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The 1999 Research Experience for Undergraduates Convocation...

...was held in Stanford, California, in the new
David Packard Electrical Engineering Building.  All 42 REU interns,
and staff members from each site, gathered to hear the results of a
summer’s worth of nano-education.

I know many spoke of solid results and positive
research findings, but a few talked about frustrations and starting
over, and re-envisioning solutions to what started out as simple
problems.  And I have to say that that is the point.  This is what
every day research is like.  It all starts with “what if” or “what
about” questions, but can end up absolutely anywhere — including
nowhere!  I only hope our interns took away with them the love of
the quest, and an interest in pursuing some aspect of this nano world.

This year’s program marked the end of  the NNUN’s
first three-year experiment in networking through the REU Program.
By combining efforts, we reached more students, receiving a total
of 275 applications from 130 colleges and universities.  Majors
ranged from Animal Studies to Pre-Computer Engineering,
including every possible engineering and science major in between.
173 applicants were male, of which 66 identified themselves as a
member of a minority group.  102 applicants were female with 47
identified as minority members.

Of the 127 applicants hired by the NNUN over
the past three years, 54 were female with 29 minority members,
and 73 were male of whom 25 were minority.  They represented 74
colleges and universities, and their GPA’s ranged from 2.4 to 4.0.
Engineering majors were well represented from Biomedical to
Physics, but there were also majors in Environmental Science,
Mathmatics, and even Pharmacology.  And as you will read in the
“Blast from the Past -- News from REUs” section, many of those
interns went on to graduate studies and / or jobs in nanotechnology,
based on what they had learned during their time with us.

For instance, Sam Bishop wrote:  “Being an NNUN
REU intern influenced my graduate school choice immensely.  And
I did obtain clean room skills and experience that I am using
currently at LANL.  I also had the chance to network at Stanford
and UCSB with professors, as well as with students from all over.
In fact, Joe Altepeter is here at LANL with me this summer due to
the NNUN connection.”

And for Mahima Santhanam:  “The REU program
definitely kept me motivated in staying in engineering and bettered
my skills in the electrical part of my field.  I am still in contact with
the professors that I worked with at Penn State and maintain good
relations with two of the students who were in the program at Penn
State with me.”

I think we can therefore judge the NNUN REU
Program a huge success -- a research project which three years of
experience tells us has had a positive effect and influence on its
interns.  As we look forward to the next millenium, I trust we shall
do so by continuing this network-wide effort for undergraduates.

Below: Jean Kim, a 1999 SNF intern, presents her research at the convocation.

The NNUN REU Program would not be possible
without the National Science Foundation.  We would like to thank
Drs. Janet Rutledge and Rajinder Khosla for their continued
assistance and confidence.

We are also indebted to the generous financial
support of each of the five sites, and these companies:

Advanced Micro Devices
Analog Devices
Applied Materials
Ericsson
Hewlett Packard
Hitachi
IBM
Intel
LAM Research
Lucas Novasensor
Motorola
National Semiconductor
Philips Research
Rockwell International Corporation
Siemens AG, Corporate Research Development
Texas Instruments
VLSI Technology, Inc.

Xerox, Inc

And personally, I would like to say thank you to
Evelene Duhart, James Griffin, Sarah Hernandez, Jane Edwards,
Mike Deal, Liu-Yen Kramer and Brian Wolf for all the time and
hard work they have put into making this program successful.

Melanie-Claire Mallison
Corporate & Public Relations, CNF
NNUN REU Program Coordinator
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The National Nanofabrication Users Network (NNUN)
URL:  http://www.nnun.org/

Cornell Nanofabrication Facility
Prof. Sandip Tiwari, Director

Cornell University, Knight Laboratory
Ithaca, New York  14853-5403

Voice: (607) 255-2329
Fax:    (607) 255-8601

URL:  http://www.cnf.cornell.edu/

Materials Science Center for Excellence
Prof. Gary Harris, Director

Howard University School of Engineering
2300 Sixth St, NW

Washington, D.C.  20059
Voice: (202) 806-6618
Fax:    (202) 806-5367

URL:  http://www.msrce.howard.edu/~nanonet/NNUN.HTM

Electronic Materials & Processing Research Laboratory
Prof. Stephen Fonash, Director
189 Materials Research Institute

The Pennsylvania State University
University Park, PA  16802

Voice: (814) 865-4931
Fax:    (814) 865-3018

URL:  http://www.emprl.psu.edu/

Stanford Nanofabrication Facility
Prof. James Plummer, Director

Stanford University
CISX 330

Via Ortega Street
Stanford, CA  94305-4075

Voice: (415) 725-6266
Fax:    (415) 725-6278

URL:  http://www-snf.stanford.edu/

University of California at Santa Barbara
(UCSB) - Nanofabrication Facility

Prof. Evelyn Hu, Director
Department of Electrical & Computer Engineering

Santa Barbara, CA  93106-9560
Voice: (805) 893-4130
Fax:    (805) 893-8170

URL:  http://www.quest.ucsb.edu/main.html
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The 1999 NNUN REU Interns, by last name
NAME .......................................School Affiliation............................Field of Study ...............NNUN Site: .............. Page

