber 
pressure was 25 mTorr, and the etch depth was 50 nm into the 
n-type GaN. The samples were not temperature controlled during 
the RIE etch. 

 

Table 1: Contact scheme and surface treatment combinations.
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Surface Treatment and Contact Scheme 
Results and Discussion 
As can be seen in Figure 1, the behavior of Samples A and D 
were closest to ohmic. There are several possible explanations 
for ohmic behavior in samples. One is the removal of surface 
oxides and other types of surface scum that tend to accumulate 
during LED processing. In the case of the Sample A, the removal 
of gallium oxide by HCl etching is believed to be responsible for 
forming an ohmic contact. However, HCl immersion alone did 
not produce ohmic behavior in the Cu3Ge-based samples. The 
emergence of ohmic behavior only after RIE treatment indicates 
other mechanisms besides oxide removal. 

Schuette and Lu present evidence that RIE creates both Ga and 
N vacancies, but Ge preferentially diffuses into N vacancies and 
behaves as a donor, increasing the level of n-doping of the GaN 
[6]. SiCl4 may also decrease the length of the electron depletion 
region [4]. Another possibility is that the RIE treatment helps 
remove etch damage caused by previous etching. 

Figure 2 compares the contact resistances of the samples. The 
contact resistance of unannealed Ti/Al/Au was calculated to 
be ~ 1.8•10-4, less than half that of Cu3Ge when both samples 
are treated only with HCl. However, it can be seen that RIE 
treatment dramatically reduced the contact resistance of the 
Cu3Ge contacts. 

 

Conclusions 
Schuette and Lu show that RIE treatment reduces the length of 
the depletion zone in n-GaN [4]. Thus, the relative improvement 
of the Cu3Ge contact with RIE surface treatment should be true 
regardless of contact scheme. Ti/Al/Au contacts will be used 
for further experimentation with RIE because of their superior 
performance compared to Cu3Ge in the HCl control test. Lastly, 
the data indicate that there is a need to optimize RIE etching 
power for ohmic behavior and low contact resistance. 
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Abstract
Silicon carbide (SiC) was etched by photoelectrochemical (PEC) in a dilute solution of hydrofluoric acid (HF). PEC etch 
masks were formed on SiC by sputtering 10 nm of titanium and evaporating 150 nm of platinum and heating the contacts to 
600ºC by rapid thermal annealing. PEC etching was performed with a UV light power density of 125 mW/cm2 and a current 
density 0.992 mA/cm2. Etching was performed for one hour at room temperature. The SiC nanopores were then oxidized at 
1150ºC for four hours to form SiO2 and subsequently placed in an HF solution to remove the oxide.

Introduction
SiC is so chemically resistive that only a few techniques are 
available to etch it. Hot potassium hydroxide (KOH) will etch SiC, 
however KOH will also remove almost all etch masks. Reactive 
ion etching (RIE) can be used to etch SiC also and a suitable etch 
mask exists for this process. RIE has very high anisotropy and 
good morphology, but it’s an expensive process with no dopant 
selectivity. It does have a low etch rate but depending on the 
application, this can be considered an advantage or disadvantage. 
Photoelectrochemical etching has a more controlled etch rate 
from low to very high. It yields good morphology on 6H-SiC 
and excellent dopant selectivity. It’s relatively inexpensive when 
compared to RIE, but only has fair morphology on 3C-SiC [1].

Photoelectrochemical etching is the process of using ultraviolet 
light, voltage, and chemicals to etch materials such as silicon 
carbide and gallium nitride. Pure silicon carbide is not a good 
conductor of electricity so its essential that silicon carbide be 
n-doped meaning more electrons are present than holes. Through 
photoelectrochemical etching, holes are generated with ultraviolet 
light by breaking some of the bonds in the SiC (Figure 1).  

Voltage is applied to the sample forcing holes to the surface of 
the sample to facilitate etching by hydrofluoric acid. 

Experimental Procedure
First we characterized titanium/platinum (Ti/Pt) contacts on SiC 
as an etch mask by sputtering 10 nm of Ti and evaporating 150 
nm of Pt and heating the contacts to 600ºC by rapid thermal 
annealing. The process of annealing makes sure that the Ti/Pt  
mask fully adheres to the surface of the SiC sample. SiC 
nanopores are formed on the substrate surface by PEC. PEC 
conditions for nanopore formation were: UV light power density 
of 125 mW/cm2 and a electrical current density of 0.992 mA/cm2 
in a dilute solution of HF. Etching was performed for one hour 
for both 3C and 6H SiC. Nanopore formation was followed by 
oxidation of the SiC nanopores in a wet oxidation furnace for 
4 hours at 1150ºC which changes the SiC nanopores to SiO2. 
Finally a chemical etch of the newly formed SiO2 was performed 
in HF.

Figure 1: Photoelectrochemical setup. Figure 2: Porous silicon carbide.
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Results
We produced nanopores on the surface of the SiC through PEC as 
seen in Figure 2. After oxidation, we could tell from the surface 
of the SiC sample that SiO2 had formed because of the blue color 
that was visible on the sample where the nanopores were. SiO2 
was then removed with HF. We obtained etch depths of 13 µm 
for the 3C-SiC and 4.6 µm for 6H-SiC. Since 3C has a less dense 
lattice, we were able to obtain higher etch rates. Figure 3 is an 
SEM image of a 6H-SiC PEC etched sample.

Conclusion/Future Work
In conclusion, we were successful in forming nanopores, 
oxidizing the nanopores to form SiO2, and removing the SiO2 to 
get a clean etched surface on SiC. However we did have issues 
with getting the Ti/Pt mask to fully adhere to the SiC surface. 
We were able to solve this issue by heating the sample at 600ºC. 
Some samples were not etched because they were either undoped 
or low doped. In the future it would be beneficial to establish etch 
rates on 3C, 4H and 6H SiC based on doping concentration. 
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Abstract
Interactions between semiconductor and metallic nanocrystals are the subject of intensive investigations. Enhanced 
photoluminescence (PL) yield of quantum dots in the presence of notable nanoparticles or nanohole arrays has potential 
applications in light-emitting diodes (LED) and sensors. Surface plasmon resonances (SPR) are believed to either increase 
the PL efficiency by enhancing the local exciting field or cause nonradiative damping due to energy transfer through an 
inverse route. 

Introduction
We studied the collective interactions, in terms of linear and 
nonlinear optical properties, between cadmium selenide (CdSe) 
quantum dots, rods, cadmium telluride (CdTe) tetrapods and 
gold (Au) nanoparticles (NPs), comprised in monolayers and 
multilayers. Ultra thin films that incorporated NPs with a size of 
several nanometers were successfully created via an interfacial 
evaporation induced self-assembly (EISA) process. These 
films assembled on the surface of water within a polymethyl-
methacrylate (PMMA) polymer matrix and were then transferred 
to desired substrates. Similarly, ultra thin films of pure PMMA 
were assembled, acting as a dielectric spacer between the two 
parallel layers of semiconductor and metallic NPs. Atomic layer 
deposition (ALD) was also utilized, allowing us to achieve 
precise control on the thickness of spacing layers. Finally, 
patterning of PMMA supported nanocrystal monolayer thin films 
was demonstrated. Our results indicate that the PL is affected by 
the distance between the semiconductor and Au nanoparticles. 

Fabrication of Thin Films
Solutions of PMMA, CdSe nanocrystals or quantum dots, and 
Au nanocrystals, in an appropriate ratio, were dissolved in 
toluene. One drop of the solution was carefully released over a 
deionized water surface sitting in a Petri dish. The suspension 
of nanocrystals spread out over the surface and a thin film 
formed through interfacial evaporation-induced self-assembly as 
shown in Figure 1. The thin films consisted of the nanoparticles 
embedded in the PMMA polymer matrix. After the toluene 
evaporated, the thin film was captured on a substrate of our 
choice by submerging the substrate and bringing it up through 
the thin film. The sample was then left to dry undisturbed. The 
weight fraction of CdSe to Au nanocrystals within the solution 
was varied to explore the effect on photoluminescence. We also 
prepared multilayer thin films of the ratio-varied solutions to 
explore how stacking the layers would affect the PL. 

First, we attempted to fabricate a binary nanocrystal superlattice 
from CdSe and Au nanocrystals dispersed with PMMA in toluene 
and let them co-assemble on the interfacial surface. However, the 

transmission electron microscopy 
(TEM) image in Figure 2 clearly 
indicates that isolated islands of 
nanocrystals with severe over lapping 
formed instead of a homo  geneous 
monolayer thin film. Nevertheless, 
significant PL quenching was 
observed due to appropinquity of the 
two different types of nanocrystals 
when compared to the PL readings 
from a solution and monolayer 
thin film comprised solely of CdSe 
quantum dots. 

Figure 1: Schematic detailing evaporation induced self-assembly (EISA).  
A) Solution dropped onto surface, B) Oil evaporation, C) 2D interfacial nanoparticle assembly  
within polymer support matrix, D) Free-standing thin film, and E) Transfer to arbitrary surface.
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Believing that the close proximity of the Au nanocrystals to the CdSe nanocrystals 
caused the quenching effect, we redesigned our experiment to further distance 
the two NPs by placing a dielectric spacing layer between a thin film composed 
of Au NPs and another thin film of CdSe NPs. In addition, this new strategy 
allowed us to tune the width of the spacing layer and this distance became the 
independent variable in our experiments. 

Thin Films with Dielectric Spacing Layer
One thin film, composed of Au NPs, was transferred onto a glass substrate. 
Figure 3 shows how the solution composed solely of Au nanocrystals and PMMA 
creates a monolayer thin film, where the Au NPs do not coagulate, but spread 
out into a thin even film. Thin films composed solely of PMMA polymer were 
then captured on top of the Au nanocrystal layer until the desired thickness was 
obtained. Finally, the last thin film layer composed of CdSe NPs and PMMA 
was captured on top of all the other thin films. As the thin film layers were added 
to the sample, the surface of the sample became increasingly uneven. When 
the surfaces of the samples were scanned with a laser, the photoluminescence 
readings had no correlation to the number of PMMA spacing layers. 

Seeking to better control the thickness and quality of the dielectric spacing layer, 
we utilized atomic layer deposition (ALD) to deposit a layer of amorphous SiO2. 
We prepared 15 samples of 2 cm2 silicon wafer chips by capturing a single Au 
ultra thin film layer on each wafer through EISA. The samples were then plasma-
etched in order to render the surface hydrophilic and placed within the ALD 
instrument. All samples, heated to 50°C, were exposed to alternating cycles of 
vaporized SiCl4 and H2O in order to build up a dielectric spacing layer. One 
sample was removed from the instrument after every 30 cycles of deposition. A 
final thin film layer of CdSe and PMMA was captured on top of the amorphous 
SiO2 to form a sandwich structure. 

Electron beam lithographic patterning of Au and PMMA monolayer thin films has 
also been demonstrated. As a positive photoresist, PMMA can be washed away 
in the developer when exposed to light. Figure 4 shows an optical microscopy 
image of a patterned thin film. The diameter of the wheel is approximately  
40 µm and the width of the lines is about 1 µm. Our patterning of these thin films 
suggests the ability to use interfacial assembly in device fabrication. 

Results
We were able to successfully use interfacial assembly to create mono and 
multilayer thin films that incorporated semiconductor and noble nanocrystals. 
We also explored novel methods to create spacing layers between the two 
parallel thin films of CdSe and Au nanocrystals. Our results indicate that the 
photoluminescence of semiconductor nanocrystals can be affected by the 
appropinquity of noble metallic nanocrystals. 
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Abstract 
The dispersion of nanoscale reinforcements has been shown to raise the strength and stiffness of polymers [1]. In this 
project, polyurethane (PU) was reinforced with nanometer-sized clay platelets to make nanocomposites through the layer 
by layer (LBL) assembly process. Samples with 0, 12, 20 and 45 wt% clay were synthesized. Thermal characterization of 
these samples was done using a differential scanning calorimeter (DSC). Scanning electron microscopy (SEM) was used to 
measure the thickness, and thermo-gravimetric analysis (TGA) was used to determine the clay content in nanocomposites. 
Tensile tests at a constant strain rate were performed on a series of nanocomposite samples with an in-house built tensiometer. 
The nanocomposites were observed to exhibit enhanced mechanical stiffness, yield strength and toughness at various weight 
fractions of clay. 

Synthesis (Layer by Layer Assembly) 
The nanocomposites were synthesized by an emerging method 
of nanotechnology, the LBL assembly process. LBL is based on 
sequential deposition of nanometer-thick layers of oppositely 
charged components to build a multilayered structure. In this 
preparation, a glass substrate was alternately immersed into 
solutions of clay nanoparticles and cationic polyurethane, 
forming a new layer with each immersion through absorption. 
The oppositely charged layers adhered to each other resulting 
in homogeneously multilayered thin films on both sides of the 
glass substrate (Figure 1). These films were then separated from 
the substrate with a hydrogen fluoride solution. Finally, the films 
were treated with isopropanol alcohol. 

Characterization 
Clay content in each sample was determined with a Perkin-Elmer 
TGA. A small amount of sample (0.1-0.3 mg) was placed in a 
weighing pan of the instrument’s ultra-sensitive balance and the 
sample was heated from 50ºC to 1000ºC at a heating rate of 10ºC/
min while being purged with air at 20 ml/min. The weight change 
of each sample was recorded as a function of temperature and the 
results were compared to pure clay. Given that the inorganic clay 
has much greater decomposition temperature than the organic 
polymer, the content of the clay inside the samples was estimated 
from the comparison of curves. Thermal characterization of the 
films was accomplished using a Perkin-Elmer DSC machine. 
A small amount of the sample (3-7 mg) was encapsulated in 
an aluminum pan and was heat treated from 30°C to 400°C at 

Figure 1: Adhesion of oppositely charged layers.

Figure 2: Thermal characterization data via DSC.
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10°C/min. The heat flow (W/g) was recorded as a function of 
sample temperature in order to analyze the results (Figure 3). 
The thickness of the nanocomposite film samples was measured 
via SEM to obtain the cross sectional area for stress calculations 
(Figure 3). The nanocomposites were gold sputtered prior to 
observation via SEM due to the nonconductive nature of the 
specimens. 

Testing Methodology 
Tensile testing was performed using an in-house designed 
tensiometer composed of a digital video camera focused on an 
inverted microscope (see [2] for details). Ultraspheres with a 
diameter of 25 µm were arranged on the specimen surface. The 
axial servomotors were controlled using LabVIEW software, 
which also synchronized data acquisition from the load element 
with image acquisition from the digital camera. The samples were 
loaded at a constant true strain rate of 0.005/s until the sample 
failed and LabVIEW recorded the corresponding force values 
and images. The load values were converted to stress and the 
strain was calculated using Metamorph software by tracking the 
distance between two ultraspheres. Nominal stress vs. nominal 
strain graphs were formed, the initial slope of which determined 
the modulus. 

Results 
A transition from ductile to brittle behavior was observed as the 
clay content increased. The addition of clay to the matrix of PU 
polymer increased the modulus and the yield strength significantly 
(Figure 4). When clay was dispersed into the PU with only 12% 
content, the modulus increased by 11 times and the yield strength 
increased by 7 times. The ultimate strain of the nanocomposite 

with 12% clay content was measured to be about 1/7 of the pure  
PU strain. The DSC data showed that the peaks of the nano-
composites were all shifted about 50ºC. The area under the curves 
of the DSC data decreased with the clay content increase (Figure 
2B).

Conclusions and Future Work
A number of mechanical properties can be controlled with the 
change of clay content in the nanocomposite. As clay content 
increases: strength and modulus increases, while the strain 
(ductility) decreases. The decrease of the area under the DSC 
data curve also showed that the polymer becomes constrained 
by the clay particles. We also found that treating samples with 
isopropanol increased ductility of the nanocomposites. More 
samples should be synthesized and tested with 0% to 20% 
clay content to find the toughest nanocomposite of this family. 
Altering the polymer used in the nanocomposites could be 
another project. Finally, when the toughest nanocomposite is 
found, further characterization could be done by performing 
fracture tests and high strain rate tests.
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Abstract
If it were possible to grow nanowires exactly where needed, then devices could be fabricated with fewer processing steps. We 
are developing a method that enables silicon nanowires to be grown from the <111> sidewalls of trenches etched into silicon 
wafers. The nanowires are grown from a gold catalyst that is selectively plated on n-type wells patterned into the <111> 
sidewalls of the trenches. The goal of this summer project is to develop a process to fabricate these platforms for nanowire 
growth using the Penn State Nanofabrication laboratory. 

Normally, nanowire growth and alignment for devices involves two separate steps, growth and then alignment. These 
devices’ creation relies on where, and how accurately, the wires are aligned. Being able to determine where the wires are 
grown by creating areas for gold plating eliminates the two step process of growing and aligning. 

Experimental Procedure

This process starts with <110> face silicon wafers with 380 
nm of silicon dioxide (SiO2) grown on the surface. After the 
oxide growth, we performed electron beam lithography on the 
samples. ZEP520A resist was spun on, and once applied it was  
~ 400 nm thick. The electron beam patterned 200 nm lines 
running perpendicular to the <111> flat in the center of the wafer. 
After creating these lines, the samples were dry etched using 
reactive ion etching (RIE) to remove the SiO2 layer exposed by 
the lines. Since the resist layer was very thin compared to the 
SiO2 layer, an etch recipe selective to SiO2 was created. Varying 
gas concentrations and bias voltages, the following recipe gave 
the best results; 50 sccm CF4, 40 sccm Ar, 8 sccm H2, 300 V DC, 
and an etch time of 20.5 min. 

Being able to grow the wires hinges on having the n-type regions 
in the silicon. Therefore, applying the dopant so it fills the 
channels is crucial to the process. The best way to accomplish 
this was by incorporating spinning and vacuum techniques. 

The dopant was in the form of a spin-on-glass with 10% 
phosphorous included. The spin-on dopant was applied at 
1000-2000 rpm, allowing it to coat evenly, and placed in a 
vacuum chamber allowing any air to escape so the dopant could 
fill in the channels. The sample was then bake at 100°C for 30 
sec and at 200°C for 5.5 min to remove solvents. Figure 1 shows 
an etch channel in SiO2 that is filled with dopant. 

Figure 1: SiO2 channel filled with dopant. Figure 2: Two minute KOH etched trench.
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Diffusing this dopant creates the n-type regions in the silicon 
needed during subsequent gold plating. A junction depth of 
200 nm is desired. After calculations, placing the sample into 
at furnace for 0.5 hr at 950°C achieved this depth. Placing the 
sample in a 6:1 ratio of buffered oxide etch (BOE) removed the 
oxide layer after diffusion. 

A masking layer during the future KOH etch was a necessity, and 
silicon nitride worked adequately. A plasma enhanced chemical 
vapor deposition system (PECVD) deposited 125 nm of Si3N4 
onto the silicon surface. Samples now went through the photo-
lithography process, using Shipley 1827 photoresist. Lines were 
patterned 100 nm wide, running parallel with the flat of the wafer. 
The photoresist was now very thick compared to the nitride, so 
selectivity was not a very big issue and the etch recipe used for 
SiO2 worked very well. That recipe gave a nitride etch rate of 
about 60 nm/min, so the etch time was decreased to 3 min. 

Etching silicon with KOH at 60°C is slow enough (11 nm/sec) 
to give a shallow enough trench in a reasonable time (1.5 min). 
There was now a grid in the middle of the wafer, formed from 
the n-type regions and the newly etched trenches in the silicon, 
exposing the areas where the plating of gold occurs. Figure 2 
shows a trench etched for 2 min in 60°C KOH bath. The gold 
plating was on the n-type wells on the sidewalls. 

There is a process which causes gold to selectively plate more 
densely onto these n-type regions [1]. These gold pads were the 
catalyst used for the nanowire growth step. The nanowires were 
grown using the vapor-liquid-solid growth mechanism with 
silane as the silicon precursor gas. 

Conclusions
After growing the wires, scanning electron microscope (SEM) 
micrographs showed that wires were growing all over the 
surface. This was because the nitride layer which was supposed 
to serve as a mask during the gold plating, was no longer on 

the surface. We found that the gold had plated on the n-type 
regions—not only in the trenches, but on the top of the sample 
as well. Figure 3 shows an image of the n-type regions with 
wires growing off the surface. The nitride layer disappeared 
because the sample was placed in a 10:1 BOE for 2 sec. This 
short immersion completely removed the nitride layer and left 
the entire surface exposed. The nitride layer possibly had a large 
amount of hydrogen incorporated, making it etch aggressively 
in BOE. Even though the image does not show wires growing 
from the sidewalls, there is no reason not to believe wires were 
growing there as well. 

Future Work
Future work entails developing a more durable nitride layer so 
the BOE dip does not strip it off. Also, we need to improve the 
rinsing techniques after plating the gold so no gold settles onto 
the surface that is not n-type. 

Acknowledgements
Thanks to the National Science Foundation, the National 
Nanotechnology Infrastructure Network Research Experience for 
Undergraduates Program, and The Pennsylvania State University 
for their funding and facilities. Also, thanks to Dr. Suzanne 
Mohney, Chad Eichfeld, and the staff at The Pennsylvania 
State University Nanofabrication Facility for their guidance and 
advice. 

 

References
[1] “Selective plating for junction delineation in silicon nanowires,” 

C. M. Eichfeld, C. Wood, B. Liu, S. M. Eichfeld, J. M. Redwing, 
and S. E. Mohney, Nano Lett., in press. 

Figure 3: Sample after wire growth.



page 66 National Nanotechnology Infrastructure Network

Materials

The Role of Surfactants in Aqueous Solution Diffusion  
in Hydrophobic Nanoporous Thin-Film Glasses 

Katherine Mackie
Physical Chemistry, Whitworth University 

NNIN REU Site: Stanford Nanofabrication Facility, Stanford University
NNIN REU Principal Investigator: Prof. Reinhold Dauskardt, Materials Science and Engineering, Stanford University 
NNIN REU Mentor: Taek-Soo Kim, Mechanical Engineering, Stanford University 
Contact: kmackie09@whitworth.edu, dauskardt@stanford.edu, tskim1@stanford.edu 

Abstract 
Nanoporous organosilicate thin-film glasses are superior candidates for use as ultra-low-k interlayer dielectrics in advanced 
microelectronic devices. However, it has been recently reported that aqueous solutions containing organic species can 
readily diffuse in the film, despite the hydrophobic nature of the film, and increase the k value during processing [1,2]. 
Of particular concern is the chemical mechanical planarization (CMP) process in which these extremely brittle materials 
are subjected to applied down force and shear load in the presence of chemically active aqueous solutions. This harsh 
process not only increases the k value but also mechanically damages the thin-films. In this study, we demonstrate the role 
of surfactants, which are essential components of the CMP slurry, on the solution diffusion in nanoporous organosilicate 
thin-films. Surfactants were found to enhance the diffusion significantly depending on hydrophobic/hydrophilic group 
lengths and the structure of the surfactant molecule. Direct evidence of surfactant penetration was obtained using x-ray 
photoelectron spectroscopy after ion etching. 

We propose a possible diffusion mechanism using the polymer reptation model to explain surfactant penetration in the 
nanoporous glass network. Finally, the implication of surfactant diffusion on an optimized CMP process in terms of k value 
requirements is presented. 

Introduction 

Organosilicate ultra-low-k dielectric glasses are incorporated 
into interconnect structures of advanced microelectronics to 
prevent parasitic transmittance. While these glasses are very 
effective insulators, they are also extremely vulnerable to the 
diffusion of solution that yields the undesirable result of an 
increased k constant. Chemical mechanical planarization (CMP) 
is an essential process in interconnect fabrication as it results 
in a flat surface on which the next layer of the structure can be 
deposited. Now we consider the role of surfactants, which are 
necessary components of the CMP solution, in diffusion. 

 

Procedure 
Two types of surfactants were considered in this study: monomeric 
(CmEn) and Gemini (Surfynol®) surfactants. Various surfactant 
molecular weights and hydrophobic/ hydrophilic group lengths 
of both types were considered. Initially, solutions made with 
each surfactant were used, but pure surfactants in liquid phase 
were also considered. All surfactant solutions were 0.1 weight 
percent surfactant concentration in deionized water. 

The ultra-low-k dielectric thin-film considered in our study 
was methylsilsesquioxane (MSSQ), which is a hydrophobic, 
structurally modified form of silicon oxide that has the 
approximate atomic composition of SiO1.5CH3 [3]. A porous 
MSSQ was used that had an average pore diameter of 2.2 nm 
and a k constant of 2.3. 

For our study, 500 nm of MSSQ was deposited on a silicon 
substrate and was capped with an optically transparent silicon 
nitride layer (200 nm) using the plasma-enhanced chemical vapor 
deposition system (PECVD). The wafer was then cleaved into 
1.5 × 1.5 cm specimens that were placed in Pyrex petri dishes 
and submerged in either solution or liquid phase surfactant. The 
diffusion front was then observed and measurements were taken 
using an optical microscope at 50x magnification (Figure 1). 

Figure 1: Solution diffusion in MSSQ. 
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These techniques were modified from previous studies used to 
observe the diffusion of aqueous solution [2]. 

 

Results and Conclusions 
The diffusion distances of both surfactant solutions and pure 
surfactants showed a square-root time dependence that is 
characteristic of Fick’s first law: x = √ Dt, where x is the diffusion 
distance, D is the diffusion coefficient, and t is time (Figure 2). 
The diffusion coefficient D was observed to be a function of 
molecular weight, the hydrophobic/ hydrophilic group lengths, 
and the molecular geometry of the surfactant. For both the 
monomeric and Gemini pure surfactants as well as the solutions, 
the diffusion coefficient increased as the surfactant molecular 
weight decreased. 