Ms. Megan Bader .........................University of Denver .............................Computer Engr .................... UCSB ............................82

Mr. Joseph Bergevin .....................San Jose State University ......................Mat Engr ............................. SNF...............................56

Ms. Amber Bullington ..................Cornell University .................................Electrical Engr .................... CNF..............................16

Mr. Johnathan Carlson ................Tennessee Tech University ....................Electrical Engr .................... CNF ..............................18

Ms. Liang-Yu Chen .......................University of Hawaii/Manoa.................Electrical Engr .................... CNF ..............................20

Ms. Arrelaine Dameron................Univ of California Santa Barbara ........Chemistry ............................ UCSB ............................84

Ms. Mia DeBarros........................Hampton University ..............................Molecular Bio ..................... PSU...............................43

Mr. Luis Esparza ..........................Univ of California Santa Barbara ........Elec&CompEngr ................. UCSB ............................86

Mr. Paul Friedberg ......................Williams College ...................................Physics / Math ..................... SNF ...............................58

Ms. Sandra Garcia .......................CSU Sacramento ...................................Chemistry ............................ UCSB ............................88

Mr. Keith Green............................University of Arizona ............................ChemEngr ...........................CNF ..............................22

Ms. Stacie Hvisc ...........................Cornell University .................................AEP ..................................... SNF ...............................60

Mr. Andrew Kearney ....................University of Pennsylvania ...................Physics/MatSci .................... UCSB ............................90

Mr. Thomas Kenny .......................Brown University ..................................Electrical Engr .................... SNF...............................62

Ms. Jean Kim ...............................Pacific Union College ...........................Biochemistry ........................SNF ...............................64

Mr. Mike Kimzey ..........................Univ of California Santa Barbara ........Pharmacology ..................... PSU...............................44

Ms. Nita Kohli ..............................University of New Orleans ....................Electrical Engr .................... Howard .........................38

Mr. Adrian Lu ...............................University of Texas at Austin .................Electrical Engr .................... SNF ...............................66

Mr. John Ma .................................University of Idaho ...............................Mech Engr ........................... Howard .........................38

Ms. Ana Medina Soler ..................University of Puerto Rico ......................Engineering ......................... PSU...............................46

Ms. Jami Meteer ..........................University of Notre Dame .....................Electrical Engr .................... PSU...............................48

Ms. Jessica Montañez Roman ......University of Puerto Rico ......................ChemEngr ........................... PSU...............................50

Ms. Renée Muñoz-Verdejo............University of Puerto Rico ......................Mech Engr ........................... CNF ..............................24

Ms. Yen Phuong Nguyen ..............University of NE Lincoln ......................Biochem ............................... PSU...............................52

Ms. Brianna Norton .....................Bard College .........................................Chemistry ............................ UCSB ............................91

Mr. Keith O’Doherty ....................University of Arkansas ..........................Chemistry ............................ UCSB ............................92

Ms. Vanessa Ortiz Pagán .............University of Puerto Rico ......................Mech Engr ........................... CNF ..............................26

Mr. Sean Pham .............................San Jose State University ......................Electrical Engr .................... UCSB ............................93

Mr. Martino Poggio .....................Harvard University ...............................Physics ................................UCSB ............................95

Ms. Karen Rantamaki ..................CalTech .................................................Engr & Appl Sci .................. SNF ...............................68

Mr. S. Kumar Ravula ....................Duke University ....................................Electrical Engr .................... CNF..............................28

Mr. Dmitriy Shneyder ...................Virginia Commonwealth Univ ...............Electrical Engr .................... SNF ...............................69

Mr. Adam Siegel ...........................University of Michigan .........................Electrical Engr .................... CNF..............................30

Ms. Ruth Stritsman .......................Cornell University .................................ChemEngr ...........................CNF ..............................32

Mr. Ethan Swint ............................Baylor University ..................................Engineering ......................... CNF ..............................34

Mr. Nam Thai ...............................San Jose State University ......................Electrical Engr .................... SNF ...............................72

Mr. Joseph Torralba .....................UC Irvine ..............................................Computer Engr .................... SNF ...............................74

Mr. Joseph Valentino ....................Villanova University ..............................Electrical Engr .................... SNF ...............................76

Ms. Serene Van Gent ....................Northern Arizona University .................Mech Engr ........................... UCSB ............................96

Mr. John Vrakas ........................... Illinois Wesleyan University ..................Physics ................................CNF ..............................36

Mr. Daron Westly .........................University of South Florida ..................Electrical Engr .................... CNF ............................ NA

Ms. Emma Wong ..........................Duke University ....................................Electrical Engr .................... SNF ...............................78
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In order to prepare the next three-year contract with the NSF, we
contacted all the NNUN REUs from the past years and asked what they
thought of their experience -- was it proving helpful to them, taking them
in new directions or adding a new spin on an old goal -- and what were
they up to now?  Here are the responses we received.