It was also observed that as the size of the hydrophilic group 
length of the surfactants (in both pure surfactant and solution) the 
diffusion coefficient decreased. The diffusion coefficients of the 
same surfactant at different concentrations (pure vs. 0.1 % wt)  
were remarkably similar. So it was determined that the 
surfactant is the determining factor in diffusion. However, the 
diffusion coefficients of the linear monomeric surfactants were 
significantly greater than the diffusion coefficients of the non-
linear Gemini surfactants. 

Despite the assumption that surfactant molecules are too large 
to penetrate the nanoporous network, we observed diffusion 
of pure surfactants. To verify this observation, we used x-ray 
photoelectron spectroscopy (XPS) and found that there was a 
significant increase in carbon content (from surfactant molecules) 
within the diffusion front. 

Figures 3 and 4 show each calculated diffusion coefficient D 
of all surfactant solutions and pure liquid-phase surfactants 
plotted against the molecular weight (M) of the molecules. It 
can be noted that the slope of each regression for the surfactant 
solutions is approximately -2. The polymer reptation model 
describes the relationship between a polymer’s molecular weight 
and the diffusion coefficient of a polymer melt so that D:M-2. The 
polymer reptation model describes the self-diffusion of polymers 
[4]. Due to the close correlation between this model and the 
experimental data, we proposed that the surfactant molecules 
reptate through the nanoscopic pores in MSSQ. 
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Abstract
This research focused on gold nanoparticles, and the single electron charging of these nanoparticles as a function of 
electrochemical potential. We have synthesized a variety of gold nanoparticles, processed them into thin films, and tested 
these films with cyclic voltammetry (CV) and dual electrode voltammetry (DEV). We have also begun to look at the effect 
of temperature on the conductivity. We found that conductivity is related to the electrochemical potential applied to the film 
as well as temperature.

Introduction
Metal nanoparticles have scientific importance because their 
electronic properties depend on size, shape and composition. 
Due to this, these properties can be controlled and manipulated 
[1]. It is important to understand this phenomenon in order to 
fabricate devices that utilize these properties. Gold nanoparticles 
have been studied previously, and the synthesis of purportedly 
monodisperse particles has been reported [2]. We optimized our 
synthesis such that the average diameter of our nanoparticles 
was 2.0±0.6 nm. The size of the nanoparticles is what governs 
the charging, and this size distribution was narrow enough to 
give reproducible electrochemical data. 

Experimental Procedure
Gold nanoparticles were synthesized using a modified Brust 
method [3], with hexanethiol as the stabilizing alkanethiol ligand. 
After the reduction reaction was complete, ethanol was added 
and the ethanol-soluble particles were isolated. Concentrated 
solutions (~ 250 mg/ml) were prepared in heptane, and thin 
films were spin-coated (2000 rpm) onto platinum electrodes. For 
DEV, gold was evaporated on top of the nanoparticle film so that 
conductivity could be measured through the film. All films were 
cross-linked in 1,9-nonanedithiol before running CV and DEV.

CV was run under argon, with tetrabutylammonium hexafluoro-
phosphate as the electrolyte in acetonitrile. The reference 
electrode was Ag/Ag+, and the counter electrode was platinum 
wire. DEV was conducted under the same conditions as CV. 
Temperature dependence studies were carried out in a cryostat to 
allow measurements under vacuum and down to liquid nitrogen 
temperature (77 K).

Results and Discussion
Gold nanoparticles exhibit discrete charging energies and this can 
be seen on the CV graph (Figure 1). Each peak relates to a single 
electron charging of half of the nanoparticles, on average. This is 
an average because the particles aren’t all exactly the same size. 
At the valleys in between the peaks, all the nanoparticles are 
filled with electrons to the same energy level. At this potential, 
electron tunneling can only occur if there is thermal activation of 
an electron to a higher energy level. At the potentials that relate 
to peaks in the CV graph, electron tunneling can occur without 
thermal activation since half the nanoparticles already have an 
electron in a higher energy level. This would mean an increase 
in conductivity at those specific potentials. 

In order to analyze the conductivity as a function of the charge on 
the nanoparticles, we tested our films with DEV. Figure 2 is the 
data from the DEV experiment, where conductivity is plotted as 
a function of potential. From what we know about the CV data, 
this potential can also be thought of as the charge potential of the 
nanoparticles (ENP). The peaks in the DEV graph occur at similar 
potentials as the peaks in the CV graph. This supports the claim 

Figure 1: Cyclic 
voltammetry data.

Figure 2: Dual electrode 
voltammetry data.
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that these potentials relate to charging of half the nanoparticles, 
because this data shows that there is an increase in conductivity 
at these potentials.

Temperature Dependence
To more fully understand the mechanism of electron tunneling, 
it is helpful to analyze the effect of temperature. It is also a 
way of validating the claim that there isn’t a need for thermal 
activation at certain potentials applied to the film. Initially we 
tested the effect of temperature on conductivity of the uncharged 
nanoparticle film, to verify that it follows the Arrhenius 
equation (Figure 3). The Arrhenius equation describes thermal 
activation of electrons and holds true at low biases. Figure 4 is 
the temperature dependence data and can be used to calculate 
the activation energy of an electron. This information would be 
useful if gold nanoparticles were used in electronic devices.

Conclusion
Cyclic voltammetry is a good method for analyzing the charge on 
the nanoparticles. In this experiment, we could detect the addition 
of a single electron to the nanoparticles by observing a peak. 
This data matched up with conductivity measurements, since 
there were peaks in conductivity at nearly the same potentials 
as the peaks in the CV graph. This is what we would expect 
because of the lower barrier for electron tunneling when half the 
nanoparticles are charged. Temperature is related to conductivity 
by the Arrhenius equation, and we observe this when we measure 
conductivity at various temperatures.

Future Work
The next step will be to combine the DEV study with the 
temperature dependence study. This means driving to the 
potentials that relate to peaks in the DEV and then running the 
temperature dependence experiments. This would be a way to 
confirm the hypothesis that there is little to no thermal barrier for 
electron tunneling at these potentials. Another experiment would 
be to vary the electrolyte used for CV and DEV, to see the effect 
of ion size on the charging of the particles.
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Abstract
We used poly3,4-ethylenedioxythiophene doped with poly(sterene sulfonate) (PEDOT:PSS), a commercially available 
conductive polymer, to fabricate electrodes for disposable sensors. We successfully printed the electrodes using an ink jet 
printer that utilizes piezoelectric nozzles to dispense the polymer. Printing on silicon wafer and photographic paper yielded 
good quality electrodes. Our goal was to fabricate electrodes that exhibit low resistance on flexible, inexpensive substrates. 
The first tasks were to optimize the dimension of the electrode pattern, and then optimize the drop spacing used during the 
printing process in order to obtain continuous films. 

We found that the optimum drop spacing is different for different substrates. The optimum drop spacing for printing on 
paper is 5 µm. At this drop spacing, the resistance of the electrode measured with a voltmeter is around 80 kΩ. To achieve 
an even lower resistance for electrodes that will be used in devices, the following method was used: one layer of PEDOT: 
PSS was printed, and then a second layer was printed on top of the first one. The resistance of the two layered electrode was 
around 30 kΩ.

Introduction
Currently, commercially available sensors are unable to detect 
small saliva glucose concentrations. When the use of saliva is 
coupled with inexpensive, disposable polymer-based sensors, it 
is possible to create a low cost and painless glucose monitor that 
can lead to a much more widely used sensor [1]. Inkjet printing 
is a new technology that is used to print conductive polymers. 
A simple glucose biosensor with micromolar sensitivity utilizes 
a conducting polymer transistor with a channel made out of 
PEDOT:PSS and a platinum (Pt) gate electrode [1]. The ink 
jet printer allows us to print on inexpensive substrates using 
PEDOT: PSS as the conductive polymer. 

The advantages of using the inkjet-print technology for electrodes 
used in chemical and biological sensors are the high speed 
and low cost fabrication as well as the possibility of printing 
onto flexible substrates [2]. Inkjet printing is one of the most 
promising technologies for several reasons; one of them is the 
capacity of depositing micro droplets of 2-12 pl on any surface 
such as plastics, metals, rubber, glass, silicon wafer [3]. 

Experimental Procedure
Initially, we designed the electrode patterns and then using the ink 
jet printer, we were able to optimize the parameters of the system 

Figure 1: Optical microscope image, PEDOT:PSS 
on paper at 50 µm drop spacing.

Figure 2: Optical microscope image, PEDOT:PSS 
on paper at 5 µm drop spacing double layers.
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to print PEDOT:PSS electrodes on different substrates (glass 
slide, Si wafer, and photographic paper). The ideal substrate is 
inexpensive, flexible, and easy to print on. We predicted that the 
drops might behave differently on different substrates. In order 
to obtain continuous films, we changed the drop spacing used 
during the printing process. The parameter was important because 
the resistance was affected by drop spacing of the nozzles; large 
drop spacing could result in a discontinuous film. 

Using the molecular vapor deposition (MVD 100) system, we 
treated the surfaces of the silicon wafer and the glass slide with 
two chemicals (APTMS and PEG). We investigated whether 
surface modifications would improve the characteristics of the 
printed electrodes or not. Photographic paper was used as a 
substrate to print at different drop spacing, starting with 50 µm 
to 5 µm single layer printed PEDOT:PSS followed by a double 
layer printed at 5 µm. We characterized the electrodes printed on 
photographic paper at 5 µm drop spacing both the single and the 
double layer by measuring the resistance to see whether we get 
good quality films. At last we measured the current in order to 
compare the two final results to see which one performs better.

Results and Conclusions
As a result of performing these experiments, we came to the 
conclusion that paper is in fact a suitable substrate to print 
PEDOT: PSS electrodes. Our experiments showed that printing 
a double layer of PEDOT:PSS on paper exhibits lower resistance 
and higher current than all the other substrates under investigation. 
This result proves that inkjet printed PEDOT:PSS electrodes on 
paper can be of high quality, thus they can be used in devices.

 

Future Work
Future work includes the use of the PEDOT:PSS electrodes 
in electrochemical transistors for chemical and biological 
applications and the study of their behavior and suitability as 
part of a circuit. 
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Abstract 
Solid oxide fuel cells (SOFCs) have the potential to 
become the next major breakthrough as an alternative 
energy conversion device. They use the simple reaction 
of combining hydrogen and oxygen to produce electricity 
and water as a by-product. A SOFC is composed of an 
electrolyte sandwiched between two electrodes (anode and 
cathode) [1]. In SOFCs, oxygen ions (O2-) are transported 
from the cathode of the fuel cell to the anode through the 
electrolyte made of a material known as yttria-stabilized 
zircona (YSZ). Electrons are transported through an 
external circuit, and the flow of electrons produces 
electricity. The various electrochemical reaction occurring 
are—at the anode: ½O2 + 2e- = O, at the cathode: H2 + ½O2 
= H2O + 2e- and overall cell reaction: ½O2 + H2 = H2O.  
The electrochemistry of a SOFC is depicted in Figure 1. 

Introduction
SOFCs operate at very high temperatures of approximately 
800°C-1000°C and this leads to two major problems. First, 
SOFCs have to be heated up slowly or else they will break due 
to differential thermal expansion. Secondly, most metals oxidize 
or corrode at the high operating temperature of SOFCs and 
therefore stop conducting oxygen ions across the electrolyte. 
The operating temperature of the fuel cell cannot simply be 
reduced because the ionic conductivity of the YSZ electrolyte 
is reduced at lower operating temperatures [2]. Ionic resistance,  
R = ρt/A where resistivity ρ ~ eEa/kT (Ea ~ 0.9 eV). Therefore, 
decreasing the thickness, t, of the electrolyte will allow for 
lower operating temperatures, T. The optimal SOFC operating 
temperature is ~ 300°C, since this is the temperature at which the 
anode and cathode can perform catalytic activity, and metal can 
also be used for other components of the fuel cell since they will 
no longer melt. In order to have a SOFC operate at 300°C, the 
thickness of the YSZ electrolyte should be around 50 nm. 

The second goal of the research was to study the porosity of 
platinum, which was used for making the anode and cathode, 
under different sputtering conditions so as to create electrodes 
with smaller pores to allow for more surface area for the oxygen 
ions, hydrogen and electrons to travel through and react on. 

Materials and Methods 
Fabrication of a SOFC begins with a silicon wafer ~ 500 µm 
coated with silicon nitride (Si3N4 ~ 200 nm) on both sides using 
the process of low pressure chemical vapor deposition. Silicon 
nitride serves as an insulator to prevent any unwanted reactions 
from occurring between the YSZ and Si, since both are very 
good conducting materials. The next step is to sputter a thin 
layer of YSZ, the electrolyte, on top of the Si3N4 at a pressure 
of 5 mTorr, 100W power for 30 min to produce a thickness of  
~ 40 nm. The next step is to pattern the back side of the chip 
and remove the patterned area of Si3N4 using reactive ion etch. 
The top of the chip is then patterned and a thin layer of titanium 
(Ti) is sputtered on the top of the chip at 4 mTorr, 250W for 2 
min to produce a thickness of ~ 5 nm. Ti serves as an adhesive 
between the platinum electrodes and YSZ electrolyte. Platinum 
(Pt) is then sputtered on top of the Ti at 4 mTorr, 250W for 5 min 
to produce dense platinum with thickness of ~ 100 nm. 

Figure 1: Electrochemistry of a solid oxide fuel cell.
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The reason for using dense platinum is that it has better electrical 
properties than porous platinum, so anywhere the platinum is not 
in direct contact with the YSZ electrolyte, as is found with the 
platinum on top of the titanium, there should be dense platinum. 

The next step is to perform lift-off to remove the excess Ti/Pt 
coating. Pt is then sputtered throughout the top of the chip at 
75 mTorr, 250W for 15 min to produce porous platinum which 
serves as the top electrode. Finally, in order to study the porosity 
of platinum under different conditions, we sputtered Pt by varying 
the following parameters; time from 5-80 min, pressure from 
4-100 mTorr, and power from 100-250W, to produce platinum 
films with different thicknesses. 

measuring the conductivity of these fabricated SOFCs to verify 
that the conductivity does not decrease significantly at lower 
operating temperatures. Also, based on successful sputtering of 
platinum coatings for the anode and cathode, the next step is to 
create a lanthanum strontium cobalt iron oxide (LSCF) cathode 
and a nickel YSZ oxide anode, which are known to work well as 
electrodes to replace the expensive platinum. 
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Results and Discussion
Figure 2 shows the final fabricated solid oxide fuel cell.  It can be 
seen from Figure 3 that increasing the thickness of the platinum 
yields larger pores with a relatively linear relationship, although 
neither pressure nor power have a significant effect on pore size. 
A possible explanation for this increase in pore size is that as 
more Pt atoms are added, they build outward from the existing 
grains, mainly upward, but also sideways so that some of the 
existing grains merge together to form larger pores. 

Conclusions and Future Work 
A SOFC with an ultra-thin YSZ electrolyte was successfully 
fabricated. There is a strong correlation between thickness of 
sputtered platinum coating and pore size where the pore size 
linearly increases with coating thickness. Future work includes Figure 3: Effect of platinum thickness on pore size.
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Abstract 
Petroleum-based materials comprise the dominant resource going into the manufacturing of flexible foams. The rising 
cost of petroleum is providing the opportunity to implement vegetable-based resources into this expanding industry. 100% 
vegetable-based polyurethane (PU) flexible foams have been developed to exhibit viscoelastic properties comparable to their 
petroleum ether analogues. 

Four vegetable-based collapsed foam samples were prepared and their glass transitions, mechanical moduli, and phase 
morphologies were studied. Glass transition temperatures and moduli were analyzed via differential scanning calorimetry 
(DSC) and dynamic mechanical analysis (DMA). Polyurea hard domain spacings were measured and visualized using 
small/wide angle x-ray scattering (SWAXS) and tapping mode atomic force microscopy (AFM). It was found that the soft 
domain glass transition temperature decreases as the molecular weight of the polyol structure increases. 

Introduction 
The chemical structure inherent to the vegetable oils varies in the 
degree and location of unsaturation, and determines the overall 
length of the fatty acid chains. By extending the polyol chain at 
the unsaturation points, the overall chain length increases. The 
goal of this experiment is to examine the effects of fatty acid 
chain length (i.e. polyol molecular weight) to thermal properties 
and phase morphology of PU foam. 

During foaming, two competing reactions give rise to the phase 
separation of hard and soft domains. The gelling reaction is the 
polymerization of polyol with isocyanate to form the polyurethane 
soft segment (SS). The blowing reaction is the polymerization 
of isocyanate and water to form polyurea hard segments (HS). 
The hard segments eventually agglomerate during the reaction to 
form phase-separated hard domains throughout the continuous 
soft phase. 

Experimental 

Materials 
The vegetable-based polyols used for this experiment were 1K, 
2K, 3K, and 4K moleular weight polycondensate triols, Figure 
1. These materials were polymerized using trimethylol propane 
(TMP) starter and ricinoleic acid via esterification synthesis. 
Arcol F3022 (Bayer Corporation), a petroleum polyether polyol 
that is comparable to the 3K polyol, Figure 1, was also used. 
An 80/20 mixture of 2,4 and 2,6-toluene disocyanate (TDI) was 
stoichiometricly balanced to completely react with the water and 
polyols. The blowing catalyst used to accelerate the blowing 
reaction was DABCO®BL-11 (Air Products). 

Procedure 
All samples were made into collapsed foams (CF). Polyol, water, 
and catalyst were added to a 50 mL plastic beaker. TDI was 
added last and hand mixed for 10-20 minutes in a silicon oil heat 
bath at 55°C until the blowing reaction was complete, and the 
mixture was highly viscous or crumbling. The foam was poured 
into a 1.5 mm thick steel mold with 25 mm diameter circular 
cutouts. The mold was sandwiched between a layer of Teflon® 
followed by a steel plate. The plates were placed in a hydraulic 
press (Carver, Auto Series, model 3895) at 100°C and 15000 lbs. 
force for 1.5 h. Figure 1: A] Petroleum polyether polyol. B] Vegetable-based polyol.
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Characterization 
Differential Scanning Calorimetry: DSC (Q1000, TA 
Instruments) was used to observe the SS glass transition 
temperatures. About 6-10 mg of the CF was placed and sealed into 
an Al hermetic pan. Heat flow data was taken over a temperature 
range from -100°C to 200°C at a rate of 10°C/min. 

Dynamic Mechanical Analysis: DMA (ARES II, TA Instruments) 
measured the elastic modulus, G’, and loss modulus, G”, over 
the temperature range of -100°C to 200°C. CF samples were cut 
to 12.65 mm width and placed in a rectangular torsion apparatus. 
A strain of 0.05% was applied and data was taken at a frequency 
of 3 rad/s. 

Small/ Wide Angle X-Ray Scattering: SAXSess instrument 
(Anton Paar), operated at 12 kW and 50 mA, was used to 
determine hard domain spacings in samples. CF samples were 
cut and placed in a Cu sample holder and exposed to the x-ray 
source for 10 min. Scattering profiles were normalized to sample 
thickness. 

Atomic Force Microscopy: An atomic force microscope (AFM) 
(Nanoscope III Multimode, Digital Instrument) was mounted 
on an optical microscope (Nikon). Tapping mode images were 
taken using a Si cantilever with a tip radius of about 100Å and 
an oscillating resonant frequency of ~ 240 kHz. All images 
were taken under ambient conditions. Tapping oscillations were 
conducted in the repulsive regime and with resolution of 512 × 
512 pixels. 

soft domains are darker regions. The phase scale was adjusted to 
show a clear contrast between the two regions. The hard domains 
agglomerated into tiny sphere-like orbs and distributed in the SS 
matrix. All images were plane-fitted to remove large scale surface 
curvature for better height profile displays. From experimental 
results, biorenewable polyols can potentially replace petroleum 
feedstock, making a novel substitute in industrial production of 
PU flexible foams. Thermal properties, such as Tg, of vegetable 
based PU can be tuned via the control of polyol MW. 
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Figure 2: Dynamic mechanical analysis.

Results and Discussion 
With increasing the weight of the vegetable oil structure, the PU 
foam’s Tg. decrease as seen in Figure 2. The initial drop in G’ data 
around -60°C corresponds to the increase in SS mobility. The 
temperature is the Tg of the soft domains. SAXS, Figure 3, gives 
an average value of hard domain spacings; a characteristic shared 
with the petroleum analogues. AFM provides a localized map of 
the phase morphology. A 500 nm phase image of 4K MW polyol 
is shown in Figure 4. Hard domains are brighter regions, and 

Figure 3: Small/wide angle x-ray scattering.

Figure 4: Atomic force microscopy image.
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Abstract
Nanostructured architectures for use in type II heterojunction photovoltaic devices are explored in this report. Porous 
aluminum oxide (PAO) templates were employed as structure-directing agents in the electrochemical synthesis of 
cadmium selenium (CdSe) nanorod arrays. Arrays fabricated using a cyclic voltammetry (CV) method were subjected 
to photoelectrochemical measurements to determine the effect of rod dimensions on device performance. Additionally, an 
alternating current (AC) electrolysis method for CdSe deposition was developed and optimized.

Introduction
Separation of electrostatically bound charge-carrier pairs in 
photovoltaics is crucial to proper device function. Following 
photoexcitation in a solar cell, an exciton (electron-hole pair) 
can only diffuse a finite distance before recombination occurs. 
Semiconductor nanorod arrays provide a highly ordered device 
architecture in which an exciton can reach the donor-acceptor 
heterojunction prior to recombination. This strategy (Figure 1) 
could produce highly efficient photovoltaics.

Free-standing semiconductor nanorod arrays can be fabricated 
using PAO templates [1]. CdSe, due to its high electron mobility 
and wide (1.77 eV) bandgap, was an attractive material for this 
study. It has been studied in photoelectrochemical cells, which 
provide a means to analyze photocurrent generation in nanorod 
arrays with varying dimensions [2,3]. The liquid electrolyte 
junction eliminates problems associated with poor interface 
morphology found in solid bulk heterojunctions. However, since 
photovoltaic device operation requires a transparent electrode, 

usually indium tin oxide (ITO), we also sought a synthetic method 
that would create nanorod arrays with a surface onto which ITO 
could be affixed. The known CV method deposits nanorods onto 
a conductive substrate, but requires acidic solution which etches 
ITO [4]. This led us to AC electrolysis, which plates material 
directly onto a thin insulating layer of alumina in the pores of 
the template and provides a semiconductor film at the base of 
the rods [5].

Experimental Procedure
Photoelectrochemistry: PAO templates were prepared according 
to literature methods and were anodized with either sulfuric 
acid (45 nm pore width) or oxalic acid (60 nm pore width) [1]. 
Nanorod arrays were fabricated using the PAO templates and a 
known CV method, and characterized using x-ray photoelectron 
spectroscopy (XPS) [4]. The arrays were annealed for 30 minutes 
at 400°C under argon to increase crystal grain size. The gold 
backing was then attached to copper wire and the assembly was 
coated in epoxy, leaving the wire tip and CdSe nanorods exposed. 
Etching in 5 M NaOH for 3 hours removed the alumina template. 
The photoelectrochemical cell used a 0.2 M solution of NaOH, 
Na2S and S as the electrolyte and a Pt mesh counterelectrode. All 
measurements were taken under argon.

AC Electrolysis: PAO templates were anodized in oxalic acid; 
some were also subjected to a 15 minute pore-widening soak in 
H3PO4. A solution of 0.01M CdCl2 in DMSO was heated to 180°C 
under argon. Se was then added to saturation. The PAO template 
and a graphite rod were submerged in this solution and used as 
electrodes as an AC potential was applied. CdSe nanorod growth 
on the template was then characterized by scanning electron 
microscopy (SEM) and energy-dispersive x-ray spectroscopy 
(EDX).

Figure 1: Solar cell schematic. Stars represent photoexcitation; 
X denotes exciton recombination.
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Results
XPS measurements for the nanorods produced using the CV 
method revealed an average 45:55 Cd:Se stoichiometry. (Any 
deviation from 1:1 stoichiometry indicates point defects within 
the lattice, which may act as charge-carrier traps.) The nanorod 
arrays displayed some photoresponse in photoelectrochemical 
device assemblies (Figure 2), but the low short-circuit current 
density (12.5 µA/cm2) indicated that optimization is necessary. 
The open-circuit potential (vs. Pt counterelectrode) was measured 
at 0.13 V. Figure 3 illustrates the efficiency (expressed as incident 
photons converted to electrons, or IPCE) of the sulfuric and oxalic 
acid-anodized templates. Sulfuric acid-anodized PAO templates 
produced more efficient nanorods than did oxalic acid-anodized 
templates. The absorption onset near 700 nm corresponds to the 
CdSe bandgap. The electrolyte solution absorbed strongly below 
500 nm, precluding any efficiency measurements in that range. 

The AC electrolysis method for nanorod array fabrication was 
explored using PAO templates with 200 nm average pore depth. 
This length of nanorods, in addition to uniform, 100 to 200 nm 
CdSe films, is expected to allow effective photovoltaic device 
fabrication. The nanorods were deposited by applying 30 V 
AC to a PAO template for 30 minutes. Alternatively, a pore- 
widened PAO template produced nanorod arrays with the appro-

priate CdSe film thickness with application of 45 V AC for 15 
minutes. EDX analysis indicated a Cd:Se stoichiometry of 61:39. 
Decreasing the concentration of the CdCl2 solution may bring 
the stoichiometry to the desired 1:1 ratio.

Future Work
The device fabrication process for CdSe arrays in photoelectro-
chemical cells requires optimization. Additionally, efficiency 
measurements of flat thin films of CdSe would allow a comparison 
to be drawn between thin film and nanorod performance.

The arrays produced using AC electrolysis are attached to thin 
films of CdSe, which may provide a useful surface onto which 
an ITO electrode may be sputtered. Once ITO is applied, the 
PAO template can be etched away, and a donor material and back 
electrode can be added to the photovoltaic assembly. Fabrication 
of proof-of-concept devices is underway.
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Figure 2, left: Representative J-V curve for photoelectrochemical cells.

Figure 3, right: Efficiency of nanorods produced 
using sulfuric vs. oxalic acid anodization.
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array produced using AC method.
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Abstract 
Magnetic resonance imaging (MRI) is used in the medical field for visualizing organs, tissues and structures within the body. 
Although MRI is widely used, it suffers from problems in certain cases due to overwhelming background signal. Silicon 
nanoparticles can be functionalized and introduced into the body as contrast agents, and they possess unique properties 
to correct many of the shortcomings of MRI. This project focuses on functionalizing silicon nanoparticles with specific 
molecules to target and image tumors or specific tissues and organs. 

Introduction 
MRI is a non-invasive medical imaging technique used to detect 
physiological defects within living tissues. It utilizes radio-
frequency signals to measure the magnetic relaxation times of 
nuclei found in the body. Depending on the type of tissue, these 
relaxation times will differ, and through the use of magnetic 
gradients, a three-dimensional image of the scanned area can be 
created [1]. However, MRI currently suffers from image contrast 
issues when attempting to distinguish between healthy and 
cancerous tissue at small scales, and when dealing with organ 
systems that are in constant motion [1]. Silicon nanoparticles, 
which can be hyperpolarized, have the potential to correct these 
shortcomings. 

Normal MR images are limited due to their imaging source. 
Since they are based on imaging the hydrogen nuclei found in 
water in the body, noise from other areas of the body will be 
a constant problem due to the abundance of water. In contrast, 
silicon is normally present in the body in insignificant amounts. 
Hence, silicon nuclei in hyperpolarized silicon nanoparticles can 
be imaged in place of hydrogen nuclei. This approach allows 
for the potential to target specific areas of the body without 
interference from background noise. 

The aim of this project is to functionalize silicon nanoparticles 
to make them effective magnetic resonance imaging agents. 
Although silicon is already biocompatible, the surface of the 
nanoparticles must be modified to increase retention times in 
the body and to allow for specific targeting of organ systems or 
tumors. Functionalization of the nanoparticles is the first step to 
achieving both of these goals. 

Experimental 
The silicon nanoparticles were prepared by grinding down 
silicon wafers using a ball mill under varying conditions. These 
particles were then characterized by size using a scanning electron 
microscope (SEM) or by dynamic light scattering (DLS). Figure 

Figure 1: SEM image of silicon nanoparticles.

1 shows the resulting nanoparticles. The particles shown have an 
average diameter of about 200 nm. 

The functionalization of the silicon nanoparticles makes use 
of organosilane chemistry. The organosilane of choice for this 
project is 3-aminopropyltriethoxysilane (APTES). As seen 
in Figure 2, APTES reacts with the oxide layer on silicon 
through a known mechanism. The amine group present on 
this organosilane allows for further modification, and also 
provides a means to determine the success of the reaction by 
looking for the presence of nitrogen using elemental analysis 
techniques. Functionalization of a silicon surface using APTES 
has previously been done on silicon wafers, and attempts have 
been made to optimize the reaction on such surfaces [2]. Using 
these reports as a starting point, the organosilane reaction was 
first tested on small wafer squares to find the optimal reaction 
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conditions. Untreated, Piranha etched (2:1 (v/v) sulfuric acid to 
hydrogen peroxide), and hydrofluoric acid (HF) etched wafers 
were evaluated under varying reaction parameters. The reaction 
was carried out under dry nitrogen atmosphere in anhydrous 
toluene. X-ray photoelectron spectroscopy (XPS) was used to 
determine if APTES was present on the surface of the wafers. We 
looked for a nitrogen peak that signaled the presence of APTES 
and compared the relative sizes of this peak. 

Once the ideal conditions were determined, the silicon 
nanoparticles were functionalized using the same protocol. 
Untreated and etched nanoparticles were used to test for effects 
of surface treatment on the functionalization reaction, as well 
as for changes in the MRI properties of the nanoparticles. Both 
XPS and Fourier transform infrared spectroscopy (FTIR) were 
used to analyze the surface chemistry of the particles. 

Results and Conclusions 
XPS results from the wafers indicated that the optimal reaction 
conditions for all surface treatments were a 24 hour reaction in 1:9 
APTES in toluene. Although both XPS and FTIR were used in the 
analysis of the nanoparticle reactions, FTIR produced the most 
consistent results. The primary regions compared in the FTIR 
graphs were the C-H stretching region from 2800 to 2950 cm-1  
and the N-H stretching region from 1500 to 1650 cm-1, both of 
which should only be present in those particles that had APTES 
on the surface. As seen in Figure 3 and 4, all three reacted particle 
sets exhibited relatively strong C-H peaks, particularly the “No 
Etch” and “Piranha Etch” particles. The N-H regions show a 
similar trend. These results are consistent with the presence of 
APTES on our nanoparticles. Further testing is needed to quantify 
the extent of functionalization on the silicon nanoparticle surface 
and confirm these results. 

Future Work 
Currently, work is being done to react the amine functional group 
present on the surface of the reacted silicon nanoparticles with 

monofunctional poly(ethylene glycol)-succinimidyl α-methyl-
butanoate (mPEG-SMB), a functional group which will allow 
the nanoparticles to have a longer retention times in vivo. These 
functionalized particles will then be imaged in vivo. 
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Abstract 
Block copolymers were used to create self-organizing templates for pattern transfer. The goal of the templates was to exceed 
1012 features per square inch for use in magnetic media. The cylinder forming diblock copolymer polystyrene-polylactide 
(PS-PLA) has been observed to spontaneously align with cylinders of PLA oriented perpendicular to the substrate in a PS 
matrix after thermal annealing. The project examined spontaneous alignment of PS-PLA thin films of varying thickness on 
silicon (Si) and nickel-iron / gold (NiFe/Au) substrates without thermal annealing, and compares PS-PLA thin films with 
previously characterized polystyrene-polyisoprene-polylactide (PS-PI-PLA) triblock terpolymer thin films. In addition, 
the project incuded general observations of the pattern transfer process. One hypothesis was that PS-PI-PLA forms a 
perpendicular cylindrical pattern because of the energetic preference for PI for the film surface, thus there should be no 
perpendicular alignment with PS-PLA. 

Introduction 

The capacity of magnetic media is approaching an upper limit 
with current optical lithography techniques. In order to create 
new media with capacities in the terabit range, novel techniques 
must be found. Pattern transfer is one such technique, but there 
remain some obstacles with the block copolymer method, such as 
attaining long-range order (on the scale of ~ 1 cm2), choosing the 
ideal block copolymer for its feature size and chemical properties, 
and perfecting the pattern transfer process to reproducibly create 
the desired pattern on a magnetic film. The ideal block copolymer 
has an average feature size of approximately 10 nm, with the 
minority component(s) self-assembling into a hexagonal pattern 
of cylinders aligned perpendicular to the substrate. Optimizing 
the pattern transfer process means, first and foremost, ensuring 
that the pattern is transferred. This is accomplished by trying to 
make the template an etch resist. Eliminating unnecessary steps in 
the process is also important, as this can increase reproducibility 
and minimize costs. 

Experimental Procedure 
The synthesis of PS-PLA is described elsewhere [1-3]. The 
sample (labeled MDR-II-85) we used had an average molecular 
weight of 60 kg/mol, determined from GPC, with a 2:1 mass ratio 
of PS to PLA and a polydispersity of 1.05. The substrates were 
Si/SiO2 wafers of approximately 1 cm2. Six were left as naked 
Si/SiO2 and the other six were prepared with 5 nm NiFe (80:20 
Ni:Fe) and a 5 nm Au endcap sputtered on at room temperature. 
Six PS-PLA solutions of varying concentration were created by 

adding 2 mL of chlorobenzene to varying masses of PS-PLA, 
from 15 mg to 35 mg. Then the solution was spin-coated onto the 
wafers at a constant spinning speed of 2000 rpm. 

Film thickness was measured with grazing angle x-ray 
reflectivity (GIXR). Other characterization was performed with 
a Nanoscope III atomic force microscope in tapping mode. After 
initial characterization, the samples underwent a 45-minute  
0.5 M NaOH bath followed by a 5-minute rinse in distilled water 
and argon drying to degrade and remove the PLA component. 
The samples were characterized again with the atomic force 
microscope (AFM). 

Figure 1: Thin film thickness in nm as a function of polymer 
solution concentration in mg/ml, as determined by GIXR.
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Results And Conclusions
The thin film thickness as a function of solution concentration showed a linear 
relationship (Figure 1). The first round of AFM images taken of the samples as 
spun showed majority perpendicular cylindrical orientation for all samples but 
the 147.0 nm film. Perpendicular alignment looked particularly good in medium 
thickness samples such as the 57.1 nm and 70.5 nm samples (Figures 2 and 3). 
This observation undermined the hypothesis that a third component, polyisoprene, 
would be necessary for spontaneous perpendicular alignment. 

There was no strong long-range ordering in the samples, which we determined 
from the lack of regular hexagonal patterning. On the other hand, initial results 
from the PLA-degraded samples showed more parallel cylindrical ordering in 
samples that appeared to have perpendicular ordering with the PLA component 
present. All the samples need to be further analyzed before any solid conclusions 
can be drawn. 

Future Work
First and foremost, the remaining PLA-degraded samples need to be further 
characterized. Then, the images taken will be further analyzed to determine the 
average feature size of the perpendicular holes (i.e. from the PLA cylinders). If 
PS-PLA turns out to be a viable option for pattern transfer, further work will 
be required to determine how to create a pattern of freestanding cylinders, i.e. 
degrading the majority matrix. One option is to stain the PLA with a metal, which 
would make it an etch resist. The group is also currently pursuing techniques to 
hard mask the pattern. This helps to preserve the pattern while the magnetic film 
is etched. 
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Figure 2, top: 57.1 nm thin film on Ni/FeAu 
substrate, as spun, 2 × 2 µm image.

Figure 3, middle: 70.8 nm thin film on Ni/FeAu 
substrate, as spun, 2 × 2 µm image.

Figure 4, bottom: 95.0 nm thin film on Ni/FeAu 
substrate, PLA degraded, 2 × 2 µm image.
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Abstract
As an alternative to pick-and-place assembly techniques, recent research has lead to the development of microelectro-
mechanical systems (MEMS) components that assemble spontaneously in fluid [1-3]. These efforts have relied heavily on 
surface-energy minimization and therefore work best when components are assembled by vertical stacking to obtain a 
product with multiple layers. Our research provides an alternative method for interfacing MEMS components assembled 
in fluid, which involves horizontal (in-plane) assembly. Our previous work has produced silicon microtiles with mechanical 
latches that can be manipulated by controlling local fluidic forces in a microchamber [4]. The goal of this research was to 
demonstrate electrical connection between tiles in a single plane. This was achieved by patterning tiles with gold electrodes 
so that their tops and sidewalls had a continuous covering of conductive material. The result of this research is a novel 
method for the electrical interfacing of fluidically-assembled MEMS components. 

 

Background
Past research includes fabrication and testing a series of latching 
silicon microtiles of varying sizes that can be controlled 
and assembled in a microfluidic channel. The microtiles 
are manipulated by controlling the fluid flow through a 
polydimethylsiloxane (PDMS) microchamber with off-chip 
valving. The tiles are fabricated from a silicon-on-insulator 
(SOI) wafer using photolithography and a deep ion etch through 
the top silicon layer, then released from the wafer by etching the 
oxide using a 49% hydrofluoric acid (HF) solution. 
 

Fabrication
We developed a fabrication method to pattern gold electrodes 
on 500 µm square by 30 µm high silicon microtiles. Electrode 
fabrication began prior to HF release, and included evaporation 
followed by photolithography processes, finally leading to a 
chemical etch of the metal to form electrodes on the tops and 
sides of tiles. A wet etch was chosen instead of a lift-off technique 
to avoid leaving unwanted metal in the trenches between the 
etched tiles. The consequence of residual metal between tiles 
would have been either damage to electrodes or no tile separation 
after release, both results rendering our tiles useless for in-plane 
fluidic assembly. 

Because gold is reluctant to adhere to silicon, a 15 nm chromium 
adhesion layer was deposited using an electron-gun evaporator, 
followed by the 80 nm gold layer. After evaporation a thick 
(35-40 µm) layer of AZ-4903 positive-tone photoresist was spun 
to cover and fill the gaps between tiles. The resist was removed 
around electrodes using a two-step exposure and development 
process (Figure 1). The first exposure patterned the electrodes 
on the tiles. 

During the first development it was necessary to under-develop 
the electrode pattern, with the purpose of leaving some resist to 

be removed during the second development. During the second 
exposure, the trenches between tiles were heavily exposed. A 
second development removed all resist between the tiles, leaving 
only sidewall coverage as required for the electrical connections 
between tiles. A wet etch of both gold and chromium removed all 
unwanted metal from the silicon. 

Without this two-step exposure and development process, we 
experienced either residual photoresist in the trenches between 
the tiles or overexposure/overdevelopment of the electrodes on 
the tiles. Finally, tiles were released using 49% HF solution. 

 

Figure 1: Diagram of two-step exposure 
and development process for patterning electrodes. 
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circuit elements on individual microtiles, enhancing the function-
ality of systems built from these components. 
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Results
Our fabrication yielded many tiles suitable for electrical testing 
(Figure 2), though inconsistencies with the electrode pattern did 
arise, likely caused by variable resist thickness due to edge effects 
while spinning AZ-4903. Electrical testing using a multimeter 
probe station verified connectivity across one, two and three-tile 
circuits assembled in silicone oil on a glass substrate (Figure 3). 
The tiles were manipulated and assembled using the probe tips 
(Figure 4). 

When compared to similar tests using a non-patterned silicon 
tile control, electrode-covered tiles yielded a circuit resistance 
four orders of magnitude smaller. To further characterize our 
resistance results, we used R = ρL/A to theoretically calculate 
circuit resistance, R (Ω). We calculated the theoretical resistance 
across one tile with chromium and gold wires in parallel to be 
4 ohms. Since this value is much smaller than the measured 
resistances, we assumed that electrode resistance is negligible 
compared to contact resistances at the tile-tile and probe-tile 
interfaces. Using this assumption and a least-squares regression, 
the contact resistances at tile interfaces and for each probe are 
880 Ω (0.00792 Ω-cm2) and 280 Ω respectively. 
 

Conclusion
We fabricated and tested 500 × 500 × 30 µm silicon microtiles 
patterned with gold electrodes capable of assembling in fluid to 
form mechanical structures with in-plane electrical connections. 
By obtaining resistance data across one, two, and three tile 
circuits, we have verified electrical conductivity across tiles. 
The results indicate that electrical conduction occurred through 
planar assemblies of electrode-patterned tiles. Therefore, our 
fabrication method is capable of producing planar MEMS 
assembled from individual, microscale components. 
 

Future Work
With the development of our fabrication process, it is possible 
to obtain simple electric connections between silicon microtiles 
attached in-plane. Further research will fabricate more complex 

Figure 2: Scanning electron microscopy (SEM) 
image of silicon tile and gold electrode pattern.

Figure 3: Resistance measurement verses number of tiles. 
Data points are average measured values. 

Error bars are minimum and maximum values. 

Figure 4: Optical microscope image of resistance 
measurement across three assembled microtiles.
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Abstract 
An atomic force microscope (AFM) easily measures forces in one direction. It can be adapted to measure force in the other 
directions, but it is time intensive and challenging. In this paper, a three degrees of freedom atomic force microscope (3DOF 
AFM) is presented. Microfabrication techniques are used to design, fabricate, and test a miniature system that can measure 
forces in three directions with high resolution. Typical applications for the 3DOF AFM are probing nanostructures and 
studying hard disk drive interactions with the reading head. 

Introduction 
Atomic force microscopes are used to measure surface 
topographies. They consist of a cantilever with a tip at the end. 
A laser beam deflects off the end of the cantilever and into a 
detector. The detector measures the deflection of the laser beam 
to find the displacement of the tip as it moves across different 
surface topographies [1, p. 1614]. AFMs typically measure forces 
with one degree of freedom, which is in the x direction. The y 
and z directions are obtainable; however it is time intensive and 
challenging. A three degree of freedom atomic force microscope 
can measure forces in all directions. 

In order for this to occur, the 3DOF AFM device has to be 
compliant in all three directions. Compliancy is measured by a 
low k value, which is calculated using a finite element simulation 
software called ANSYS. Figure 1 is depicting the movement of 
one of the devices in the x direction. This device is made of one 
vertical thick vertical beam (20 µm) and two thin cross beams 
(varying between 2 µm or 3 µm). Applications of a 3DOF 
AFM would be the manipulation and probing of nanostructures, 

studying hard disk drive interfaces, and understanding nanoscale 
friction and adhesion forces. 

The main objective of this research was to use current 
microfabrication techniques to design a fabrication process by 
optimizing both the lithography and process steps in order to 
fabricate a free standing miniature system that can measure 
forces with three degrees of freedom. 

Experimental Methods 
In this research, we developed a fabrication process for free 
standing micro machines, specifically a three degrees of freedom 
atomic force microscope. The devices varied from having two 
cross beams to one beam, the beam thickness varied from  
2 µm to 3µm, and the angle between the beams varied from 4° 
to 10°. Various techniques were used throughout the fabrication 
process. 

Figure 1: Depiction of the device movement 
in the x direction from ANSYS. Figure 2: Schematic of the fabrication steps 

used to fabricate the free standing devices.
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Figure 2 is a schematic showing the steps of the fabrication 
process. The process begins with a silicon-on-insulator (SOI) 
wafer. 10 m thick SPR220-7 photoresist is used to pattern the 
backside of the wafer. The first step of the process was to optimize 
lithography techniques. In order to optimize the lithography 
process, modifications had to be made due to the resist thickness. 
The first modification was to use the multiple exposure feature 
on the Karl Suss MA6 to prevent resist bubbling. The second 
modification was to skip the post exposure bake to prevent 
resist cracking. Deep reactive ion etching (DRIE) was used to 
etch the backside up until the oxide layer. The oxide layer was 
wet etched using a buffered oxide etch. The frontside mask was 
then aligned with the backside mask using the MJB3 for device 
patterning. DRIE is used to etch the frontside the whole way 
through the wafer. This resulted in free standing devices that 
were approximately 20 µm thick. 

Future Work 
We will further develop and modify the fabrication process in 
order to obtain a higher yield. After the devices are successfully 
fabricated, they will be mounted to a probe and tested in a FIB 
SEM. The displacement will be measured and multiplied by the 
spring constant, k, (which was previously calculated in ANSYS) 
to find forces with three degrees of freedom of nanostructures, 
specifically nanowires on a silicon substrate. 

Conclusions 
Lithography techniques were optimized and a fabrication process 
was developed, but not to 100% accuracy. All of the 3DOF AFMs 
broke during the fabrication process; however we were able to 
fabricate some 2DOF AFMs. This shows that the fabrication 
process was successful but had a low yield. Minor modifications 
have to be made to the fabrication process in order to obtain a 
higher yield. Figure 3 is one of the 3DOF AFM devices etched 
10 µm into a silicon wafer. Figure 4 shows an SEM image of 
one of the free standing 2DOF AFM devices that were fabricated 
using the proposed fabrication process. 
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Abstract
The atomic force microscope (AFM) launched a wide variety of applications ranging from life sciences to metrology after 
its invention in 1986. However, current applications are limited by several aspects of the conventional AFM technology, 
which uses a passive cantilever probe and typically slow and bulky piezoelectric actuators. The relatively slow piezoelectric 
actuators limit the attainable imaging speeds, and the complex cantilever dynamics makes the extraction of quantitative 
material property characterization difficult. This project addresses these issues by introducing a new probe structure 
for the AFM. This new probe has a sharp tip placed on an active, electrostatically actuated, micromachined membrane 
with an integrated displacement sensor. The membrane itself and the diffraction grating form a small phase sensitive 
optical interferometer for displacement detection. The project focuses on the fabrication of this probe and the experimental 
results obtained from the fabricated devices. Lift-off process and membrane deposition mainly involve lithography and 
metallization to fabricate the devices. The devices are then analyzed after being released in the critical point dryer. These 
results include applications such as fast tapping mode imaging, which utilizes the electrostatic actuator, and time resolving 
interaction force imaging, which utilizes the well-behaved dynamics of the device. 

Introduction
Since its invention, the AFM has found a wide variety of 
applications ranging from life sciences to metrology. Moreover, 
AFM is one of the most widely used tools in nanotechnology. For 
example, applications in physics and chemistry are important for 
surface property characterization such as stiffness. In biology 
and life sciences, AFM also can be used in force spectroscopy 
for drug discovery and in vitro cell imaging. In engineering and 
nanosciences, sample information can be obtained by surface 
roughness analysis and process quality control. 

Atomic Force Microscope
The various components of the AFM working together are what 
enable such diverse applications. A typical AFM has; 1) a micro-
cantilever probe, 2) optical lever detection, 3) the piezoelectric 
tube, which is also the scanner, and 4) the controller. The probe 
acts as a force sensor, and the cantilever has a very sharp tip with 

diameter of 2-50 
nm. The optical 
lever detection is 
used to determine 
the position of the 
probe by the photo 
detector sensing 
the laser reflected 
off the cantilever. 
The piezoelectric 
tube moves the 
sample or the 
probe in x-y-z 
direction. The 
controller keeps 

the cantilever deflection constant through feedback control while 
the probe scans the sample locally. 

Current applications are limited by some aspects of the 
conventional AFM technology, which uses a passive cantilever 
probe and typically slow and bulky piezoelectric actuators. 
The relatively slow piezoelectric actuators limit the attainable 
imaging speeds, and the complex cantilever dynamics makes 
the extraction of quantitative material property characterization 
difficult. To tackle this issue, a new probe structure called the 
force sensing integrated readout and active tip (FIRAT) was 
introduced. 

This new probe has a sharp tip placed on an active, electro-
statically actuated, micromachined membrane with an integrated 
displacement sensor as illustrated in Figure 1 [1]. The membrane 
itself and the diffraction grating form a small phase sensitive 
optical interferometer for displacement detection [1]. So the 
interferometric detection is more sensitive than the optical 
lever detection of conventional AFM, and the electrostatically 
actuated membrane is faster than the piezoelectric tube. In order 
to validate such functionalities of the FIRAT probe, it first has to 
be fabricated and then analyzed through various experiments. 
 

Experimental Procedure 
The fabrication of the FIRAT probe was carried out in the 
Microelectronics Research Center. We used a 4-inch quartz wafer 
on which to fabricate the probes. The process began with surface 
preparation of the wafer by ultra-sonication in acetone for 15 
minutes and then in methanol for 15 minutes. Finally, the surface 
was ready after oxygen plasma cleaning using Plasmatherm 
reactive ion etching (RIE). Lithography, using the mask aligner, 

Figure 1: FIRAT probe structure and diffraction 
based optical interferometric detection.
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resulted in finger 
patterns. The lift-
off process was 
then carried out 
to make 0.120 µm 
Al fingers, which 
were deposited 
using the e-beam 
e v a p o r a t o r . 
Next, through 
lithography, a 
sacrificial layer 
of about 2.5 µm 
thick was formed 
over the Al fingers 
in order to deposit 
the Al membrane. 

The membrane, which had a thickness of approximately 0.8 µm, 
was deposited using the DC sputterer. Lithography was carried 
out again to perform wet etching using aluminum etchant to 
define the structure. After the ME dicing machine cut the wafer 
into several probe devices, they were released under photoresist 
stripper and then in the critical point dryer. A sharp tip, with a 
diameter of about 50-100 nm, was installed on the membrane 
of one of the devices using the focused ion beam tool. The final 
product of such a device is shown in Figure 2. 
 

Results and Conclusions 
We were able to successfully fabricate the FIRAT probes. 
We checked and confirmed the progress of the fabrication by 
taking images using a digital microscope, and gathering data 
using a non-optical profilometer at different intervals during the 
process. Similar probe devices were analyzed using the Wyko 
optical profilometer to confirm the fabrication of the completed 
structures. Using the experimental setup in Figure 3, several 
experiments were conducted on earlier probes, which are similar 
to the devices that we fabricated [1]. The time resolved integrated 
force (TRIF) imaging experiment demonstrated that the FIRAT 
probe was able to characterize stiffness and stickiness of selected 
samples [2]. 

The experimental data showed that the membrane only deflected 
when the probe contacted a hard material sample. However, 
for a soft material sample, both the membrane and the sample 
deflected. Thus, the softer material took more time to achieve 
peak contact force compared to the harder material. The amount 
of force required for the probe to retract from the sample 
determined the stickiness. In Figure 4, the fast tapping mode 
imaging experiment showed that the FIRAT probe was able 
to track the sample better than a typical cantilever at higher 
imaging speeds – line scan rates of up to 60 Hz [1]. These results 
along with other experimental data have shown great promise 
for the new probe, and were used to explore the extent of its 
functionalities. 
 

Future Work 
Although the current fabrication process does make the production 
of the probes simple, the probes still cannot not be commercially 
reproduced. The next step of this project is to design a process to 
enable mass installment of tips on the probes. This would make 
the mass production of such probes possible and facilitate the 
start of commercial production. 
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Figure 2: Image of fabricated FIRAT probe.  
Fingers, not shown, are  under the membrane.

Figure 3, right: 
Experimental setup 
integrating the FIRAT 
probe with commercial 
AFM system. 

Figure 4, below:  
Line scans of sample at 
different imaging speeds 
for each probe.
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Abstract
Electrical through-wafer interconnects (ETWI) are often integrated with inertial sensors for harsh liquid environment 
applications. Devices with metal interconnects are very susceptible to corrosion in aquatic environments. An alternative 
approach is to form highly doped, conductive polysilicon through the wafer from the back side (unexposed to harsh 
environments) to the front side of the device’s chip. ETWI technology requires etching through the wafer. This places a 
high demand on the through wafer etch profile, critical dimension control, and feature size dependent etch rate (etch lag). 
On test structures, we measured the sidewall profile and etch rate as a function of several etch parameters (etch cycle time, 
platen power, current power, C4F8 flow, etc). In addition, we assessed practical methodologies for handling the wafer during 
the etch. The objective of this project is to use statistical design of experiment (DoE) to optimize the deep reactive ion etch 
(RIE) recipe for through wafer etching and test wafer bonding for through wafer via formation. From the development of 
electrical through wafer interconnects, more reliable sensor devices can be fabricated for studies in hydrodynamics in harsh 
environments in addition to a plethora of other applications. 

Introduction

We began by optimizing a baseline recipe using STS-HRM 
(Surface Technology Systems). Then, we used those results 
to develop a reliable method for through wafer etching. STS-
HRM is based on the Bosch method, which uses a process that 
alternates between the etch gas (SF6) and the deposition gas 
(C4F8). Moreover, etching occurs by two mechanisms: a chemical 
process in which fluorine from the plasma bonds with the silicon 
atoms and becomes a volatile gas, and by a physical process 
in which the dluoride ions bombard the surface, sputtering the 
material away. Under proper tuning, the Bosch method achieves 
an anisotropic (downward direction) etching profile because 
of the alternating etch passivation cycles. The objective of this 
optimization was to achieve the following conditions: very 
straight walls, no grass, and small scallops. However, our major 
challenge for through wafer etching using STSHRM was thermal 
management due to backside helium (cooling gas) release, and 
due to photoresist burning. 

As a result of etching completely through the wafer, we lose the 
helium that is located beneath it; hence, we lose the uniformity 
of the etch across the wafer, and the cooling that we need in order 
to prevent the photoresist from burning. Therefore, the single 
wafer was substituted with a polymer-bonded pair of wafers. 

Experimental Procedure
The preparation of the wafers for etch optimization was as 
follows: spinning 3 µm SPR 220-3 positive photoresist on an 
SVG coater track; then, a pattern was formed by exposure using 

a Karl Suss MA-6 i-line mask aligner. The wafers were then 
developed in LDD 26W developer. The STS-HRM etcher was 
used for the experimental etch matrix. 

Based on “Smooth Shallow Template” (Deptime = 2s; Etchtime = 
3s; Throttle Valvedep = 15%; Throttle Valveetch = 12.5 %; C4F8 
flow = 100 sccm; SF6 flow = 400 sccm; Psource = 2500W, Pplaten = 
45 W, Electromagnet - Etchmain = 1 A; Electromagnet - Delaytime 
= 0 s), we selected six parameters to optimize: platen power, 
etch cycle time, deposition cycle time, pressure, C4F8 flow, 
SF6 flow. We maximized and minimized the ranges and etched 
twelve wafers with different recipes. Following the cleaving, 
we proceeded to examine the samples under scanning electron 
microscope (SEM). 

Figure 1
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In order to complete a through-wafer etch, a backing wafer was 
polymer bonded to the through-etch wafer to prevent helium 
from escaping and to add structural support. First, 10 µm SPR 
220-7 photoresist was spun onto the through-etch wafer and 
0.5 µm oxide was placed on the backing wafer. Furthermore,  
2 µm SPR 3612 photoresist was used as the bonding polymer in 
between the wafers (Figure 1). Then, both wafers were placed on 
a 90°C hot plate for 7 minutes with a weight on top. Afterwards, 
we tested their bond in a vacuum for 5 minutes. Then, we used 
STS-HRM (“Smooth Shallow Template”), but we lowered the 
coil power down to 1500 W, because it was discovered that the 
source power was the principal factor in overheating the wafer. 
Hence, this reduction in power to 1500 W enabled the masking 
resist to survive the etch. Finally, we separated the wafers by 
soaking in acetone for approximately one hour. 

Results and Conclusions
In addition, we can conclude that based on the optimization 
experiment in STS-HRM, reducing the thermal load by decreasing 
the source power was the key to bonded wafer through etching. 
Moreover, a wafer-to-wafer polymer bonding technique and a 
release method were developed for successful through wafer 
etching in the high rate STS-2 machine. 

Future Work
In the future, we could explore new methods for through wafer 
using aluminum as an etch stop. Moreover, we could set the 
interconnects through the device’s chip and conduct tests in 
harsh environments. 
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Abstract 
Nonlinear optical phenomena have well-established applications in many areas, such as optical telecommunications. 
Through the fabrication of low loss waveguides at micron length scales, such nonlinear phenomena can be scaled for use 
in integrated device applications. The purpose of this research was to fabricate gallium nitride / aluminum nitride (GaN/
AlN) waveguides on sapphire substrates that demonstrate low loss and observable nonlinear effects. Because nonlinear 
effects require very high intensity, mode confinement becomes a very important factor. To increase mode confinement 
in the fabricated waveguides, a potassium hydroxide (KOH) wet etch is used to undercut the AlN base, increasing mode 
confinement in GaN. Waveguides were fabricated on sapphire wafers with molecular beam epitaxy (MBE)-grown GaN/AlN 
layers using standard photolithography and dry etching techniques yielding features ranging from 2-5 µm in width. The 
waveguides were tested using a femtosecond laser system. 

Introduction and Background 
Optoelectronic and photonic devices are a class of semiconductor 
devices that utilize and process light signals. One of the primary 
components of many of these devices is waveguides that are used 
to guide the light signals within the device. For device efficiency 
and information integrity, it is important that waveguides exhibit 
very low scattering losses. While the guiding properties of 
waveguide structures are very important to the functioning of 
such devices, waveguides can also be used to process optical 
signals through the use of nonlinear optical effects. At very high 
intensities, such as those provided by a laser, the polarization of 
the guiding medium interacts nonlinearly with the incident field 
in ways that are modeled using a power series representation of 
the electrical susceptibility with terms exceeding linear order. 
These nonlinearities give rise to many interesting phenomena, 
such as second and third harmonic generation, sum frequency 
generation, and Raman shifting. Nonlinear effects are already 
utilized in macroscale waveguiding structures such as optical 
fibers. Because nonlinear effects only become pronounced at 
high intensities, loss and mode confinement become critical 
properties that must be optimized. 

Waveguide Fabrication 
The wafers used for manufacturing were 3″ sapphire wafers with 
various epitaxially grown III-V layers. The two layer types used 
were; (1) a 500 nm AlN layer with alternating layers of GaN/
AlN quantum wells and (2) a 1.4 mm bulk GaN layer on top of  
100 nm bulk AlN. A thick layer of silicon dioxide (SiO2), ~ 1 µm, 
was deposited on the wafer using pressure-enhanced chemical 
vapor deposition (PECVD) to act as a more robust mask for the 
III-V dry etch process. After standard photolithography using a 

10x i-line stepper for exposing, the SiO2 layer was etched using 
a CHF3/O2 dry etch chemistry in a reactive ion etcher (RIE). The 
III-V layers were etched using an Ar/BCl3/Cl2 RIE dry etch in an 
ICP etcher. The samples were finally treated with resist stripper 
and HF to remove the photoresist and SiO2 masking layers. 
With minimal optimization, the process was found to achieve 
good sidewall smoothness for features ≥ 3.5 µm, but there was 
noticeable damage during the nitride etch process to 2 µm and 
2.5 µm features. Increased sidewall smoothness and reduction 
in damage to small features could most likely be improved by 
utilizing a thicker oxide mask layer and further optimization of 
the III-V etch process. 

Figure 1: Row of fabricated waveguides.
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KOH Undercut 
In order to increase the nonlinear effects in the waveguides, an 
undercut in the lower AlN layer of the bulk GaN/AlN waveguides 
was created. The undercut would reduce the cross-sectional area 
of the AlN layer, which would cause the mode to be confined 
more strongly in the GaN layer, reducing mode volume. 
Previous research [1,2] had indicated that KOH solutions were 
capable of selectively etching AlN over other III-V compounds. 
Waveguides fabricated in the bulk GaN/AlN sample were treated 
in heated AZ400K developer for 30 minutes at 90ºC ± 5ºC. The 
solution selectively etched the AlN over the GaN such that a 
noticeable undercut was formed. A rough scanning electron 
microscopy (SEM) measurement showed the etch rate to be very 
approximately 20 nm/min. 

material composition and fabrication processes. Comparison of 
mode profiles in the three tested samples is shown in Figure 4. 
All fabricated waveguides were shown to support guided modes, 
but exhibited visible scattering loss. Due to the conservative 
undercut and significant surface scattering at the facet, there was 
no concrete difference in mode confinement between the bulk 
GaN waveguides with and without undercutting, but the initial 
results show enough potential to warrant further study. 
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Figure 2: Diagram of KOH undercut.

Figure 3: Profile of bulk GaN/AlN waveguide with KOH undercut.

Testing Results and Conclusions 
Testing the fabricated waveguides was 
accomplished using a bright white light source 
generated by nonlinear interaction of a pulsed 
fiber laser with a photonic crystal fiber. The 
laser was coupled to the waveguide by focusing 
the beam through a lens and the output was 
observed using a CCD. Only qualitative 
data could be taken due to equipment and 
time limitations. The CCD was used to 
capture various mode profiles for qualitative 
comparison of waveguides with different 

Figure 4: Guide and mode profiles. From left to right: 
Bulk GaN/AlN with undercut, Bulk GaN/AlN without 
undercut, Bulk AlN with GaN/AlN quantum wells.
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Abstract 
Quantum confinement effects allow radiative recombination of holes and electrons in silicon nanoparticles (NP), also 
referred to as quantum dots (QD). This is an area of considerable interest as QDs have the potential for high efficiency, and 
have the ability to tune the emission wavelength with the QD size. Currently, devices use organic polymers to inject holes 
and electrons onto the QDs, where 1-2% radiatively recombine. Inorganic materials are generally deposited at elevated 
temperature. The low thermal stability of QDs result in a belief that they are incompatible with inorganics. The objective 
of the current approach is to demonstrate how a layer of QDs behaves when trapped between two inorganic materials. To 
test the photoluminescence (PL), we deposited QDs on silicon nitride and used atomic layer deposition (ALD) to grow a thin 
layer of hafnium oxide (HfO2) at very low temperature. The PL was measured after deposition of QDs and HfO2. Results 
show no degradation in PL intensity. For electroluminescence (EL) measurements, we used a structure of ITO-ZnO-QDs-
AlN-Pt. The silicon NPs used were generated by decomposition of silane in plasma and were directly deposited onto the 
substrates. The devices were created by ALD deposition of zinc oxide (ZnO) on an indium tin oxide (ITO) covered glass slide 
and sputtering of the aluminium nitride (AlN) onto the QD-ZnO-ITO layers. 

Introduction 
We can exploit the quantum confinement effects in quantum dots 
(QDs) to cause photoluminescence (PL) and electroluminescence 
(EL). Current direct-gap inorganic light emitting diode (LED) 
technology is efficient but expensive. The organic LEDs used 
today have reliability problems as well as poor color depth. 
By using QDs as the electroluminescent element, we can tune 
the emission wavelength and potentially create high efficiency 
reliable EL devices. Presently, to conduct electrons and holes 
to the QDs, organic polymers are used as the electron and hole 
conducting layers. The use of these materials presents many of 
the same stability problems seen in organic light emitters. We 
will attempt to use inorganic materials instead. 

Experimental Procedure 
The focus of this project was two-fold. First, we must determine 
if the intensity of the PL of QDs is reduced when sandwiched 
between inorganic materials. This will allow us to determine 
whether the quantum confinement effects or the crystalline 
structure of the QDs are damaged. Second, we must find if 
electroluminescent devices can be created using only inorganic 
materials. 

The device to test the PL was fabricated on a glass slide that was 
covered with ITO. The structure, as shown in Figure 1a, was 
plasma enhanced chemical vapor deposition (PECVD) Si3N4, a 
layer of QDs, and ALD HfO2. The Si3N4 layers were between 
60Å and 90Å, grown at a rate of 75Å/min. The QDs were 

Figure 1

deposited by placing the samples in the exhaust stream of the 
plasma where the QDs were formed. The samples were placed in 
the exhaust stream for 30s, 45s, 1 min,2 min, 3 min, 4 min and 6 
min. Following QD deposition, 60Å of HfO2 were grown on the 
samples by ALD at 130°C using trimethyl aluminum and water. 
The PL was tested after both the QD deposition and the ALD. 

To test the EL, the device shown in Figure 1b was fabricated. 
70Å of ZnO was deposited at 250°C on the ITO covered glass 
slide using ALD. The QDs were deposited in a similar fashion 
as the first set of devices. The layer of AlN was sputtered for 
1 min using an Al target and N2 in the environment. Platinum 
electrodes were then sputtered on top of the AlN. 
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Results and Conclusions 
The spectrums of the Si3N4/HfO2 devices, shown in Figure 2,  
indicate that there was no noticeable change in intensity of 
the PL after HfO2 deposition. The tests were run under the 
same conditions, so that the magnitudes of the spectrums were 
comparable. This indicates that the crystalline structure and 
the quantum confinement effects of the QDs were intact. Thus, 
ALD growth methods can now be used to create novel device 
structures. 

The ZnO/AlN devices should have behaved as a diode due to 
the band alignment. However, the I-V curves in Figure 3 show 
that the behavior was ohmic. We believe there were pinholes in 
the thin sputtered films, causing all the current to flow through 
only one material and to be localized near the pinholes. This also 
would explain why no EL was observed. None of the current 
went through the QDs. When a constant voltage was applied to 
the devices and the devices were excited by UV light, PL was 
clearly visible, but the current flowing through the device did not 
appreciably change. 

These results do not rule out the possibility that inorganic layers 
may be used as electron and hole transport layers. However, the 
films that were grown over the QD layer were only characterized 
using ellipsometry and profilometry on test wafers. This does not 
tell us what types of films were actually being grown on the QDs. 
Therefore, the results indicated that the structure of the devices 
were not as expected. Due to the extreme uniformity of ALD 
layers, we suspect that the pinholes were in the sputtered films, 
although this has yet to be proven. 

Future Work 
Since the quality of the films appeared to be a problem, careful 
study of the nucleation and growth of films on quantum dots needs 
to be pursued. The layer of QDs should also be characterized, 
as it would allow us to determine what type of surface we are 
depositing the materials onto. There should also be tests on control 
substrates so we can determine what thickness of materials are 
necessary to reliably gives us diode characteristics. 
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Introduction
The electrically pumped hybrid silicon evanescent laser has been presented as a novel device which satisfies the desire to 
manufacture low cost, high volume silicon lasers with the goal of using photonic circuitry to replace traditional metal 
interconnects for board to board and chip to chip applications. The hybrid silicon evanescent device platform has already 
been demonstrated in the form of a photodetector, an optical amplifier and a racetrack laser [1]. The silicon evanescent 
laser is achieved through bonding a III-V multiple quantum well (MQW) active layer structure to a silicon waveguide. For 
efficient current flow to the active region, protons are implanted into the cladding layer of the III-V structure in order to 
prevent lateral carrier diffusion and thereby increasing the current and optical mode overlap in the quantum wells. 

We report here the optimization of this proton implant profile for two laser characteristics, threshold lasing current and 
device capacitance, and show an improvement of both these characteristics. This technique was implemented and used 
in the design of the silicon evanescent laser in an attempt to maximize the injection efficiency into the MQW active layer. 
Injection efficiency is the fraction of injected carriers which contribute to light generation, is one factor used to characterize 
lasers. Another factor which can affect performance of the silicon evanescent laser is the capacitance between the n contact 
layer and the p contact layer. 

 

Figure 1: Cross-sectional illustration of device platform.

Device Structure/Fabrication
The silicon evanescent laser device platform consists of two 
separately regions bonded together. Figure 1 is an illustration of 
the cross-sectional view of the device. The top portion is a III-V 
heterostructure consisting of a n-region, multiple quantum well 
(MQW) active region and p-cladding region which are epitaxially 
grown on an indium phosphide (InP) substrate. The bottom 
portion is a silicon waveguide structure processed from a silicon-
on-insulator (SOI) substrate. The two pieces are bonded using 
a low temperature O2 plasma assisted wafer bonding technique 
[2]. The InP is then etched using both reactive ion etching (RIE) 
through the p region, and wet etching through the MQW to 
create a mesa ~ 10 µm wide in order to access the n layers. n 
and p contact pads are subsequently deposited and annealed in 

forming gas. The sides of the mesa are implanted with protons 
of varying energies in order to allow for efficient current flow as 
well as preventing lateral current diffusion. Detailed descriptions 
of the fabrication process of the hybrid silicon evanescent laser 
can be found in [3]. 

An illustration of the silicon evanescent racetrack laser device 
topography is shown in Figure 2. It consists of a racetrack 
resonator, two integrated photodetectors, and a directional 
coupler, which couples light from the resonator and directs it 
towards the photodetectors. 

 

Figure 2: Illustration of silicon evanescent racetrack laser. 
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Experimental Procedure
This experiment used two different proton implantation profiles, 
the first being the standard baseline implantation profile as 
shown. The second implantation profile increased the depth of the 
protons to correspond to the top of the MQW active region while 
increasing the height of the protons implanted to correspond to 
the top of the mesa. By increasing the depth of the implantation 
to the top of the MQW active region, we intended to improve 
the injection efficiency into the active region directly above the 
silicon waveguide. Bringing the implantation profile to the top of 
the mesa is intended to reduce the capacitance between the p and 
n layers by decreasing the available area which is behaving as a 
parallel plate capacitor, in particular the highly doped P-InGaAs 
contact layer. 

During testing, the laser was driven from 0-500 mA in 25 mA 
increments through the top p-contact. The photodetectors were 
reverse biased at -5V, and the current across them is measured as 
the driving current is increased. In order to determine the effect 
which the deeper proton implant profile has on the injection 
efficiency, we compared devices implanted with the two 
different profiles based upon their lasing threshold current. The 
capacitances of the devices were measured directly. 

 

Results and Conclusions
Eight devices from each profile were tested and analyzed. Using 
the L-I (Power vs. Current) curve taken from the silicon evanescent 
racetrack lasers, the lasing threshold current can be determined 
experimentally. As a result of increasing the proton implant 
depth the lasing threshold current decreased. Devices 2-4, with 
a directional coupler length of 100 µm, demonstrated a 17.31% 
improvement in the average threshold current for proton implant 
profile 2 over profile 1. As can be seen in Figure 3, the average 
threshold current for devices 2-4 improved from ~ 192 mA,  

for proton implant profile 1 to ~ 158 mA for proton implant profile 
2. Devices 6-10, with a directional coupler length of 300 µm,  
demonstrated a 4.71% improvement in the average threshold 
current for proton implant profile 2 over profile 1. The average 
threshold current for devices 6-10 improved from ~ 175 mA,  
for proton implant profile 1, to ~ 167 mA for proton implant 
profile 2. This decrease in the threshold current for these devices 
demonstrates that the injection efficiency was in fact improved 
by increasing the depth of the proton implant profile. 

As can be seen in Figure 4, the capacitance decreased from an 
average of ~ 4.6 pF to ~ 3.6 pF with the increase in proton implant 
height. Overall there was a 21.4% decrease in the capacitances 
measured for the devices. 
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Figure 4: Capacitance comparison between proton implant profiles. 



page 96 National Nanotechnology Infrastructure Network

Optics

Observation of Harmonics in a Uni-Directional Mode-Locked  
Fiber Laser Incorporating a Carbon Nanotube Saturable Absorber 

Zachary Nishino
Physical Science, St. John’s University 

NNIN REU Site: Nanoscience at the University of New Mexico
NNIN REU Principal Investigator: Ravi Jain, Electrical & Computer Engineering/Physics, University of New Mexico
NNIN REU Mentor: Li Wang, Electrical & Computer Engineering; Alex Braga, Physics & Astronomy; University of New Mexico 
Contact: zachary.nishino06@stjohns.edu, ravijain@unm.edu, liwang@unm.edu 

Abstract
The relationship between peak power, pump power, pulse width, spectral width, and repetition frequency with respect to 
the various harmonics was studied in a uni-directional mode-locked fiber laser incorporating a carbon nanotube saturable 
absorber. The saturable absorber, which was designed to work at 1550 nm, was composed of 0.8-nm-diameter carbon 
nanotubes. This laser produced a fundamental frequency of 11.23 MHz, of which the harmonics were multiples. By varying 
the pump power, an increasing linear relationship developed between repetition frequency and harmonic. We also observed 
a decreasing linear relationship between spectral width and peak power with the harmonic. 

Introduction
Carbon nanotubes exhibit many interesting physical, electrical, 
thermal, and optical properties. Recently, an interest in their 
optical properties has made them the point of interest for 
mode-locked lasers. Due to their fast recovery times, nonlinear 
absorption of light intensity, and relatively easy fabrication, these 
nanosized carbon tubes make for a suitable saturable absorber 
in fiber lasers [1-3]. Coupled with harmonic mode locking, the 
equal spacing of pulses within the laser cavity, these lasers can 
be used in optical communication systems for ultra fast data 
transfer [4-6]. In this experiment, we studied the characteristics 
of harmonics in a passively mode-locked fiber laser with a carbon 
nanotube saturable absorber (CNSA). 

Experimental Procedure
A uni-directional ring laser cavity was designed with components 
and measurements as labeled in Figure 1. A fiber pigtailed 980 nm  
diode (capable of > 100 mW output) was used to pump the 4 
meter long erbium doped fiber (EDF). An isolator (> 30 dB 
isolation) was put in the cavity to ensure uni-directional lasing. A 
15 meter long standard single mode fiber was used to compensate 
the dispersion. The laser was coupled out the cavity through 
an 88/12 coupler. The carbon nanotube saturable absorber was 
provided from SouthWest Nanotechnologies and consisted of 
0.8-nm-diameter carbon nanotubes. Through the laser output, 
we utilized a spectrum analyzer to measure the spectrum and 
spectral width. A digital oscilloscope was used to measure the 
repetition frequency and to estimate the peak power. 

Figure 1

Results
This mode-locked laser operated at a fundamental frequency of 
11.23 MHz, of which the harmonics were multiples. Depending 
on the pump power, the laser operated at different harmonics (up 
to 14th), see Figure 2. It is almost a linear relationship between 
the pump power and order of harmonics. 
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This is the first time that such stable and controllable harmonics 
have been observed in experiments in such fiber lasers. 

To verify that pulses from our laser were from the mode-
locked operation instead of another mechanism, like oscillation 
relaxation or Q-switching, pulse width measurement of the laser 
was attempted. Although we were not able to determine the 
actual pulse width from an auto-correlation measurement, we 
did use the spectrum analyzer to have a preliminary study of the 
pulse width. The 3-dB widths of the spectra were about 15-16 
nm (see Figure 3), depending on the order of harmonics at which 
the laser was operating. 

Directly from ∆ ν × ∆t ≈ 1 and ∆ν/ν = ∆λ/λ, it was easy to estimate 
the pulse width was on the order of 500 fs, which was much 
smaller than expected for oscillation relaxation or Q-switching. 
From Figure 3, it was also observed that the overall spectral width 
decreased (implying the pulse width increased) with increasing 
harmonics, which has also been observed by other researchers. 

Finally, peak powers at different harmonics were measured (see 
Figure 4). The majority of the data followed a trend of declining 
as the harmonic increased, which has also been observed by 
other researchers. However a small section of data developed a 
trend of slightly increasing as the harmonic increased. This was 
more than likely due to a change in the digital oscilloscope’s 
settings while the data was being taken. 

Figure 2

Figure 3

Conclusion
We have demonstrated harmonic mode-locking in a fiber laser 
incorporating carbon nanotubes. For the first time, it has been 
demonstrated that reliable harmonics can be tuned by changing 
the pump power of the laser. Spectral width has been measured 
to estimate the actual pulse width of the laser. 
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Abstract
Silicon on insulator (SOI) technology platform enables the dense monolithic integration of planar nanophotonic optical 
components and electronic devices. Applying SOI technology to optical sensing, lab-on-chip applications can be envisioned 
that test for virtually any biomolecule. This project focuses on the design, fabrication, and testing of polydimethylsiloxane 
(PDMS) channels filled with varying refractive index oils that induce a shift in the resonance wavelength of ultra-high 
quality (Q) planar microresonators fabricated on SOI substrate, in order to create an effective biosensor. Detection of 
specific chemical and biological molecules through suitable selective surface coatings on such resonators allows for the 
rapid, inexpensive production of label-free sensor architectures for lab-on-chip systems [1]. 

Introduction
SOI substrates offer ultra-compact, ultra-high Q nanophotonic 
components that are completely compatible with silicon (Si) 
VLSI technology. Monolithic optical resonators in such SOI 
substrates, offer the further advantage of micron-scale size, and 
through suitable designs of the waveguide-cavity coupling, a 
complete 100% transmission of energy from the waveguide to 
the cavity is possible. Any molecule present over the resonator 
is sensed through the resonance wavelength shift induced by 
the refractive index of the molecule. Successful detection of 
indices leads to the development of an ultra-compact label-free 
biosensor. 

Experimental Procedure
SOI resonator chips were developed with several add-drop and 
single disk and ring resonators on each chip for comparison and 
finding optimal wavelength shifts. PDMS (Sylgard 184) fluidic 
channels with punched inlet and outlet ports were activated 
with O2 plasma and aligned under a microscope to cover the 
resonators, ensuring index changes (Figure 1). Refractive index 
oils (Cargille Laboratories) ranging from index 1.32 through 
1.395 were individually injected into the channel through a 
23-gage polyethylene tubing (Intramedic Clay Adams) using 
syringes (Norm-Ject 5mL). Each micro-resonator covered 
with oil from the channel was evaluated for performance using 
a swept-wavelength test setup that recorded the resonances 
over a given group of wavelengths. The setup consisted of a 
tunable laser (Agilent Technologies Model 81680A, line width 
100 kHz) for the wavelength sweep, a standard objective lens 
(Newport M-40x, 0.65NA) for input/output coupling to the 
device, followed by a photoreceiver (Thorlabs PDB 150C) that 
was interfaced to a personal computer through a data acquisition 
(DAQ) card (National Instrument PCI-6251, 16-Bit, 1 MS/s). All 
light coupled to the resonators used TE-polarized light (Figure 2).  

Figure 1: Resonator integrated with microfluidic channel.
(Resonator radius: 20 µm, height: 230 nm.) 

Figure 2: Microdisk spectral response.
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of the resonator and hence capturing two resonances. Real-time 
detection resulted in 350 pm shifts between 0.01 index changes. 
Repeated measurements revealed that resonance wavelengths 
were consistent to within 1 pm, for the same index oil under flow 
conditions. However, it was observed during the real-time tests 
that the introduction of fluid flow, through applied pressure on 
the syringe, caused the resonance wavelengths to shift higher by 
up to 10 pm, when compared to the no-flow condition. 

In order to understand this effect, we developed a complete model 
for the flow-channel under the external applied pressure. Initial 
results from this model indicate that the fluid pressure induced 
change in the oil index accounted for the shift. More detailed 
modeling of this effect is under further investigation. 

Results and Conclusions
Early channels demonstrated the detection of a linear relationship 
between refractive index changes and resonance wavelengths 
over a given wavelength interval regardless of their type. 
Experimentation with ring resonators was pursued because their 
display of large shifts would provide for small index change 
identification. The second generation of channels allowed the 
development of a method of obtaining real time data. Given the 
high quality factors (106) observed from the resonators and that 
subsequent readings varied by less than 1 pm, index sensitivity 
was 2.85 × 10-5 for this device. With optimized device, wavelength 
shift of nanometers and detection on a picometer scale will be 
achievable for true lab-on-chip applications. 

Future Work
At the time of this paper, microring resonators attached to 
micospectrometers are being fabricated for real-time lab-on-
chip analysis function. Surface functionalization with biotin for 
testing with the highly specific protein Streptavidin in real-time 
is also being pursued for a biological approach. Future plans 
include multiple protein detection on the same chip as well as 
chemical sensing. 
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Figure 3: Test setup.

Initial tests of microdisk resonators yielded promising results 
with high quality factors (Q > 106; Q = l/∆l) and noticeable 
shifts between indices (Figure 3). Microrings, however, yielded 
greater shifts and were pursued in further tests due to the ease of 
detecting the index changes (Figure 4). 

Figure 4: Resonator performance.

Some leaking was observed to come from the bottom of the 
channel, indicating a poor seal that resulted in a progressive 
difficulty in coupling the waveguides to the laser to begin the 
experiment. The imperfect seal resulted in a new channel designs 
with larger contact areas between the PDMS and Si. After new 
channel fabrication, real-time data acquisition methods were 
explored to simulate real-time detection. It was found that by 
applying a weight to an inverted syringe in a test tube rack (Lake 
Charles Manufacturing), gravity provided a linear flow rate in 
the range of 1 µL/s, suitable for further experimentation and easy 
index switching. 

To rapidly identify indices in real-time, the DAQ program was 
revised to sweep 10 nm, thereby covering the free-spectral range 
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Abstract/Introduction
Testing integrated sub-micrometer light guiding structures typically involves precisely nanopositioning tapered lens fibers 
to couple light into nanotapered waveguides [1]. This is done through optimization using piezoelectric stages and optical 
microscopes. While this method works well in a research environment, this time consuming and expensive process remains 
slow and impractical for packaging and makes it difficult to test waveguiding chips with multiple devices. More importantly, 
it makes it impractical for industry. This project proposes a solution by defining and etching trenches into the substrate in 
front of waveguides, in which inexpensive cleaved optical fibers are easily aligned and fixed in place with UV curable index 
matching epoxy. Cleaved fibers have a mode field diameter of about 8 µm, greatly reducing misalignment errors with sub-
micrometer waveguides. This method involves etching trenches into silicon dioxide (SiO2) and Si so that cleaved fibers can 
be easily aligned with the waveguides. The final phase of testing will measure the optical efficiency of light coupling into the 
chip’s devices. This process is easily reproducible and offers a solution for mass production of integrated optical circuits. 

After photolithography, our wafer was subjected to a 20 second 
descum in the Glenn 1000 oxygen asher, and underwent 3 µm of 
oxide etching in the Oxford 100 using the CHF3/O2 recipe for 35 
minutes. This etch had to be characterized in order to determine 
how the trench profiles matched the desired dimension, as shown 
in Figure 1. Throughout fabrication, the depth of our trenches 
and etch rates were monitored using the F50 Filmetrics optical 
film measurement tool and the Tencor P10 profilometer. 

Next we characterized the silicon etch with the Unaxis 770. This 
required 120 loops to remove the 59.5 µm of Si, as shown in 
Figure 2. 

Figure. 1: Oxide etch down to silicon substrate.

Experimental Procedure
The first phase of this project involved designing 125 µm wide 
trench patterns to match the diameter of single mode SMF-28 
optical fibers. A mask was created using the GCA/Mann 3600F 
optical pattern generator and used to characterize and define 
fabrication protocols on test Si wafers with a 3 µm thick layer of 
thermally grown SiO2. By analyzing etch rates and selectivities of 
the Oxford 100 and Unaxis 770 etchers to SPR 220 photoresist, 
we decided to spin SPR 220-3.0 to a thickness of 3.3 µm. 
Characterization of the exposure dose for this thickness on the 
EV 620 contact aligner was best for 3 seconds using a 90 second 
MIF 300 development. Figure 2: Deep etch into silicon substrate.
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The last steps were a hot resist strip and a 10 minute descum 
in the Glenn 1000. The wafer was then cleaved into individual 
chips, and a chip was mounted on a 3 axis rotation stage. Cleaved 
optical fibers were positioned using a 3 axis linear stage. Using 
this simple set up with an optical microscope we aligned and 
dropped fibers into the trenches. Finally, we glued them into 
place using UV curable index matching epoxy.

After mounting several fibers, we took scanning electron 
microscopy (SEM) images to characterize the position of 
the fibers (see Figure 3), and corrected our computer-aided 
design (CAD) to account for improper trench dimensions. We 
determined that 127 µm wide trenches with sacrificial trenches 
(epoxy drains) in between active sites were appropriate. 

Our final step was to test these protocols on an SOI chip with 
waveguides, ring and disk resonators. After patterning the 
waveguides by e-beam lithography on an SOI sample, the 
devices were etched using the PT 770 and cladded with 2.8 µm of 
SiO2 (GSI PECVD tool). We then spun 3.8 µm of resist onto our 
chip to account for the removal of the additional SiO2 cladding, 
exposed our trench pattern using the ABM mask aligner for 9 
seconds (used to expose small samples), and carried out the rest 
of the etch protocols as described above. We determined that the 
etch rates on both the Oxford 100 and the Unaxis 770 were much 
slower for small samples, but that the selectivities remained 
unchanged. 

Results and Conclusions
The positioning of fibers into our functionalized chip was good, 
and the epoxy drains worked well; but this step was still sensitive 
to the epoxy drop size and placement. Also, trench and waveguide 
alignment was not accurate due to deterioration of alignment 
marks during e-beam lithography, forcing us to align the mask 
by eye (this problem can be easily resolved by adjusting the 
exposure doses of the alignment marks). After fixing fibers onto 

both ends of the chip, we used a broadband amplified spontaneous 
emission light source and an Optical Spectrum Analyzer to test 
the devices. The best output graph is shown in Figure 4. This 
plot illustrates the resonant frequencies from the associated 8 µm 
ring resonator. This plot is also evidence that dropping optical 
fibers into pre-aligned trenches can be used to achieve good 
transmission, showing that this method is applicable for testing 
devices. 

Future Work
Continued work should be put into perfecting the epoxy step 
to prevent defunctionalizing adjacent waveguides, or the need 
to space them far apart. Alternatively, further research into the 
use of multi-fiber systems such as ribbon fiber could prove 
beneficial. The ability to pre-space waveguides, drop, and epoxy 
many fibers simultaneously would greatly add to the efficiency 
of the drop-fiber method. 
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Figure 3: Dropped fiber held in place by epoxy.

Figure 4: Power output graph from coupling tests.
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Abstract
Photoacoustic (PA) methods promise higher image resolution with an increase in the acoustic wave’s frequency. However, 
they are effectively limited by the wave’s penetration depth as the frequency enters the gigahertz range [1,2]. In this 
project, we explored the relationship between depth, initial center frequency, and amplitude for the acoustic pulse. First, 
arrangements of transducers and metallic particles were specified for the PA microscope. For the setup, a discrete time 
model was used to show how to obtain an image, to develop relations both for the resolution. This model was simulated in 
MATLAB®.

Introduction
Previously, in a paper [3] by Daniel Wulin and Shriram 
Ramanathan, curves relating the center acoustic frequency 
for metallic and silica particles to their radii were generated 
and discussed. For a fluid, they also showed how the initial 
center frequency of a Gaussian acoustic pulse is downshifted 
as a function of depth traveled. This project proposes several 
transducer and metallic particle arrangements for a PA bio-
microscope. It can be useful for non-invasive examination of the 
structure of biological media and molecules (such as fat) and 
individual cells or tissues. It uses acoustic waves generated from 
the elastic response of nano-sized metallic particles to a laser 
pulse train. The lateral and axial resolutions from the resulting 
image are modeled in terms of the maximum center frequency 
allowed by selected biological media and the acoustic pulse’s 
bandwidth.

Theory
The acoustic pulse, h(m), would pass through a sequence of 
interfaces while experiencing reflections represented as rk, 
transmission represented as (1-rk), and attenuation between 
interfaces represented as α(ωl). The absorption coefficient is a 
function of the center frequency. Its expression depends on the 
medium. In the MHz range, this curve has been determined for 
several biological media. For example, attenuation coefficient for 
water is known to have an f 2 relationship with frequency in the 
MHz range [4]. It is assumed that the signal containing reflected-
acoustic pulses and the signal containing emitted-acoustic pulses 
are spatially and temporally sampled once they are received. 

The signal coming from the imaged sample is a superposition 
of scaled and delayed pulses that have the same profile as the 
original emitted pulse. It is assumed that there is weak temporal 
dispersion of the composite acoustic pulse formed by the 
superposition of several center frequencies, ωl. The de-convolved  
spectrum is, therefore, a linear combination of scaled and 
delayed sinusoidal functions in the frequency domain. S(ω) is 

the impulse response of the transducer, while H(ω,ωl) is the 
spectrum of Gaussian acoustic pulse with a center frequency 
of ωl. The spectrum, X(ω,ωl), contains the information about 
attenuation, reflection, and the time delay for each echo pulse 
in the signal.

The axial resolution [5,6] is treated as being quite independent 
of the center frequency. The stress and thermal confinements of 
the laser pulse temporal width is given by ts and tth [7]. This, in 
turn, limits the temporal width of the acoustic pulse it modulates. 
Vo is the velocity of the acoustic pulse in the medium housing 
the metallic particles and the transducers. Vj is in the space after 
the jth interface. To calculate depth, the velocity of the acoustic 
pulse is assumed constant within the imaged medium, only 
depending on the center frequency. It is also assumed that the 
medium housing the metallic particles and the transducers has 
an impedance matching the imaged sample.

The lateral resolution is obtained using the diameter of the 
transducer, dt, its focal length, the maximum center frequency, 
ωlatt

. The frequency, ωlatt
, is the highest frequency with the 

minimum detectable intensity in the signal.
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The depth profile is resolved with time, under the assumption 
of a linear relationship between reflection depth and ‘time-of-
flight’. Here, the time-of-flight is the time for the wave to travel 
from the metallic particle(s) to an interface in the sample and to 
a receiving transducer. The assumption of a linear relationship 
implies that the wave maintains a constant velocity within each 
sub-medium of fixed characteristic impedance. The velocity only 
changes to a new value when the wave enters a region having a 
different characteristic impedance.
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Figure 3: Reflections, transmissions, and absorptions 
occur each time a ray path meets an interface.

Design
In Figure 2, a single laser beam excited a metallic particle or a 
cluster of metallic particles. (The black and the blue arrows trace 
the path of the rays to the transducer.) To direct and focus the 
beam, the light, from two lasers, swept in the directions indicated 
by the green arrows. The sweeping can also be done by one laser 
and a beam splitter. The sweeping action caused a relative time 
delay and a sequential excitation of the metallic particles. A 
curved wave front was created, according to Huygens’s principle. 
This idea was adapted from a description in a paper by P. N. T. 
Wells [8]. There, he describes how the sequential excitation of 
elements in a transducer array focuses and directs the acoustic 
wave beam. The difference is that a laser system and metallic 
particles are used in generating the acoustic wave in this paper. 

The pulse-echo method relied on waves that are reflected at 
interfaces with mismatched acoustic impedances (See Figures 
3 and 4). At any such interface, a fraction of the wave was 
transmitted into the new medium while the other portion was 
reflected. Each transducer element recorded the amplitude of the 
acoustic wave that passed by its position. 

Conclusion
A discrete pulse-echo model was developed and simulated in 
MATLAB to explore how the combination of high acoustic 
frequency, with the transducer setup, density of metallic 
particles, and choice of center frequencies, can make possible 
very fine resolutions in the range between micrometer and 
nanometer scales. Some follow up studies include: modeling 
how the nanoparticles control and shape the wave fronts in time 
and space, studying different materials and fluids for housing the 
nano-particles and the transducer, and making measurements of 
the attenuation coefficient of biological media in the giga-hertz 
range.

Figure 4: The echo signal as a combination of 
delayed pulses. The delay depends on the acoustic 
wave velocity in the sample and the distance 
between interfaces. These dependencies could 
cause the echoes to overlap.

Figure 2
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Abstract 
Nanotechnology applications have become useful in the optimization of filtration membranes. The extended Nernst-Planck 
(ENP) equation is a complex mathematical model that can be manipulated to calculate and predict flux, rejection, or electric 
charge across a membrane. Using the MATLAB® software, a program can be created to calculate these theoretical values 
that will guide the fabrication of membranes with optimized performance as well as shed light on the understanding of 
experimental data. With this knowledge, progression with nanofiltration membranes will be quickened, and we can sooner 
be able to use them for more practical applications of filtering water such as the purification and reuse of drinking water.

Introduction 

The ENP equation is a complex equation using the ionic 
diffusion, electric field gradient, and convection of a membrane 
to solve flux, or the ability of a particular species to pass through 
the membrane, such that flux is equal to the convection minus 
the diffusion and electric field gradient. As such, the equation 
does not have any relation to the mechanistic structure of the 
membrane, but rather the performance of the membrane. 

As a complex differential equation needing the Runge-Kutta 
method to be solved, manipulation of the ENP equation can 
be quite time consuming and difficult. Therefore, it is quite 
appropriate to create a program that will solve for the various 
variables needed to progress in nanofiltration membrane 
optimization. 

The Runge-Kutta is a method of integration that involves a 
recursive method of averaging the derivative at several points, 
then adding this new number to a sum variable until the last 
point of integration is reached. There are multiple versions of 
the Runge Kutta with varying levels of accuracy. This alone may 
require many iterations, so using a computer will not only save 
time, but allow for a more accurate version of the Runge Kutta, 
and likewise attain a most accurate result. 

Using the Model to Write Program 
Using the MATLAB software, it is essential to write the ENP 
equation and its associated equations into the .m file. The 
ENP equation solutions must fall under the restrictions stated 
by the electro-neutrality condition and the under zero current 
condition. Using the Runge-Kutta method of solving the system 
of differential equation for the potential and concentration 

gradients, we are able to move between the flux, the electric 
potential across the membrane, as well as solve for the rejection 
of ions within a few more steps. 

Future Progress 
We were not able to complete the program using the ENP 
equation but have made some progress with it. As such, the 
first step is to continue the work we have done, and find a way 
to complete an efficient and accurate method of programming 
the ENP equation into MATLAB, or some other programming 
software application. 

A logical next step to take is to continue working with the 
extended Nernst Planck equation to allow one to solve for any 
of the many variables of the model. Practically speaking, what 
is necessary is to find out how to reach the desired settings of 
the nanofiltration membrane, especially the charge across the 
membrane. Eventually, with work, nanofiltration will be used 
more and more for drinking water filtration, to medical uses 
throughout the world. Naturally this will be expedited by the use 
of computers wherever possible, such as the math calculations 
assigned. 
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Abstract
Composite films of silver (Ag) nanoparticles embedded in an n-doped silicon (Si) matrix exhibit strong photo responses 
when exposed to infrared spectrum, especially in the 1-15 µm wavelength range. The focus of this project is to quantify 
the Hall effect on a 3 µm thick composite film composed of 18% Ag grown on a highly resistive Si substrate. The measured 
Hall current is related to the electron mobility and reflects the responsivity of the future infrared detector. Samples were 
created via magnetron co-sputtering at 550°C using Argon plasma at 3.5 mTorr. Four ohmic contacts of chromium (Cr) 
and gold (Au) were evaporated on the sample, using e-beam and thermal deposition followed by rapid thermal annealment, 
to employ the Van Der Pauw method of Hall measurement. Hall measurements were taken at the National Institute of 
Standards and Technology between 77 K and 300 K.

Introduction
Silver nanoparticles display strong photo responses to infrared 
spectrum. To create a device that takes advantage of this 
characteristic, Ag will be co-sputtered with highly n-doped Si 
to form a matrix with embedded Ag nanoparticles. In order 
to fabricate this device, we must characterize its responsivity, 
electron mobility and potential lifetime. Fortunately all this can 
be extracted from measurements of the Hall currents, which is a 
direct measurement of the mobility and rapidity of the electrons 
in the material. Essential to the film are isolated small non-
chemically bonded Ag nanoparticles; isolated to avoid shorts, 
small to increase the surface area and response strength, and 
non-chemically bonded to avoid unwanted silicides. To avoid 
the silicides, we made depositions at 550°C which is low enough 
to prevent silicides and high enough that we get our silicon in 
crystal form. Taking into account the other specifications, this 
project aimed to accurately sputter a 3 µm thick composite film 
of 18% Ag, 82% n-doped Si onto a Si substrate.

Experimental Procedure
Our Ag and n-doped Si (resistivity: 1-5 Ωcm) targets were 
placed in the Kurt J. Lesker CMS-18 Magnetron Plasma co-
sputtering system. This system uses argon plasma and using 
different voltages can co-sputter two targets at varying rates. For 
both of our trials, 25A and 25B, the deposition temperature was 
550°C and the Ar pressure was 3.5 mTorr. Both depositions ran 
for precisely 2.5 hours. Our first sample 25B had the following 
deposition specifics: base pressure of 2.7*10-7 Torr, Ag power 
supply of 12W (~ 260V across target), Si power supply of  
330 W (~ 470V). Our second sample, due to a realization that 
25B had too much Ag, had a much lower Ag voltage: base 
pressure of 5.0*10-8 Torr, Ag power supply of 7W (152V), same 

Si power supply. After deposition, four ohmic contacts had to be 
placed on the film for the future Hall measurements. To achieve 
this, we evaporated a 200Å layer of chromium followed by a 
1500Å layer of gold, using e-beam and thermal evaporation 
respectively. The sample then underwent thermal annealing at 
600°C for 30 seconds. The final product is shown in Figure 1.

At this point, we went to make the Hall measurements using the 
Van Der Pauw method. Detailed info on the exact specifics of 
this technique can be found at http://www.eeel.nist.gov/812/hall.
html. The key variable defined by this experiment is ΣVi which is 
the sum of all the positive magnetic field voltages minus the sum 
of all the negative field voltages (we used a magnetic field of 
8000 Gauss). This value plugs into ns = ((8*10-8)IB)/(q* ΣVi) to 
get the number of mobile carriers. Finally this value, along with 

Figure 1: Sample 25B.
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the average resistivity, Rs, gives us the electron mobility of µ = (Rs*qns)
-1. We 

took these mobility measurements at different temperatures from 77K to 290K 
to define the optimal operating temperature.

Results and Discussion:
Figures 2 and 3 display the resistivity and electron mobility vs. temperature for 
both samples. As can be seen from Figure 3, the resistivity of sample 25B is far 
too low, implying too much silver. Later Rutherford back-scattering tests showed 
that indeed sample 25B was 22.5% Ag and that our corrective measures resulted 
in 11% Ag in 25A. Thus sample 25B was relatively useless for this project. 

25A was more hopeful, in that it displayed the expected mobility vs. temperature 
relationship; initially a positive relationship due to decreased impurity scattering, 
later to taken over by a negative relationship caused by lattice vibrations. The 
final issue we took with sample 25A was how low the Hall mobility was, which 
should have been in the 103, 104 range. This could probably be solved by using a 
more highly doped Si target (of resistivity around 0.001-0.006 Ωcm) which was 
our original intent (but the target cracked). Also more accurately attaining 18% 
Ag would help in this matter.

Future Work
For the future creation of an infrared detector, more characterization is required. 
Specifically, the measurement of the responsivity of the device to different 
incident wavelengths at varying operating voltages. After that, this project only 
needs optimization of the fabrication process and creating the final product.
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Abstract 
The transport and scattering of electrons through quantum wire aluminium gallium arsenide (AlGaAs)/GaAs heterostructures 
were simulated for various diameters. The effects of transverse confinement on non-radiative electron transitions were 
studied in an attempt to improve lasing efficiency at room-temperature. 

Introduction 
Quantum cascade lasers (QCLs) emit radiation when electrons 
passing through a layered heterostructure undergo transitions 
between energy eigenstates and then emit photons. Currently, 
terahertz QCLs only operate at very low temperatures, as electrons 
absorb thermal energy and rise in energy bands associated with 
dimensions transverse to the direction of transport, undergoing 
transitions to lower eigenstates by emitting LO-phonons instead 
of photons (Figure 1a). LO-phonons are bosons that correspond 
to high-frequency longitudinal lattice vibrations. Applications of 
terahertz QCLs would be significantly economized by success-
fully achieving room-temperature operation. Theoretically, 
transverse confinement of the superlattice in quantum wires would 
discretize energy bands associated with dimensions transverse 
to the transport direction. This would obstruct the absorption of 
thermal energy by electrons, and subsequent transitions between 
eigenstates would result in the radiative emission of photons 
instead of the non-radiative emission of phonons (Figure 1b). 

The focus of this project lay in qualitatively determining the 
efficacy of transverse confinement in improving the radiative 
efficiency of a terahertz QCL operating at room-temperature. We 
designed a heterostructure that possessed desirable spacings and 
resonances between energy eigenstates. This was followed by 
the simulation of the transport and scattering of electrons through 
quantum wires of various diameters with this heterostructure, 
using a quasi-three-dimensional non-equilibrium Green’s 
function (NEGF) simulator entitled “Schrödinger Equation 
Monte Carlo 3D” (SEMC3D). Only scattering by phonon 
emission was considered. Reductions in non-radiative phonon 
transition rates were associated with increased radiative photon 
transition rates, and vice versa. Transitions triggered by phonon 
absorption were ignored. 

Method 
We found the energy eigenstates of a potential profile using 
a shooting-point eigenvalue solver. The profile consisted of 
wells and barriers that corresponded to the GaAs/AlGaAs 
heterostructure of a single QCL module, over which a potential 
drop of 46 meV was applied. The widths of the wells and 
barriers were adjusted and the effective mass of each region was 
tuned until desirable spacings and resonances between energy 
eigenstates were obtained. 

Figure 2 displays the final heterostructure designed, along 
with the energy eigenstates superposed with their probability 
densities. E5’s wavefunction was concentrated in the first two 
wells to ensure that electrons injected into this level would fall 
to E4 or E3 within these wells, preferably by emitting a photon. 
Population inversion was promoted by evenly spreading out 
the probability densities of E4 and E3 between all three wells to 
provide rapid tunneling, and by setting the energy gap between 

Figure 1: Energy bands; (a) without transverse 
confinement, and (b) with transverse confinement.
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E3 and E2 to roughly equal the LO-phonon energy of GaAs, as 
this would encourage rapid transitions between these levels by 
phonon scattering. 

We built three-dimensional potential fields corresponding to 
quantum wires of different diameters using this heterostructure, 
to be loaded into SEMC3D. However, since the heterostructure 
would no longer be isolated from the “outside world,” a 
slight offset in the spacings between the energy eigenstates 
as calculated by SEMC3D was expected. To discover the true 
spacings between the eigenstates, we configured SEMC3D to 
inject electrons into the profile over a range of energies, and 
calculated the transmission probability (i.e., the likelihood that 
an injected electron would traverse the entire length of the 
module). Energies for which there was a spike in the transmission 
probability corresponded to the now quasi-bound eigenstates. 

To ensure the qualitative accuracy of the simulation, we varied 
the LO-phonon energy until the electron scattering rate by the 
emission of phonons in the third well was maximized. This 
was vital to ensure rapid depopulation of E4 and E3, promoting 
population inversion. The LO-phonon energy settled upon 
was 36.263 meV. For each quantum wire diameter, we used 
SEMC3D to calculate the energies and wavefunctions of the 
two-dimensional transverse energy subbands. We followed this 
by injecting electrons into E5 for each of these subbands. In each 
case, the average phonon scattering rate in the first two wells 
was calculated using the average self energy. A Fermi-weighted 
average of the subbands’ scattering rates was used at 300 K to 
understand the effects of transverse confinement on scattering 
by phonon emission at room-temperature. We performed this 
procedure for quantum wires with diameters of 10 nm, 15 nm, 
20 nm, 25 nm, 30 nm, 40 nm, 50 nm and 60 nm. 

Results 
The phonon scattering rate decreased precipitously for wires 
with diameters below 30 nm (Figure 3). The peak in scattering 
rate observed for 30 nm was attributed to resonances between 
the transverse subbands. The lowest scattering rate was achieved 
at a diameter of 20 nm. Further reduction in diameter led to an 
increase in the scattering rate. This was attributed to an increase 
in the overlap between the initial and final carrier states between 
the ground states of E5, and E3 and E4. 

Conclusion 
We have qualitatively demonstrated that the discretization of 
energy bands by transverse confinement decreases the likelihood 
of non-radiative scattering by phonon emission. New methods for 
the construction of quantum wire heterojunctions may provide a 
means to implement transverse confinement in terahertz QCLs, 
enabling room-temperature operation. 
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Abstract
This research focused on maximizing the overall cooling rate to cool solids from room temperature to the cryogenic 
temperature range by advancing the existing theoretical treatments. At the atomic level, laser cooling is described through 
the energy transfer mechanisms among photons, electrons, and phonons. The cooling rate is dependent on the interactions 
and properties of the host atoms, the optically-active dopant, and the coupling between these three carriers [1]. Investigated 
parameters included the electron-phonon coupling coefficient and the phonon density of states (DOS) using the Debye-
Gaussian model, both of which affect the phonon-assisted photon absorption rate, the target phonon energy, and the 
nonradiative decay rate. To enhance the cooling rate, doped nanopowders are used over bulk since the DOS of nanopowders 
has broader peaks [2]. 

Background
The ultimate goal in laser cooling research is to create a 
refrigeration unit capable of reaching the cryogenic temperature 
range. Since it lacks moving parts, such a device would have 
a longer lifetime than other coolers. The largest reported 
temperature drop has been 70 K from room temperature, and the 
process has been observed as low as 77 K [3]. 

Laser Cooling Process
The solid to be cooled is composed of an ionic host doped 
with an optically-active rare-earth ion. Incident photons have a 
frequency tuned slightly lower than the resonance transition of 
the dopant. In order for an electron of the dopant to absorb an 
incident photon, a phonon from the host must also be absorbed 
so that the sum of the photon and phonon energies equals the 
resonance transition. The electron then decays back to the 
ground state either radiatively, with the emission of a photon, 
or nonradiatively, with the emission of phonon(s) and a photon. 
Cooling occurs if the average emitted photon has a greater energy 
than the incident photon.

Cooling Rate Equation
In Figure 1, the cooling rate equation is given in the unit of watt 
[1]. The variables which vary with the selection of host include 

the effective mass of the constituent atoms meff, the electron-
phonon coupling coefficient ϕ′e-p,O, the phonon DOS Dp, the target  
phonon energy Ep, the Bose-Einstein distribution fp

o, and the 
internal quantum efficiency ηe-ph. Other factors from the equation, 
which vary with the properties of the optically-active dopant, 
laser irradiation, and the structure of the sample, include the 
photon-electron coupling coefficient sα•µe, the frequency ωph,i 
and wavelength λph,i of the laser photons, the number density of 
the dopant nd, the length of the solid L, the speed of light uph, 
the incident laser power Qph,i, and the average wavelength of the 
emitted photons λph,e. 

Figure 2: DOS for CdF2 using the Debye-Gaussian model, shown with 
the DOS equation, where the constant C is dependent on the cut-off 
frequency ωc (C = 26587.7 eV-3 for CdF2).Figure 1: Cooling rate equation.
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Phonon DOS
The density of states (DOS), which gives the number of phonon 
modes for a given energy, was estimated using the Debye-
Gaussian model (Figure 2). The peak value was calculated from 
the natural frequency ωn, the cut-off frequency ωc, and the width 
of the peak ∆Ew. The area under the curve was normalized to 
one, so a lower cut-off frequency increased the peak value. 

By using the harmonic oscillator model, cut-off frequencies 
were calculated for various fluorides, chlorides, and oxides 
from the spring force constant and effective mass between the 
anion-cation pair. In addition to increasing the peak DOS value, 
lower cutoffs augment the cooling rate by increasing the internal 
quantum efficiency and decreasing the target phonon energy. 
From the calculations, chloride paired with a heavy cation would 
maximize the cooling rate through these factors. scattering in random nanopowders leads to photon localization, 

where photons do not propagate through the solid but are spatially 
restricted to a region. This leads to a much higher photon density 
per input power. 

Conclusions
The selection of an ionic host material has been discussed through 
the DOS and the electron-phonon coupling coefficient. From 
the results, ideal cations are rubidium and cesium. Currently, 
fluoride is used as the anion because it is known to be optically 
transparent to the laser photons; more research is needed for 
other anions. 

In Figure 4, the normalized cooling rate varies with the target 
phonon energy. In the heating regime, the target phonon energy 
is too low, so each instance of radiative decay does not remove 
a sufficient amount of phonon energy to overcome the heating 
of nonradiative decay. The target phonon energy which provides 
the maximum cooling rate (most negative) is shifted slightly 
to the left of the DOS peak value due to the Bose-Einstein 
distribution and the Ep

3 term in the denominator of the cooling 
rate equation. 
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Electron-Phonon Coupling
In the harmonic oscillator model, the dopant absorbs phonons 
from the vibrations of a neighboring anion. When an anion-
cation pair oscillates with respect to the dopant, the anion-dopant 
bond length changes, changing the potential of the dopant’s 
valence electrons. As the coupling factor is increased through 
host selection, the same anion-dopant contraction or dilation 
increases the potential change of the electrons. The electron-
phonon coupling coefficient was calculated for Yb3+-doped 
fluorides (Figure 3). Electron-phonon coupling increases slowly 
with atomic number and peaks at the alkali metals. Rubidium 
and cesium fluorides are the optimal cations for maximizing 
electron-phonon coupling. 

Nanopowders
The properties of nanopowders have been found to enhance 
the cooling rate over bulk materials by increasing the number 
of energy carriers in laser cooling, specifically phonons and 
photons [2]. Calculations show that the DOS of nanopowders 
is on average larger at the relevant phonon energies. Photon 

Figure 3: Electron-phonon coupling coefficient 
for various cations in fluoride glass.

Figure 4: Calculated cooling rate (normalized per unit of input 
power Qph,i) and normalized DOS vs. target phonon energy.
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Introduction
The iridescence of peacock feathers is fascinating because of their range of colors and their brightness in a filament. Color 
can arise from wavelength selective absorption and wavelength selective reflection. Bright colors of many butterflies are 
now known to arise from reflection. Yoshioka and Kinoshita [1] found that the pigmentation in peacock feathers, instead 
of reflecting light, serves “...to absorb the randomly scattered light and [thus] make vivid the interference color.” Zi et al. 
concluded that periodic structures caused the reflection properties that lead to the colors [2]. We undertook this effort to 
clarify the nature of the color phenomena in peacocks in view of earlier seemingly contradictory reports. 

Previous Work
Zi et al. [2] of Fudan University reported that two mechanisms 
are the cause of the iridescent colors in peacock feather barbules: 
varying size of the lattice constant and varying numbers of 
melanin rod layers normal to the cortex surfaces. Zi found that 
the green and blue barbule lattice constants were ~ 150 nm and 
~ 140 nm respectively. The authors concluded that that Fabry-
Perot interference was central to the coloration phenomena; the 
number of melanin rod layers parallel to the cortex surface was 
reported as “~ 9-12 for the blue and green barbules, and ~ 4 
for the brown barbules.” Zi et al. also reported that the brown 
barbules possess a (non-square) rectangular lattice structure. 
They observed ~ 185 nm along the direction perpendicular to the 
cortex surface by ~ 150 nm along the parallel, and that brown 
barbule structures possess no air hole array between the melanin 
layers nearest to the surface [3].

Methods and Observations
A peacock feather consists of a shaft from which barbs extend 
spirally. Tiny barbules protrude from each barb shaft. Visible 
under a scanning electron microscope (SEM), the perimeter of 
the cross-section of every barbule contains an ordered structure 

(Figure 1). This structure consists of melanin rods interspaced 
with air holes, possibly integrated with keratin. We probed the 
structures by taking SEM images of feather cross-sections, 
measuring the geometries, and modeling the interaction of 
light striking those geometries with the M.I.T. electromagnetic 
equation program (MEEP). 

A spatially periodic dielectric material (in the case of peacock 
feather, melanin rods interspaced with air holes and keratin) that 
inhibits the propagation of light waves at certain frequencies and 
energies is called a “photonic crystal.” It creates blocking and 
passing bands for photons similar to those of electrons in a semi 
conducting crystal. The feather structures give rise to what’s 
known as a “partial” band gap, in which light is blocked (and 
therefore reflected) only at certain polarizations and angles of 
incident. 

A variety of sampling techniques were attempted intending to 
produce high quality SEM images: barbule slices were imbedded 
in polymer which was cut to expose cross sections; glass and 
diamond microtomes were used to slice microscopic samples; an 
ineffectual attempt was made to break barbules cleanly using a 
hardened structure by cooling it with liquid nitrogen. 

The most effective sampling strategy consisted of simply laying 
a barb down on copper tape, slicing the barbules from it with a 
razor blade, removing the stem, and gold sputtering to reduce 
charging by incident electrons. This yielded good quality SEM 
images of the barbule cross sections and of their longitudinal 
structure. However, there remained difficulties in structural 
measurement. First, even with sputtering, prolonged charging 
due to the electron beam was still apt to destroy parts of the 
sample. Second, the sputtering itself caused error, as it obscured 
the actual structures. Third, it was difficult to make a precise 
judgment as to the angles of the lense versus the cross-sectional 
face. Random errors were greatly reduced by averaging sizes of 
several lattices measured simultaneously.

Figure 1
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With geometric data from these images, MEEP was used to 
simulate a Gaussian pulse of light with various frequencies 
and polarizations striking a square photonic crystal lattice of 
cylindrical void tubes of the observed diameters encased in 
melanin. 

lattice structure of the brown barbules, and observed a lattice 
constant of 172 ± 10 nm. 

Utilizing this data in our MEEP model produced a graph of 
light wavelength versus reflected power (Figure 4). There is 
correlation between the cylinder diameter to lattice constant 
ratio and wavelength of reflected light. Further work is needed in 
order to generalize these results for a complete model.

Conclusions
We find, as did Li et al that the brown barbules, in contrast to 
blue and green, possess two melanin layers at the cortex lacking 
air spacing. Our data does not show a significant difference in 
number of total melanin layers parallel the cortex surface in 
differently colored barbules, differing with Zi et al.

Insofar as the structures are 2D, we find in contrast to Li et al, that 
the lattice structures of not only blue and green but also brown 
barbules are square. Our model does not show the cylindrical 
air hole radius to lattice spacing ratio affecting the range of the 
reflectance spectra as directly as theorized.

Over all, we find that a 2D model is insufficient to cause the 
broad range of light frequencies reflected from the different 
barbules and that 3D lattice, with spherical distortions along the 
melanin rods, are important to determining the color reflection 
properties of the peacock feather. 
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Results
Our SEM images indicate that the blue and green barbule 
structures possess 7.5 ± 1 melanin rod layers interspaced with air-
holes parallel to the cortex surface. The brown barbule structures 
apparently possess 7 ± 1 melanin rod layers interspaced with 
air-holes plus two outside layers of melanin without air-holes 
(Figure 2). 

However, when the melanin rods were examined from a 
longitudinal view, large, previously unreported spherical 
distortions (Figure 3) were observed, indicating that the lattice 
structures are in fact three dimensional. In cross section, the 
green and blue barbule lattice structures appeared to be 2D and 
square, with lattice constants of 154 ± 10 nm and 156 ± 10 nm 
for the green and blue barbules respectively. We detected no 
difference in the perpendicular and parallel dimensions of the 

Figure 2

Figure 3: These bumps are of 60nm+/-20nm in radius. Figure 4: The right-most peak in the graph represents blue light. 
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Abstract
The thermal conductance of small diameter silicon (Si) nanowires was determined using a Density Functional approach. 
Nanowires were isolated from a bulk clathrate system with a unit cell of 30 Si atoms. The equilibrium coordinates of the 
atoms in the unit cell were determined through structural relaxation based on Hellmann-Feynman forces. Additionally, 
coordinate relaxations of a clathrate nanowire with terminating hydrogen atoms were also done. The force constant matrix 
was evaluated for a SiH nanowire with three unit cells. Phonon bands were obtained from the force constant matrix, and 
the transmission function was used to calculate thermal conductances for 20 temperature values. The high temperature 
conductance limit was 4.75 × 10-10 W/K. 

Introduction
Heat dissipation is a critical variable in the design and analysis 
of electronic systems. As device sizes approach the nanoscale 
order, constructing effective, thermally conductive fins becomes 
increasingly difficult. Transport of phonons and heat is ballistic in 
thermal conduits with length scales on the order of a nanometer. 
As a result, the analysis of the thermal conductance of nanowires 
requires a different approach from macroscopic systems. In this 
research, the thermal conductance was calculated by predicting 
how phonons would transmit through the system. 

Phonons are the primary carriers of thermal energy in 
semiconductors. Phonons are waves created by the vibration 
of atoms in crystalline structures. The propagation of phonons 
through a lattice is responsible for thermal transport. In 
order to quantify the propagation of the phonons through the 
system, the force constant matrix of the nanowire system has 
to be determined. The phonon band diagram can be produced 
from the force constant matrix, and using this information, 
the transmission function of the system can be calculated as a 
function of frequency. 

The transmission function T(ω) can then be used to calculate the 
thermal conductance, σ, with the following equation [1]: 

where T is the temperature, ω is the phonon frequency, kB is the 
Boltzmann constant, and ħ is the reduced Planck constant. 

Coordinate Relaxation
The first step in calculating the thermal conductance was to 
determine the atomic coordinates of the silicon nanowire taken 

directly from the bulk system. Figure 1 shows a top view of an 
isolated clathrate nanowire [2] with a unit cell composed of 30 Si 
atoms (dark grey) and 20 hydrogen (H) atoms (light grey). 

Figure 1 was created using Si-Si bond lengths of 2.38 Å and Si-H 
bond lengths of 1.50 Å [3]. The structure contains only regular 
pentagons. Structural relaxations were done using SIESTA, a 
self consistent density functional code with a atomic orbital basis 
set [4]. For the relaxation analysis, a cutoff energy of 200 Ry and 
a double-ζ basis set were used. A force tolerance of 0.0025 eV/ Å 
was taken for the calculation. Pseudopotentials were generated 
using Troullier and Martins’ method [5]. 16 k-points in the z 
direction were used for the calculation. 

Figure 1: Isolated clathrate silicon nanowire 
with terminating hydrogens. Diameter (d) = 9.66 Å.
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The calculation of the relaxed coordinates produced a structure 
that looked very similar to the isolated structure shown in Figure 
1. The relaxed nanowire had a diameter of 9.60 Å, as compared 
to the isolated nanowire which had a diameter of 9.66 Å. The 
lattice constant of the relaxed system was 10.31 Å, as opposed to 
a lattice constant of 10.59 Å. 

Force Constant Matrix Generation
A force constant matrix for the relaxed Si nanowire was generated 
by linking three unit cells together and disturbing atoms in the 
middle unit cell. The forces induced on neighboring atoms by the 
disturbance were used to generate the force constant matrix. The 
force constant matrix was used to create a phonon band diagram, 
and the transmission of phonons was calculated as a function of 
frequency. The phonon band diagram is shown in Figure 2, and 
the transmission function is shown in Figure 3. 

Figure 2, left: 
Phonon band diagram

for terminated 
clathrate system.

Figure 3, below: 
Transmission function 

for terminated 
clathrate system.

The transmission function was generated from the phonon 
band diagram by observing the density of phonon bands at 
each frequency. The transmission function has sharp peaks at 
frequencies where the bands are flat and dense, and is zero for 
frequency ranges with no bands. 

Thermal Conductance Calculation
Using the transmission function shown in Figure 3, the thermal 
conductance of the silicon clathrate nanowire with terminating 
hydrogens was calculated as a function of temperature, by 
numerically solving the conductance equation for temperatures 
ranging from 0 to 500 K, in increments of 20 K. The resulting 
graph is shown below in Figure 4, and the high temperature 
conductance limit of this system was determined to be 
approximately 0.475 nW/K. In comparison, a (7,0) carbon 
nanotube was determined to have a greater high temperature 
conductance limit of 4.50 nW/K [1].
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Figure 4: Thermal Conductance as a function of Temperature.
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Abstract
The full potential of carbon nanotubes for applications in engineering cannot 
be achieved until synthesis techniques are refined and methods to control 
nanotube characteristics are discovered. In this research project, the arc 
discharge method for producing single-walled carbon nanotubes (SWNTs) 
was used to test whether the addition of a magnetic field to the arc chamber will 
create longer SWNTs. Through analysis using scanning electron microscopy 
(SEM), samples taken from the arc chamber showed that, statistically, the 
average length of SWNTs produced with the magnetic field were longer than 
those produced without the addition of the magnetic field. 

This suggests that with the addition of a magnetic field, the arc discharge 
method is an efficient and inexpensive method for producing longer SWNTs. 
From these results, it is predicted that increasing the magnitude will further 
increase the length of the SWNTs and produce more consistent results. 

Introduction

SWNTs have extremely high tensile strength, elasticity, flexibility 
and high thermal conductivity. They can also be electrically 
conducting like metals or semiconducting depending on their 
structure; making them suitable for a wide range of applications 
from reinforcement material to microscale machinery. Several 
techniques have been developed for carbon nanotube synthesis. 
The most common methods are chemical vapor deposition 
(CVD) and arc discharge. These techniques are potentially viable 
as large-scale processes of producing SWNTs; however, they 
struggle with producing high quality, uniform and homogenous 
SWNTs that will hopefully make it easier to take advantage of 
the nanotubes’ many potential applications. 

CVD, at relatively low temperatures, uses a metal catalyst coated 
substrate in a heated chamber. Then two gases are introduced to 
the chamber; a process gas and a hydrocarbon gas. Its perk is 
that it does not require high temperatures, but the nanotubes it 
produces usually have defects in their structure. The arc discharge 
method involves the evaporation of a graphite anode filled with 
metal catalyst mixture by discharging an electric current between 
the electrodes. It offers poor flexibility and produces excessive 
amounts of unnecessary carbonaceous material. 

In this research project, the arc discharge method for producing 
SWNTs is used to test whether the addition of a magnetic field 
to the arc chamber will affect the length of SWNTs. The theory 
behind adding the magnet predicts that if we can increase the 
density of the plasma between the electrodes, then we can 

increase the growth rate and consequently produce longer 
SWNTs. Adding the magnet has been shown to collimate the 
plasma in the chamber, specifically confining the plasma to 
the space between the electrodes and spreading it across the 
electrodes evenly as shown in Figure 1.

Figure 1: Photo of arc discharge; (a) without magnetic field,  
(b) with magnetic field.
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Experimental Procedure
We tested whether a magnetic field would make longer SWNTs 
by executing the arc discharge method of production with and 
without the magnet. The graphite anode was prepared by filling 
the 3″ graphite rods with metal catalyst (Ni: Yt: C = 4:1: 95 %) and 
placing it in the chamber. Attached to the lid of the chamber was 
the stainless steel cathode. After the anode had been prepared, the 
lid was placed on the chamber. The chamber was vacuumed down 
and then pumped with helium at 650 Torr. The current that was 
sent between the electrodes was usually between 70 and 80 amps.  
While the current ran through the chamber, particles from the 
anode evaporated and condensed on the cathode and other 
regions of the chamber. As the anode shrank, the gap between 
the anode and the cathode was maintained by the chamber’s 
motor-powered linear drive, thus maintaining the target current. 
The magnet was propped so that the magnetic field ran axially 
through both electrodes. 

Samples from different regions of the chamber were collected. 
Samples from the deposit were found on a rod-like hard 
carbonaceous material that formed between the electrodes, 
and those taken from the collaret were found on material that 
formed above the cathode and around the deposit. Collected 
samples were analyzed under the SEM, which allowed us to take 
measure  ments of the SWNTs that were found.

 

Results and Discussion
Our SEM data indicated that the presence of a magnetic field 
made a significant difference in the average length of the SWNTs 
produced by the arc discharge method. Of the entire measurements 
taken without the magnetic field, 50% were under 600 nm and 
90% were under 1300 nm; while 50% of the measurements taken 
from samples with the magnet were under 1100 nm and 90% 
were under 2600 nm. 

Thus, the presence of the magnetic field seemingly doubled the 
length of the SWNTs produced. Additionally, samples from the 
deposit with magnetic field produced some of our longest SWNTs 
of over 6 µm in length. Hystograms are shown in Figure 2. 

Conclusion
Our results indicate that, with the assistance of a magnetic field, 
the arc discharge method can consistently produce SWNTs of up 
to or over 6 µm in length. However, our main sources of error 
arise from limitations with the SEM. It only allows us to analyze 
a small area at a time and it severely lacks vertical resolution. 
Thus, there needs to be a more efficient and precise method of 
taking length measurements. Improving our understanding of 
SWNT formation and developing efficient techniques to disperse 
and purify the nanotubes will hopefully make our results more 
conclusive. 
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Abstract
The approach for growing nanowires (NWs) used here was the step-and-grow method, which combines the NW synthesizing 
and positioning step in an economic and safe way [1]. Template molds containing growth-controlling nanochannels were 
created with polydimethylsiloxane (PDMS) by using a master mold and placed over electrodes pre-positioned on a substrate. 
Polyaniline (PANI) NWs were then synthesized electrochemically in growth channels positioned between a biased anode 
and grounded cathode electrodes. The template molds could be stepped and the process repeated. After the synthesis of 
PANI NWs, they were tested for their sensitivity to humidity as a function of their surface to volume ratio. PANI NWs (110 
nm) showed a linear response to humidity and could potentially function as a humidity sensor. 

Introduction
Nanowires possess a high surface to volume ratio. This makes 
them excellent candidates for sensing applications, since a 
high surface to volume ratio improves detection sensitivity and 
response time due to more reaction area per volume and reduced 
diffusion time [2,3]. Most current approaches to growing 
nanowires require a synthesizing step, as well as a positioning 
step [4-6]. The overall approach for growth of the nanowires used 
here for sensing is the step-and-grow method, a novel approach 
that combines the two steps and eliminates the production of 
excess nanostructures [1].

Experimental Procedure
The first step was to create PDMS template molds using a 
previously created master mold. The master mold was made 
from a silicon wafer coated with 1 µm silicon dioxide, and was 
a positive image in relationship to the nanochannels, which 
would be created in the template mold. The template molds were 
created by spinning h-PDMS onto the master mold, curing at 
65°C for 30 minutes, and adding s-PDMS mixture. They were 
then placed under vacuum, followed by a cure at 65°C for 3 
hours. The template molds were then separated from the master 
molds and cut into rectangular slices with nanochannels located 
in the center of each piece.

The creation of the substrate began with patterning the electrodes 
onto a 2000Å silicon oxide coated Si wafer. The top surface of 
silicon oxide contained trenches patterned by dry etching and 
filled with platinum, with a titanium adhesion layer, deposited 
level with between the surface of the wafer.

In the synthesis of nanowires, the PDMS template molds were 
laid across the surface of the electrodes. An aniline monomer 
solution was then introduced to the opening of the nanochannels. 
1V was applied to the anode by HP 4284a. PANI started to grow 
from the anode and filled the nanochannels until it reached to 
the grounded cathode. After carefully removing the PDMS 
template from the electrodes, PANI NWs are characterized by 
field emission scanning electron microscope (FESEM) and 
atomic force microscope (AFM). Figure 1 shows FESEM image 
of 111.6 nm PANI NW, and Figure 2 shows AFM image of the 
surface of PANI NW. Finally, PANI NW was tested for sensitivity 
to humidity, the results of which can be seen in Figure 3.

Results and Conclusions
Nanowire synthesis using the step-and-grow method is effective 
for synthesizing and positioning nanowires in a potentially 
economic manner. The PANI NWs were responsive to humidity 
and could potentially function as a humidity sensor.

Future Work
The step-and-grow approach can be used for synthesizing 
nanowires of many different materials. This opens up the 
opportunity for different types of nanowire sensors, as well as 
nanowire array structures.



2007 REU Research Accomplishments page 119

Process &  
Characterization

Figure 1: FESEM image of 111.6 nm polyaniline nanowire at 20.00 K X.

Figure 2: AFM image of polyaniline nanowire topology.

Figure 3: Relative humidity versus current 
when I V of electrical bias was applied to the device.
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Abstract
Many applications have been found for various nanocrystals. Specifically, zinc oxide (ZnO) can be used for various biomedical 
applications such as tissue imaging and deoxyribonucleic acid (DNA) detection while lead iodide (PbI2) can be used as an 
x-ray detecting nanoscintillator. This project focused on the synthesis of quantum dots which emit in narrow spectral 
band for subsequent biomedical applications. ZnO was first synthesized by a low temperature colloidal process utilizing 
a Schlenk line set up. In an attempt to increase the intensity of the photoluminescence (PL) that the ZnO nanoparticles 
emit, the quantum dots were annealed at various temperatures and time intervals. PbI2 was also synthesized through a low 
temperature colloidal process. 

In order to characterize the nanoparticles, a spectrofluorometer was used to measure the excitation spectra. Low-temperature 
photoluminescence was measured using a closed-circuit helium cryostat and a helium-cadmium laser. Tunneling electron 
microscopy (TEM) and scanning electron microscopy (SEM) were performed to measure the size of the nanoparticles. 

Experimental Procedure
ZnO was synthesized through a one-pot low temperature method 
utilizing a Schlenk line apparatus. First, 25 mL of m-xylene  
(≥ 99.0%, Fluka) and 50 mL of 1-pentanol (≥ 99.0%, Fluka) were 
added to a three-neck flask. Subsequently, 0.68g of p-toluene 
sulfonic acid (p-TSA) (≥ 98.5%, Sigma-Aldrich) was added 
under the assumption of a decrease of spectral band width and 
increase of PL intensity [1]. The solution was stirred, and 2.5 g  
of zinc acetate dihydrate (≥ 99.0%, Fluka) was added to the 
solution. 

Under argon and reflux, the solution was heated for 1 hour and 
20 minutes at 130°C and 1 mL aliquots were taken every 20 
minutes. The solution was then centrifuged at 4000 rpm in 5 
minute cycles with the addition of a 50% ethanol and deionized 
water stock solution until a white precipitate formed. The 
precipitate was diluted with ethanol and the solution was placed 
under vacuum until ZnO powder was obtained. 

Annealing measurements for ZnO were conducted with a tube 
furnace. The ZnO powder was annealed at 200, 300, 400, and 
500°C. At each temperature the powder was annealed in three 10 
minute cycles. Cryostat measurements were conducted using a 
cold finger at decreasing temperatures up to 10 K.

PbI2 was similarly synthesized through a low-temperature one-pot 
synthesis with a Schlenk line [2]. 100 mg of lead iodide powder 
(≥ 99.999%, Aldrich) was dissolved in 15 mL of tetrahydrofuran 
(THF) (≥ 99%, Sigma). The solution was sonicated until the 
powder was completely dispersed in the THF. The solution was 

then centrifuged at 4000 rpms in 10 minute cycles until a deep 
yellow colored solution formed above a precipitate. The deep 
yellow colored solution was decanted into a three-neck flask. 

10 mL of anhydrous methanol was injected into the solution 
under nitrogen and the solution was stirred at room temperature 
for 24 hours. 1 mL aliquots were taken at 10 minute, 1, 2, 4, 
and 8 hour intervals. 1 mg of dodecylamine (≥ 98.0%, Fluka) 
was added to each aliquot immediately after it was taken. After 
24 hours, the amount of solution inside the three-neck flask was 
measured and dodecylamine was added according to a 1 mg/mL 
ratio. 

Results and Conclusions
ZnO synthesis was highly successful, producing nanoparticles 
that ranged from 4 to 10 nm. Figure 1 shows a 4 nm sized 
nanoparticle with parallel lines indicating the presence of 
a crystalline structure. The PL of the ZnO in Figure 2 shows 
the band-to-band emission of ZnO located at 380 nm, but also 
reveals a shoulder mound at longer wavelengths peaking at 
~500 nm. In the cryogenic measurements under vacuum, as the 
temperature decreases, it is possible to see that this shoulder 
mound decreases in intensity, suggesting the possibility that this 
mound is caused by solvent-related defects on the surface of the 
ZnO. The annealing measurements (Figure 2) also showed this 
shoulder, and the ratio of shoulder to ZnO band-to-band emission 
decreased until 300°C. 
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Subsequent increases in temperature resulted in an increasing ratio, until the ZnO 
band-to-band emission was barely visible at 500°C. The ZnO sample at high 
annealing temperatures turned a dark charcoal color, indicating the possibility 
of carbon decomposition, the carbon possibly present from the solvents in the 
synthesis. 

PbI2 synthesis also proved to be highly successful. Figure 3 indicates that there 
is a distinct, narrow spectral range emitted from the lead iodide suggesting 
the presence of nanoparticles. Furthermore, the TEM in Figure 4 shows nano-
structures on the range of 4 nm. The three differing parallel line structure present 
on the PbI2 particle suggests that the crystal might be pyramidal in structure. 

Future Work
Although distinct spectra existed for both ZnO and PbI2, in order to increase 
PL intensity and minimize surface defect related PL, the particles will need to 
be coated. For subsequent biomedical applications, ZnO will need to be made 
water-soluble and bioconjugated. Water solubility will be achieved through the 
process of cap exchange, while bioconjugation will be made possible through the 
attachment of a protein layer. Finally, various tests and characterization methods 
must be conducted in order to prove the validity of these successive results. 
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Figure 1, top: TEM image of ZnO nanoparticles.

Figure 2, upper middle: PL of ZnO annealed at 300°C for varying time intervals.

Figure 3, lower middle: PL of PbI2 nanoparticles at 290 nm excitation.

Figure 4, bottom: TEM of PbI2 nanoparticles.
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Abstract
We demonstrated possible applications for nanolithography using an atomic force microscope (AFM). We were able to 
anodically produce lines of aluminum oxide (AlO) on a thermally evaporated aluminum thin film by scanning the microscope 
tip across the substrate while applying a bias. Line widths < 70 nm were routinely obtained. A wet etch with phosphoric 
acid was shown to selectively etch the aluminum; leaving behind the aluminum oxide pattern creating what we hope will 
be an effective mask for reactive ion etching. We also demonstrated that this lithography method can be used to work with 
nanowires by drawing patterns near to and on top of zinc-oxide nanowires that had been coated with aluminum. 

Introduction
Atomic force microscopy (AFM) nanolithography has been 
around for some time in various forms. The simplest method is 
merely scratching the surface of a substrate with the AFM tip. A 
more reproducible method, used in this work, is to create a bias 
between the tip and the surface while the AFM is in alternating 
current (AC) mode [1]. 

In AC mode, the AFM tip on the end of a cantilever is driven 
up and down at high-frequency and is not in contact with the 
surface, although it is within 5-10 nm of the surface. The result 
is an extremely high electric field between the sample and the 
tip which, combined with the water vapor in the air, anodically 
oxidizes certain surfaces. By optimizing the tip speed relative to 
the sample, the tip bias, and the tip-surface distance line widths 
as low as 10 nm on Al substrates have been reported [2]. 

AFM nanolithography is desirable for a number of reasons. 
Perhaps most importantly, the technology is far less expensive 
and more available than electron-beam lithography (EBL) and 
focused ion beam (FIB) milling technology which are the more 
traditional methods of achieving features of similar dimension. 
Beyond cost issues, AFM lithography is also advantageous over 
EBL and FIB because of its speed and relative simplicity. 

Procedure
Our work was based mostly on the oxidation of aluminum thin 
films, though we made a few attempts to perform oxidation 
of silver layers as well. An important first step in achieving 
controlled oxidation on an aluminum substrate is to have as 
smooth a surface as possible. We optimized the operation 
conditions of thermal evaporation (TE) and yielded smooth Al 
surface with roughness less than 2 nm. Beyond having a smooth 
surface, we established that the substrate must be treated by 

exposure to oxygen plasma immediately prior to the lithography. 
This treatment lasts for only a few hours and was essential for 
the success of the lithography. During the actual lithography, the 
best indicator of success was the tip being pulled into the surface. 
This could be easily monitored by watching the phase output of 
the AFM. If the phase dropped down into the attractive regime 
then oxidation of the substrate was almost certainly occurring. 

Our Asylum Research AFM’s internal power supply is limited to 
± 10V while literature suggests that the best results were obtained 
in the -12 to -30 V region [2]. Subsequently we built a circuit 
that would allow the AFM to turn an external power supply on 
and off at the appropriate times during the lithography. Once 
this circuit was in place, we noticed significant improvement in 
the contrast and quality of the oxidation lines we were able to 
produce on the aluminum. 

Figure 1
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Figure 1 is an example of an oxide pattern drawn at -10 V. As 
you can see, the lines, while visible, are not solid and the pattern 
of the aluminum grains below are clearly visible. Figure 2 is an 
example of patterns drawn at -14 V with the help of the external 
power. These lines are more robust and solid. 

Applications
Once oxidized, patterns were written on the aluminum substrate; 
a method for selectively removing either the aluminum or 
the oxide was required. This step was equivalent to the mask 
developing step in EBL for example. This would then allow the 
pattern to be transferred to the sample below the mask. 

It was reported that phosphoric acid, diluted in deionized (DI) 
water, would very selectively etch the aluminum, leaving 
behind the aluminum oxide [1]. Figure 3 shows SEM images of 
three oxide lines on an aluminum thin film before and after the 
substrate was etched in phosphoric acid. As it can be seen, the 
contrast improves considerably in the right hand image as the 
lines go from being 3 nm thick to over 10 nm thick. 

Figure 4 is an AFM image showing an example of oxide lines 
drawn around a zinc-oxide nanowire; demonstrating that this 
lithography technique can be used to create structures on and 
around nanowires. The dominating feature in the figure is the 
nanowire which is approximately 200 nm wide and 100 nm high. 
We believe that there is oxidation on top of the nanowire which 
is coated with aluminum; however, it is impossible to know with 
certainty due to the surface roughness and the color scale of the 
image. 

Conclusions and Future Work
We demonstrated that AFM nanolithography can be a useful tool 
for cheaply and quickly creating RIE masks, as well as creating 
structures that will allow easier interaction with nanowires. We 
routinely achieved line widths < 70 nm, a number which promises 
to decrease as the process is optimized. Our future plans include 
using these demonstrated techniques to build working devices in 
the field of nano-optics. We are also attempting this technique on 
surfaces other than aluminum to allow for more diversity in the 
available applications. 
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Abstract
Extending previous research [1-6], the ability to coat nanoparticles with silicon dioxide (SiO2) using a xenon (Xe2) excimer 
lamp at standard atmospheric temperature and pressure was demonstrated using a photo-chemical vapor deposition (CVD) 
process. Sodium chloride (NaCl) was used as at the core particle, and tetraethyl orthosilicate (TEOS) in concentrations up 
to 0.70 sccm was provided as the SiO2 precursor. NaCl particles of approximately 40-50 nm diameter received coatings 
of repeatable thickness after an exposure time of approximately 1 second in 172 nm light. The ability to control coating 
thickness by modifying TEOS flow rate was considered, and coating thickness was shown to increase with TEOS flow rate 
up to a maximum thickness of up to 2.0 nm in these conditions. Characterization showed the process provided a practically 
uniform covering of amorphous silica on approximately spherical particles.

Procedure
To verify the coating of particles, a straightforward tandem 
differential mobility analyzer setup (TDMA) was used. Sodium 
chloride, atomized with a nitrogen carrier gas, was dried and size 
selected using a differential mobility analyzer (DMA). Extra flow 
was vented to assure 1.0 slm through the DMA. The flow was 
mixed with varying quantities of tetraethyl orthosilicate (TEOS) 
with the appropriate amount of carrier nitrogen to maintain vapor 
pressure at the ambient 21°C. 

The mixture then received 50 mW/cm2 of 172 nm radiation from 
a Ushio UER20H-172C excimer lamp. Intensity was periodically 
verified using a Coherent Fieldmate laser power meter. A particle 
residence time in the illumination chamber of between 1.7-2.3 s 
was derived from an Ansys 10.0 flow simulation.

After receiving radiation, the aerosol passed through a charger, 
then a second DMA before entering a TSI 3025A condensation 
particle counter. Stepping through a range of voltages, the second 
DMA passed different mobility diameters to the counter, and 
provided a complete distribution of particles in the flow. Controls 
were created using the same setup with the lamp off, with TEOS 
varying between none and 0.70 sccm. To capture particles for 
characterization, electrostatic precipitation was used, with 
a voltage of 2.5 kV. For each collection, a standard Cu TEM 
grid was attached to the positive terminal of the precipitator. 
Additionally, for each collection used for the FTIR analysis, an 
uncharged stainless steel screen was placed directly across the 
flow path of the particles.

Results
The TDMA data demonstrate a size increase of the original 
particles as a result of the particle processing. Further TEM 
analysis indicates that the increased particle diameter is due to a 
coating process occurring as a result of photo-CVD. Both 40 and 
50 nm particles experienced coating, however, most analysis was 
conducted on 50 nm particles because the atomizer produced a 
larger sample at that size. 

In Figure 1, 50 nm particle results generated from the averages 
of five trials are presented. With increasing TEOS concentration, 
the particle coating thickness (half the difference between final 
and initial sizes) increased until a probable saturation thickness of 
about 2.0 nm. Thickness variation was approximately normally 
distributed, with more variance for larger TEOS flow rates. Tests 
without NaCl yielded minimal particles, implying that no self-
nucleation of TEOS occurred.

Figure 1:  Mobility diameter by precursor quantity.
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Figure 2 displays a cluster of approximately spherical coated 
nanoparticles. There was evidence of some agglomeration, but 
individual particles of the appropriate size and consistent shape 
were clearly identifiable. This image was captured using a JEOL 
6500 field transmission scanning electron microscope, operating 
with an excitation voltage of 4.0 kV, and a working distance 
of 6.6 mm. Figure 3, captured with a JEOL 1210 transmission 
electron microscope, clearly illustrates coatings of approximately 
uniform thickness despite a variety of vaguely spherical base 
particle shapes.

Step size was 1 wave number with 30 samples per step, and the 
data was analyzed with Essential FTIR 1.20. Figure 4 shows 
that the difference between the coated particles and the uncoated 
control is only a few peaks, but each of those match a peak for 
silica, again providing strong evidence of coating. Particularly 
noticeable is the Si-O-Si asymmetric stretching peak at ~ 1120 
wave number [5]. These silica peaks are more clearly pronounced 
in the coated particle data than the TEOS alone, demonstrating 
that the NaCl base contributes to silica formation.

Acknowledgements
We thank the Nitto Denko Corporation, the National Nanotech-
nology Infrastructure Network Research Experience for Under-
graduates, and the National Science Foundation for material 
support. For their assistance on the project, Yuanqing He and 
Jami Hafiz also deserve thanks. Most importantly, I personally 
thank Dr. Steven Girshick, principal investigator, and Adam 
Boies, my mentor, for providing this opportunity. 

References
[1] Konuma, M; Film Deposition by Plasma Techniques; Springer-

Verlag, Berlin (1992).
[2] Kurosawa, K, et al.; “Silica Film Preparation by Chemical Vapor 

Deposition using Vacuum Ultraviolet Excimer Lamps”; Applied 
Surface Science, Vol. 168, pp. 37-40 (2000).

[3] Lan, W, et al,; “Reaction Mechanism of Mercury-Sensitized 
Photochemical Vapor Deposited Silicon Oxide”; Japanese 
Journal of Applied Physics, Vol. 32 pp. 150-154 (1993).

[4] Takezoe, N, et al.; “SiO2 Thin Film Preparation using Dielectric 
Barrier Discharge-Driven Excimer Lamps”; Applied Surface 
Science, Vols. 138–139, pp. 340–343 (1999).

[5] Yokotani, A, et al.; “Analysis of the Photochemical Reaction 
on the Surface for Room Temperature Deposition of SiO2 Thin 
Films by Photo-CVD using Vacuum Ultraviolet Light”; Japanese 
Journal of Applied Physics, Vol. 44, pp. 1019–1021 (2005).

[6] Zhang, B; “Growth of coatings on nanoparticles by photoinduced 
chemical vapor deposition”; Journal of Nanoparticle Research, 
online first, DOI: 10.1007/s11051-007-9238-2.

Figure 2:  SEM image of an accumulation  
of coated nanoparticles.

Figure 3:  TEM image of nanoparticles and coatings.

X-ray diffraction characterization was conducted using a Bruker-
AXS D5005, with a step size of 0.08 degrees 2-0 and 6.0 s step 
duration. Samples tested were polydisperse coated and uncoated 
particles, because no DMA was used. The results were analyzed 
using Jade 7.0, and no evidence of SiO2 crystallization was 
found. Fourier-transform infrared radiation results were obtained 
with a Magma-IR 550 spectrometer.

Figure 4:  FTIR results.
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Abstract
Fluoroctatrichlorosilane or FOTS, which is a hydrophobic monolayer (contact angle = 110°) that is used to modify substrate 
surfaces, is described for use in biosensor arrays. By lithographically patterning FOTS into arrays of hydrophilic channels 
with a hydrophobic background, confined passageways for fluid flow are created which allows a liquid sample to reach the 
sensing section of the substrate with low flow resistance. The sensor incorporates organic electrochemical transistors that 
are designed using poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) or PEDOT:PSS as the active layers for the gate 
and source-drain connections. This active layer represents the conducting polymer which interacts with the enzymatic ionic 
process and lowers the drain current depending on the concentration. The placement of deferent enzymes on each sensor in 
the array is used to measure the concentration of each unique parameter in the solution. 

Introduction
Biosensors are used to detect and sense various materials, gases, 
and chemical compounds in an environment. The organic electro-
chemical biosensor that is used in this experiment senses for 
analytes in a chemical solution. Examples of such analytes are 
lactose, glucose, etc. A distribution array in order for different 
biosensors to sense unique analytes on the same platform has 
been designed using surface treatment techniques. This will 
enable users to detect multiple concentration levels at once and 
have micro-molar precision. 

In previous designs, polydimethylsiloxane (PDMS) was used to 
control the fluid flow because of its barrier characteristics and 
simple fabrication methods. A technique that has been developed 
was to use a nanoscale monolayer as a surface treatment. This 
monolayer created a hydrophobic surface that could be placed 
anywhere on the surface. 

Fabrication
The fabrication process consisted of developing two separate 
masks. The first mask had the fluidic pattern and the second 
mask had the source, drain, and gate placements for the 
multiple sensing sections. In order to fabricate the PEDOT:PSS 
connections, parylene has been coated on the silicon oxide wafer. 
The photolithographic process consisted of spinning SPR220-3.0 
photoresist on the substrate and exposing it under the HTG 
System III-HR contact aligner for approximately 6 seconds. 
Before developing the substrate, it was placed in a 115°C heating 
plate for approx. 90 seconds. The substrate was developed using 
30 MIF and then placed in the PlasmaTherm 72. 

This process caused the exposed areas of the wafer to be etched 
away so that placement of the conducting polymer (PEDOT:PSS) 
could be placed. Acetone and IPA were used to rinse off the 
remaining photoresist so that the parylene could be the only 
layer left on the wafer. Spin-coating the PEDOT:PSS on the 
wafer allowed the polymer to fill in the patterns on the wafer. 
The parylene was then lifted off of the substrate by a peeling 
technique which only left the conducting layer. The substrate 
was then placed in a 120°C oven for 90 minutes. This process 
fabricated the source, drain, and gate onto the wafer. 

The next process consisted of fabricating the distribution array 
of fluidic channels on the previously fabricated wafer. Again 
using the photo-lithographic techniques, the second mask was 
used to expose the fluidic channel regions onto the wafer. The 
wafer was developed using 300MIF and then was placed in 
the molecular vapor deposition tool, where it deposited a 5 nm 
hydrophobic layer of FOTS. Acetone and IPA was then used to 
remove the excess photoresist leaving only the outlined pattern 
and the connections hydrophilic. 

Experimental Procedure
The substrates were tested by injected fluid via a syringe that 
held 40 ml. The fluidic channels were 3 mm in width and 5 
mm in length. The fluid that was used to test the flow was de-
ionized water. The water reached the testing sections effectively 
and enough fluid remained in the sensing area to test from. 
The PEDOT:PSS strips were tested for conductivity by using 
a voltmeter for ohmic resistance. By depositing an analyte as 
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the dielectric between the gate and source-drain electrodes, the 
biosensor was tested. Varying the gate voltage proved that the 
biosensor was functional because of the output drain current. 

Results and Conclusions
The design enabled the surface-controlled fluid to flow with low 
resistance. Crosstalk between the channels was eliminated because 
of the hydrophobic gaps between the channels and the sensing 
sections. The multiple organic electro-chemical transistors were 
operable from the numerous fabrication processes and displayed 
functional voltage biasing. 
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Figure 1, top: Shows early design of fabricated substrate with 100 µm  
channels. The wafer has FOTS monolayer present which prohibits 
water-based solutions from adapting to the surface. The lightest area is 
covered with FOTS and the remaining is hydrophilic.

Figure 2, bottom: The design that worked best with the FOTS monolayer 
incorporated hydrophobic gaps that eliminated crosstalk between 
devices and the channel width allows fluid to flow with low resistance.
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Introduction
There is a need for energy in remote corners of the world. 
An energy storage technology is needed that can last longer 
than current batteries and is easily transportable. One 
possibility is to use hydrogen to power a fuel cell. However, 
the trouble with hydrogen is that it is hard to store and is 
also highly volatile. Our approach to hydrogen production 
and storage is through methanol steam reforming (MSR). 
Steam and methanol produce three moles of hydrogen 
and one mole of carbon dioxide. Methanol offers a high 
conversion rate and produces less by-products than 
other hydrocarbon fuels. The challenge is to make stable 
catalysts that work at low temperatures.

Current MSR catalysts are made of a copper/zinc oxide 
alloy and are active at 230ºC. The problem is that these 
catalysts deactivate quickly. A palladium/zinc oxide (Pd/
ZnO) catalyst offers the possibility of high methanol 
conversion over a longer time but is active at a higher 
temperatures and a greater mass of catalyst. Since 
catalysis is a surface phenomenon, the Pd/ZnO alloy can 
be made more active by increasing the surface area. The 
optimal particle diameter is 6 nm.

Experimental Procedure
Palladium acetate was reduced with octylamine in hexadecanediol 
at 270ºC for 30 minutes. As the organometallc decomposed, 
Pd metal precipitated out of solution. During this process, the 
amines coated the surface of the Pd to protect against interparticle 
agglomeration. The Pd nanoparticles were washed in chloroform 
and methanol to remove excess amine ligands. The final product 
was a suspension of black nanoparticles in chloroform. The 
solution precipitation route was effective in synthesizing 
nanoparticles of Pd of ~ 4.5 nm in all samples as transmission 
electron microscopy (TEM) and scanning electron microscopy 
(SEM) reveal.

Once the Pd particles are synthesized, they were impregnated on 
a ZnO support to make a catalyst.

In order to preserve the morphology of the ZnO powder, it 
was necessary to use an organic medium rather than an acidic 
environment, as other methods use. The method for attaching 
the Pd to ZnO was to perform a ligand replacement on the Pd. 
12-mercaptododecanoic acid was mixed into the suspension 
of nanoparticles for 10 minutes. A theoretical amount of 10% 
of the thiol/acid ligand was added based on the mass of the 

nanoparticles. Infrared spectroscopy (IR) showed that a ligand 
substitution did take place. The theory of ligand substitution is 
that the thiol produces a stronger bond with Pd than an amine and 
the acid tail will bond with the surface of the ZnO. Pd will not 
agglomerate after amines are removed to reveal the Pd surface, 
because the particles will be anchored to the ZnO.

Problems in the synthesis came when depositing the Pd onto 
the ZnO surface. Several dispersion techniques were tested 
including incipient wetness, calcination at 80ºC, mixing ZnO 
into the suspension, and a control of reducing palladium acetate 
on ZnO. (This is how the current Pd/ZnO alloys are formed.) The 
nanoparticles were prone to clump and form clusters rather than 
spread evenly onto the surface of ZnO. 

Characterization
Pd decorated ZnO was partially formed. Spectroscopy measure-
ments showed that ligand exchange took place. IR showed correct 
octylamine stretches before ligand replacement and clearly 
showed carboxylic acid stretches of the 12-mercaptododecanoic 

Figure 1: Solution precipitation.
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acid after. X-ray diffraction showed that we had two crystalline 
phases of Pd and ZnO. Energy dispersive x-ray spectroscopy 
confirmed the composition. 

Methanol is also capable of decomposing into hydrogen and 
carbon monoxide. Carbon monoxide (CO) binds to the Pd and 
deactivates the catalyst. However, this is not a problem as CO 
oxidation runs showed that the catalyst had a high selectivity to 
carbon dioxide (CO2) over CO at reaction temperatures.

MSR was then performed on the catalysts. About 200 mg of 
catalyst was used in MSR and the average conversion was taken 
over four fifteen minute runs at 250ºC. The control Pd/ZnO 
performed better because of the lack of ligands prohibiting the 
methanol interacting with the surface of the palladium. The best 
novel catalyst (Figure 2) had a methanol conversion of 41% and 
35% selectivity towards CO2. The best control catalyst was the 
10% Pd:ZnO with 100% conversion and 87% selectivity.

Results
In this work, we have shown that it is possible to synthesize a 
catalyst from components of ligand-capped metal nanoparticles 
and metal oxide powders. The catalytic activity demonstrated by 
our catalysts using CO oxidation and MSR was low. The activity 
was hindered by residual ligands on the particles, resulting in 
a poor nanoparticle dispersion and overall powder coverage, as 
illustrated by TEM and SEM images. 

Future Work
To improve our catalyst, it is necessary to enhance the particle 
dispersion over the oxide surface and remove excess ligands. 
Possible ways to coat the ZnO surface might be to funtionalize 
the surface before adding nanoparticles or testing different 
ligands. Alternative deposition techniques also might need to be 
discovered. Even after coating with Pd, the amines need to be 
removed before any accurate MSR testing can occur. Possible 
techniques include an oxygen plasma etching process to gently 
remove excess amines. Although not yet perfect, this synthesis 
method offers a very promising way to collect hydrogen for fuel 
in the future.
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Figure 2: Pd/ZnO-incipient wetness.

Figure 3: Pd/ZnO-ZnO doping.
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Abstract
Localized surface plasmon resonance (LSPR), free-electron density oscillations found in gold (Au) and silver (Ag) 
nanoparticle (NP) systems, has been studied extensively over the last decade in part because of the NP’s ability to behave as 
nanoscopic transduction elements. In this study, metallic nanoparticle arrays (NPAs) were fabricated using the mold-based 
nanoimprint lithography (NIL) technique. The NIL approach, compared to other methods, allowed the complete control 
of the fabrication of nanopatterns possessing different sizes, shapes and interparticle spacing on a variety of substrates. 
The ability of these NPAs to transduce changes in their dielectric environment was exhibited through a controlled study 
using electron-beam deposited silicon dioxide (SiO2). Additionally, the ability of these plasmonic NPAs to detect biological 
interactions was demonstrated using a high-affinity biotinstreptavidin model system. 

Introduction
Surface plasmon resonance (SPR) biosensors have been utilized 
extensively to study biological interactions by monitoring changes 
in the resonance condition (i.e. critical angle and reflectance) of 
a suitably modified metal film. Similarly, its nanoparticle (NP) 
system analog known as localized surface plasmon resonance 
(LSPR) can be monitored using UV-Vis spectroscopy to transduce 
changes near the NP surface. These changes result in shifts of 
the resonance wavelength that is characterized by enhanced 
absorption and scattering of the NP system. Therefore, a suitably 
modified NP system offers the ability to also detect bimolecular 
interactions with commercially available spectroscopic systems. 

Nanoparticle Array Fabrication
Glass substrates were first cleaned in a piranha solution, 
thoroughly rinsed with deionized water and dried using nitrogen 
(N2). Nanoimprint resist was spin cast onto the substrates to 
achieve the appropriate film thickness and baked on a hot plate 

to remove residual solvent. Imprinting was performed by heating 
the mold and substrate assembly above the resist glass transition 
temperature while in the imprint chamber, followed by an 
increase in the chamber pressure for approximately 5 minutes. 
The mold-substrate assembly was then cooled and separated to 
yield an imprinted pattern as shown in Figure 1. The final NP 
(Figure 1) was achieved by residual layer removal using oxygen 
(O2) plasma reactive-ion etching (RIE), and Au electron-beam 
evaporation to the desired thickness and lift-off. 

Experimental Methods
Extinction measurements of our fabricated NP system were 
accomplished through UV-Vis spectroscopy using a system 
comprised of an inverted microscope (Nikon TE300) and 
miniature spectrometer (Ocean Optics HR4000). In order to 
ascertain the distance-dependent dielectric response of Au NPAs 
possessing different height characteristics (40 nm; 60 nm; 80 nm), 

Figure 1: AFM images of imprinted sample and Au NPA. 
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evaporation of SiO2 was performed to modify the dielectric environment 
of the NPA in a controlled manner. After ascertaining the initial resonance 
wavelength of the NPAs in ambient, extinction measurements were 
performed for multiple SiO2 layer depositions on each NPA, iteratively. 

Next, a Au NPA possessing a height of 40 nm was used to detect the 
specific binding interaction of a biotin-streptavidin system. This was 
accomplished by biotinylating the NPA through overnight incubation in a 
commercially available biotin-thiol self-assembled monolayer. The sample 
was incorporated into the experimental setup with a custom made flow 
cell that allowed increasing concentrations of streptavidin to flow across 
the biotinylated NPA surface using a peristaltic pump. Changes in LPR 
were acquired in real-time using data acquisition software. A standard 
commercially available SPR system was used as a control for the biological 
experiment. 

Experimental Results
Figure 2 shows the resulting resonance shift due to changes in the SiO2 
layer thickness. It was found that the resonance peak amplitude, width and 
wavelength all increase with increasing SiO2 layer thickness. Additionally, 
the 40 nm NPA was found to be the most sensitive to the SiO2 layer thickness. 
All NPA systems also show a reduction in sensitivity as the oxide layer 
increases, and approach a saturated response. This demonstrates the ability 
of these NPAs to detect changes that occur only in the surrounding nano-
environment. Figure 3 shows the ability of the NPAs to detect and monitor 
in real-time the specific binding of the biotinstreptavidin system. Each 
exposure of the biotinylated NPA to increasing streptavidin concentrations, 
followed by a wash in phosphate buffered solution to remove unbound 
streptavidin, were clearly observed for both the LSPR and SPR systems. 
The saturation of biotin binding sites with streptavidin was clearly observed 
through the saturated LSPR response which occurred much faster and at 
lower concentrations than found in the SPR system. 

Conclusions
The ability of Au NPAs to detect changes in the local dielectric was 
exhibited using electron-beam evaporation of SiO2. An increase in oxide 
film thickness caused an increase in the amplitude, width and wavelength 
of the LSPR. Shorter Au NPA constructs were found to be more sensitive 
to increases in oxide layer thickness. Additionally, all NPAs exhibited a 
reduction in their dielectric sensitivity with increasing oxide layer thickness 
and approached saturation. The relevance of these NPAs to biosensor 
applications was demonstrated through the detection of specific binding in 
a biotin-streptavidin system. 
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Figure 3: Streptavidin detection.

Figure 2: SiO2 dielectric layer testing.
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Abstract
The Escherichia coli lac repressor (LacI) is a deoxyribonucleic acid (DNA)-binding protein that regulates the production of 
proteins involved in lactose metabolism. Permissive sites within LacI have been previously identified, where short peptide 
sequences can be inserted without affecting the normal function of the protein. The sequence for the inorganic silica binding 
motif, QBP3, was inserted into a permissive site at residue 338 of the E. coli lac repressor, endowing LacI with the ability 
to bind both DNA and inorganic silica. After PCR screening for the QBP3 insert, six candidates were sequenced. Two 
were chosen for continued characterization. Western blot analysis of these constructs showed good protein expression, and 
β-galactosidase assays indicated LacI clones maintained normal function. The constructs showed some binding to fine silica 
and minimal binding to coarse silica. These analyses suggest the insertion at residue 338 binds less favorably to silica than 
the previously isolated QBP3 insertion at residue 317. Engineered proteins like these, that bind both DNA and inorganic 
compounds, can be utilized to arrange nanostructures in complex predictable patterns, using DNA as a scaffold. 

Figure 1: Diagram describing the function of the lac repressor (LacI).

Introduction
The expression of proteins involved in lactose metabolism in 
Escherichia coli are regulated by the DNA-binding protein lac 
repressor (LacI). LacI normally functions as a tetramer which 
binds to the lac operator (Figure 1). RNA polymerase binding is 
inhibited, repressing lac transcription and protein production. In 
the presence of lactose, allolactose binds to the tetramer inducing 
a conformational change. This new shape cannot bind to the 
lac operator, so transcription of the lactose metabolism genes 
occurs. Permissive sites have been previously identified within 
LacI [1]. These sites are permissive because short sequences can 
be inserted there without affecting the normal function of the 
protein. QBP3, a known amino acid sequence with the ability 
to bind silica [2], was inserted into the permissive site at residue 

338 of LacI, endowing LacI with the ability to bind both DNA 
and silica. Expression, function and silica binding capability of 
the Lac-I derivatives were characterized. 

Proteins with this dual binding ability can use DNA as a scaffold 
to organize nanostructures in complex predictable patterns. 
As more proteins are engineered to bind DNA and inorganic 
compounds, organization of complex nanostructures will become 
a more efficient process. 

Experimental Procedure:  
 Construction of LacI-338::QBP3 
A plasmid with the lacI-338::i31 gene, placI-338::i31 [1], 
was used as a cloning vector and digested with the restriction 
enzyme BamHI. The coding sequence for the silica binding 
motif, QBP3 (Leu-Pro-Asp-Trp-Trp-Pro-Pro-Pro-Gln-Leu-
Tyr-His), was PCR amplified using engineered primers 
(5’TTCGCAATTCCTTTAGATCTACCTTTCTATTCTCACT 
CT3’ and 5’ACTTTCAACAGTTTCGGCCAGATCT CCA 
CC3’) which were designed to amplify the QBP3 coding 
sequence and introduce BglII restriction sites. The PCR product 
was purified via ethanol precipitation and digested with BglII. 
BglII and BamHI restriction sites leave identical overhangs 
which facilitated the ligation of QBP3 and plac-338::i31. To 
minimize ligation of the vector without the QBP3 insert, a 
background BamHI digest followed the ligation. Reactions were 
transformed into DH5α competent E. coli and plated onto LB 
plates, supplemented with 100 µg/ml ampicillin, and incubated 
overnight at 37ºC. 

90 reactions were screened by PCR with the engineered primers 
QBPINT and 3’LacIR, which bind within and downstream 
of the QBP3 insert. Six candidates were further screened by 
sequencing. QBP3 contains a BseRI restriction site not present 
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in the vector. Two candidates were cut with BseRI to confirm 
the insertion, and chosen for further characterization (denoted 29 
and 38 in the figures). 

Characterization of LacI-338::QBP3 
Protein expression of the clones was determined by western 
blotting, using the monoclonal anti-LacI primary antibody. 
β-galactosidase assays were carried out as described by Kleina 
and Miller [3] to determine DNA binding activity, in high and 
low plasmid copy number E. coli strains, CSH140 and BN29, 
respectively. 

Silica binding assays were done with cell extracts containing 
various LacI derivatives supplemented with fine or coarse silica 
powders. Assays were incubated for 10 minutes with rotation at 
room temperature, then harvested. The ability of protein to bind 
to silica (indicated by fractionation to the pellets) was measured. 
Protein was detected using the LacI antibody on a Western blot. 

As more constructs are built and characterized, organization of 
nanostructures using these engineered proteins will become a 
more efficient process. 
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Figure 2: Western blot analysis of protein expression. 

Results and Conclusions
Two LacI-338::QBP3 clones were isolated and characterized. 
The LacI-338::QBP3 derivatives displayed good protein 
expression [Figure 2]. Smaller LacI-related bands were present 
in the Western blot, suggesting these proteins were somewhat 
more susceptible to degradation than the positive controls. 
β-galactosidase assays showed good repression activity was 
maintained in both strains, indicating DNA binding by LacI-
338::QBP3 (Table 1). The clones displayed some fine silica 
binding and even less affinity for coarse silica (Figure 3). The 
silica binding assays also suggested the insertion at residue 338 
binds less favorably to silica than the insertion at residue 317. 

Future Work
It will be of interest to determine whether the affinity for 
binding various inorganic compounds varies by motif insertion 
at different locations, as seen here. Also, this project can be 
continued with the characterization of QBP3 and other inorganic 
binding sequence inserts into various DNA-binding proteins. 

Table 1: β-galactosidase activity in Miller units.

Figure 3: Western blot analysis of silica binding assays.
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Abstract
Magnetic recording technology plays a key role in the development of computer, audio, and video storage devices. The 
nanoscale grain size of current hard-disk media determines important recording properties and thus requires accurate 
characterization methods. In this work, we developed a new method to characterize the nanostructure of thin film magnetic 
recording media using a phase-imaging tapping-mode atomic force microscope (AFM). In this study, clear images obtained 
with the AFM were compared to those obtained with a transmission electron microscope (TEM). A statistical distribution of 
grain size was analyzed. This novel method is an important development because phase imaging tapping mode AFM could 
provide a cheaper and faster characterization alternative to TEM.

Introduction
In order to continue increases in information storage density for personal 
computers, advanced nanofabrication techniques are being used to produce 
magnetic media with grain structures in the nanometer size range. The grain size 
of the media determines important recording properties including aerial density, 
signal to noise ratio, and thermal stability [1]. In order to successfully fabricate 
media with nanometer grain size, advanced characterization techniques are 
required to accurately assess grain sizes.

Because of the nanoscale size of current PMR grains, the TEM has been the tool 
of choice for grain structure analysis. The TEM provides excellent resolution [2]; 
however, sample preparation is difficult and time consuming. The AFM can be 
easily used to image surface topography with little sample preparation. However, 
to our knowledge, there exist few other efforts using the AFM to analyze nanoscale 
grain sizes of magnetic thin films [3].

In tapping-mode AFM, an oscillating cantilever scans the sample surface, and tip 
to sample height is kept constant through the use of an electronic feedback loop. 
Phase-imaging is an extension of tapping-mode, which measures the contrast 
in the phase angle between the driving and response frequencies. This data is 
gathered simultaneously with topographic data. The difference in phase angle is 
sensitive to several material properties including composition, viscoelasticity and 
surface adhesion [4]. This data may be used to enhance grain boundary resolution 
[3]. In this study, we present grain size distributions of PMR media obtained using 
phase-imaging tapping-mode AFM for the first time.

Experimental Procedure
Two discs of CoPtCr-O PMR with different grain size were analyzed. Samples 
were etched for 2 minutes in an oxygen plasma to remove a 5 nm protective 
diamond-like carbon (DLC) layer on the surface of the media and to improve 
imaging response. A Digital Instruments multimode scanning probe microscope 
operating in tapping mode was used to characterize the samples both before and 
after the plasma etch process. Silicon nitride cantilevers with a resonant frequency 

Figure 1: Bright field TEM image of 
PMR media with 9 nm grain size.

Figure 2: Phase-image tapping mode AFM scan 
of PMR media with 20 nm grain size.
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In Figure 3, we present the measured grain size data for the 
sample with 9 nm average grain size in a cumulative percentage 
frequency plot, which has been shown to give reasonable grain 
size distributions even with small grain size populations [5]. The 
AFM method yielded slightly larger grain sizes than the TEM 
method. This may have been because the radius of curvature 
(ROC) of the AFM tip, at approximately 10 nm, approached the 
measured grain size and became a limiting factor in the resolution 
of the scans. In fact, the AFM phase image data agreed quite 
well with the TEM data as the calibration error of the AFM is 
approximately 10%.

In Figure 4, we compare the grain size distributions for the 20 
nm grain size sample obtained with the AFM topography method 
and the phase image method. The phase image data was gathered 
before the sample was etched. This shows the phase difference 
is sensitive enough to be detected through the 5 nm amorphous 
DLC layer.

In this study, we have presented the first images of PMR 
nanoscale grain structure captured using phase imaging tapping-
mode AFM. These are found to compare to TEM nanographs. 
This work demonstrates that tapping mode AFM can be used 
for reasonably accurate grain size analysis of magnetic recording 
media.
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between 285-315 kHz, and a tip radius of curvature (ROC) of  
10 nm were used. TEM images of the samples were obtained 
before etching. Grain size was determined by taking the average 
of the large diameter and small diameter of a single grain, with a 
sample size of 30 grains used for statistical analysis.

Results and Conclusions
In Figure 1, we present a TEM image of a PMR media sample 
with 9 nm grain size. We compare this with Figure 2, which is an 
AFM phase image of a different sample of PMR media, having 
a measured grain size of approximately 20 nm. Note in both 
images, the individual grains and grains boundaries are clearly 
visible.

Figure 3: Cumulative percentage plot of 
grain sizes obtained by TEM and AFM methods.

Figure 4: Cumulative percentage plot of grain sizes 
obtained from AFM height data, and AFM phase-image data.
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Abstract
Illumination applications for light emitting diodes (LED’s) have been increasing. Therefore, LED’s are the dominant focus 
in the field of solid state lighting. The issue concerning lighting today is the trade-off occurring between high efficiency and 
high color rendering capabilities. For high efficiency, a white light can be constructed using blue and yellow components. 
However, to render the color faithfully, the white light must contain at least the primary components blue, green, and red. 
We explored improving color rendering in a highly efficient dichromatic system. 

Introduction

To increase the color rendering index of the dichromatic white 
light, we broadened the spectral line widths of light emitted at 
blue and yellow to cover also the green and red components. 
To prove this concept, we used the selective area epitaxy (SAE) 
technique for growing indium gallium nitride quantum wells 
(InGaN QWs). Our methods included changing the pattern of 
the dielectric mask including pitch and area, and changing the 
indium incorporation and growth rate of InGaN QWs in different 
areas to achieve a broader linewidth. To characterize variations 
of emission wavelengths on the pattern, we used micro-
photoluminescence (PL) to locally concentrate high energy. We 
plan to stack blue and yellow QWs on one LED, and characterize 
the color rendering index and efficiency of the proposed LED. 

When having two layers of GaN separated by a layer of InGaN, 
a QW forms. Because electrons can occupy a lower energy state 
in InGaN than GaN, excited electrons tend to go to lower energy 
states in the InGaN layer. The QW increases the probability of 
electrons recombining with holes. When electrons and holes 
recombine, photons are emitted. 

Previous results revealed linewidth broadening at blue emission 
using SAE. To further prove our concept in attaining high color 
rendering index dichromatic white light, we increased the 
wavelength to green/yellow. This was achieved by increasing 
the indium composition of the material to create a different 
lattice for emitting light and increasing the QW thickness to 
lower the energy of the photon released. To broaden the emission 
linewidth, we varied the growth rate of the QW across the wafer 
by SAE, in turn creating varying QW thicknesses. We adjusted 
the conditions affecting the concentration gradient that the 
molecules form, and altered the pattern at which our QWs grew. 

The pattern had multiple sites that included different shapes and 
densities to have different QW thicknesses that emit slightly 
different wavelengths of light at each site, thus the one LED will 
have a broader spectrum of emission. 

Experimental Process
To define the pattern for SAE, we deposited a layer of silicon 
dioxide (SiO2) then a layer of S1805 resist on a GaN template. 
We used photolithography to expose selected areas of resist to 
UV light. Then we developed those certain areas by removing 
the exposed resist with MF AZ 300. Finally, we etched those 
certain areas into the SiO2 with a solution of BHF and water. 

For QW growth, we used metal-organic chemical vapor 
deposition. The product that forms when the gas phases of indium 
and gallium, both attached to an organic molecule when added 
to ammonia, is InGaN. When incorporating the indium, we used 
~ In0.2Ga0.8N. The concentration gradient of the molecules was 
increased/decreased and the pattern was altered, each partially 
determining how fast the molecules reached the exposed GaN 
template. Since the materials always wants to grow at the most 
stable planes in SAE, the GaN oriented in a hexagonal pyramidal 
shape. 

For micro-PL, we arranged a beam splitter, UV objective lens, as 
well as other lenses and mirrors to concentrate the UV light onto 
one micro-pyramid and measure variations of the wavelength 
emitted from site to site on the pattern. We used the spectrometer 
to read the spectrum emission. 
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Results and Conclusions
With the planar QW results, we obtained an InGaN peak at 
about 510 nm, with the GaN peak at a less intensity. The micro-
pyramid QWs were obtained using the same recipe as the planar 
QWs; however, the micro-pyramid InGaN signal was low as 
shown in Figure 1. Unfortunately we were not able to obtain 
micro-PL signal from individual micro-pyramids, possibly due 
to the weak signal. (Micro-pyramid growth at the ~ 10 µm site is 
shown in Figure 2. The SEM was under maintenance at the time 
of measurement.) We also cannot know how the QW thickness 
and indium incorporation separately affected the wavelength 
emitted, since both together must be qualities of the QW. 

With further testing of possible causes for unattainable micro-
PL measurements, we can detect if there is a problem with laser 
alignment on a micro-pyramid or sample defects. One possible 
cause could be due to the micro-PL setup. We used a UV objective 
lens that is coated for light in the non-visible wavelength range, 
thus the lens was not ideal for light in the green wavelength range 
when the signal is weak.

Nonetheless, we have proven it is possible to get green emission 
from micro-pyramid QWs in our PL measurements. Once we have 
increased the wavelength of light emission and characterized the 
light produced by measuring each site of our pattern, then we will 
stack blue and yellow QWs accordingly to improve efficiency. 
Finally, we will have one LED, and with anticipation the LED 
will have improved color rendering properties and efficiency. 
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Abstract 
The development of stretchable silicon networks is an important step to realizing cost-effective large area electronics. 
Devices were fabricated using conventional complementary metal oxide semiconductor (CMOS) processing on wafers 
which were etched into networks of nodes connected by spiral springs and then stretched to desired size and shape. This 
investigation focused on developing an approach to release these networks following deep reactive ion etching using a 
tetramethylammonium hydroxide (TMAH) etch on <111> wafers. To achieve effective release of these networks, etching 
parameters such as etch time and temperature of etchant bath were varied until optimal process parameters such as etch 
rate and oxide selectivity were determined. The ability to successfully create a device on a standard 4″ silicon wafer and 
stretch it to a size ten times or larger is important in the implementation of many large area electronics applications, such 
as structural health monitoring sensors and solar cells. 

Introduction 
This research investigated a cost-reducing, consumption friendly 
fabrication process to release two-dimensional stretchable 
silicon structures. Eventually, devices or sensors will be placed 
on individual nodes, in which the spiral springs serve as built-in 
circuit interconnects for creation of an integrated, robust system 
as shown in Figure 1. 

Previously, stretchable silicon network fabrication required 
using silicon on insulator (SOI) wafers and employed the xenon 
difluoride (XeF2) isotropic dry etch process to release the devices 
from the substrates. This process was expensive due to the cost 
of the SOI wafers and inability to reuse the wafers following a 
single process run. In addition, it was prone to structural problems 
stemming from pinhole defects particularly in the sidewalls. In 
response to these consequences, a new wet etch process was 
employed. 

Figure 1: Stretchable silicon network before and after stretching.

TMAH is a well known non-toxic, anisotropic wet etch solution 
that was chosen for its ability to etch specific crystal planes at 
specific rates, its high selectivity to oxide, and for its compatibility 
with the CMOS process as it does not contain harmful alkali ions 
[1]. Because TMAH etches the <111> plane at the slowest rate, 
it can act as an etch stop much like the buried oxide does in the 
SOI wafer when bulk Si <111> wafers are used. 

Device Fabrication 
The substrates for this investigation consisted of 4″ diameter, 
<111> oriented Si wafers which were selected for their com-
pat ibility with the TMAH target etch planes. The device 
fabrication process started with the blanket deposition of a  
1.6 µm thick layer of silicon oxide via low pressure chemical 
vapor deposition (LPCVD). Next, standard photolithography 
steps were performed. A dry fluorine etch was subsequently used 
to etch the exposed network pattern in the oxide. Si was then 
etched using the Bosch deep reactive ion etch (DRIE) process 
which consisted of an alternating sulfur hexafluoride (SF6) etch 
process and a deposition of octafluorocyclobutane (C4F8), which 
served as a protective passivation layer over the etched structures 
to create a smooth sidewall. 

Next, a 2 µm layer of oxide was blanket deposited using 
LPCVD. A second oxide etch removed the bottom layer of 
oxide, preparing the wafer for another DRIE. This prepared the 
Si wafer for the wet etch release. Figure 2 shows the resulting 
device structure following the second DRIE step. Finally the 
wafers were subjected to a TMAH bath heated over a hotplate 
to ensure thorough undercutting of the nodes, spirals, and pads. 
The bath was closely monitored to ensure a constant temperature 
and the solution was agitated to help decrease the quantity of 
hydrogen bubbles, which can disrupt the etching process. 
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Results and Conclusions 
Complete structure fabrication was achieved in a clean room 
environ ment, and optimal production specifications were deter-
mined to successfully release the Si structures from the wafer. 

It is well known that planar etch rates are inversely related to the 
TMAH concentration, thus for optimum results, a 5% TMAH: 
95% water bath ratio was used at a temperature of 90ºC [2]. 
With an optimum etch rate of 1.4 µm/min in the <110> plane, 
the TMAH etch process time was determined to be 80 minutes to 
effectively undercut the silicon nodes, interconnects, and pads. 
However, transferring the networks between liquid and gaseous 
states proved difficult. 

Traditionally, critical point dryers (CPD) are used to reduce 
the negative consequences of surface tension. However, the 
stretchable Si structures are delicate, hence they became easily 

entangled due to the gas flow in the dryer, as shown in Figure 3. 
This prompted a new investigation directed at successful removal 
of the structures following the TMAH bath. One solution was 
found by increasing the distance between the released structure 
and the substrate during the final DRIE step, followed by air 
drying the samples after release. Although the substrates still had 
to be removed from the TMAH solution and thus were subject to 
some tangling, the networks were nevertheless released without 
being introduced to the CPD. 

Figure 4 shows a cleanly released node structure. Future work 
will involve improving this release mechanism. However, we 
have shown that a cost-effective method to fabricate stretchable 
silicon networks is viable and important in the implementation 
of various sensor devices. 
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