***

Year NNUN REU Intern Site

1998 Joseph Altepeter SNF
altepeter@la.unm.edu

I’m at LANL doing quantum computing research with Paul Kwiat.
I’ll be here through December and then I’ll be back at school and graduate
in May.

1998 Kyndall Barry SNF
barryk@cookman.edu

I graduated Bethune-Cookman College with a BS in Physics this past
April.  I was accepted into the MS program in Atmospheric Sciences at
Howard University where I am presently researching and taking a course
in Atmospheric Science.

Last summer’s internship honed my abilities as a researcher and for
that I am grateful.  All of the members of Jim Gibbons’ group were very
helpful.  I enjoyed the experience immensely.

1998 Sam Bishop SNF
nanoking@u.washington.edu

I graduated from the University of Washington this spring with a BS
in chemical engineering.  Currently, I am working at the Los Alamos
National Laboratory designing next generation Li-ion batteries.  This fall I
will begin graduate studies at UCSB, focusing my research on
nanoassembly and hierarchically ordered oxides.  I plan to get my PhD in
chemical engineering and go into academic/national lab R&D.

Being an NNUN REU intern influenced my graduate school choice
immensely.  And I did obtain clean room skills and experience that I am
using currently at LANL.  I also had the chance to network at Stanford and
UCSB with professors, as well as with students from all over.  In fact, Joe
Altepeter is here at LANL with me this summer due to the NNUN
connection.

The NNUN students and projects were very diverse and I learned a lot
about other fields by osmosis by living in the same house with everybody.
My NNUN comrades will serve as great professional contacts in a few
years.

1998 Sarah Carroll CNF
scarrol2@carbon.helios.nd.edu

Since the NNUN program last summer, I have continued my work
with nanofabrication.  My senior design project used microfabrication
techniques to create a blood collection device for home diabetic blood
testing (funded by Bayer Diagnostics).  Everything I learned at Cornell
was invaluable to my group.  I plan on attending graduate school next year
at Boston University.  I will concentrate on Control System theory.  I am
always looking for a way to apply my interest in the Signals and Systems
side of Electrical Engineering with nanofabrication techniques.  Hopefully,
I will be able to find a project of this sort at Boston University.

1997 Leeann Chandler CNF
chandler@biodec.wustl.edu

I have just finished my first year at Washington University in St. Louis
in the plant biology PhD program.  I started here in June 1998, after
graduating from James Madison University.  I picked the program at
Washington University because I have many opportunities to interact with
students and faculty in the Division of Biology and Biomedical sciences,
but I still maintain a strong focus in plant biology.  Even though I have not
yet picked a thesis lab, I am planning to pursue questions related to the
biochemistry of plant function.  I received a fellowship from NSF to help
my research in the next three years.

My choice of fields is not specifically related to the experience I had
with NNUN, but my experience as an REUer was very important in helping
me decide to pursue graduate studies.  I greatly benefited from the
opportunity to work on the graduate level in a field different from my
undergraduate studies.  The experience helped me understand the
importance of interdisciplinary science and the power of collaborations.

1998 Phyllis Chen SNF
pchen@ugcs.caltech.edu

This year, I graduated from Caltech and will be attending UC Berkeley
in the fall (both in chemical engineering).  The NNUN-REU helped me to
decide to go to graduate school since it gave be a better view of what it is
that grad students do.

1997 John Cross SNF
johnnie_cross@yahoo.com

I graduated in June of ’98 with a BS in Electrical Engineering, and
another one in Engineering Physics (I double majored).  After graduation,
I went to work at Lockheed Martin Technical Operations in Sunnyvale,
CA as a Satellite Systems Engineer.  I’ve since moved to our Satellite Bus
Engineering group as an electronics engineer.  I proposed to my wife
Michelle at the end of December, 1997, and we were just married on January
2nd of this year!  Michelle is going to law school at UC Berkeley, and will
be graduating in May, and working in Palo Alto after she takes the Bar
Exam.  I am still working with a few of my friends (including my favorite
undergraduate physics professor) in a large collaboration between UC
Berkeley, Stanford, Santa Clara University, and a few others schools on
the development of cryogenic hybrid WIMP (weakly interacting massive
particle) detectors to help in the search for dark matter.  That work has also
led to another project we have begun, developing a way to tune the super
conducting transition temperature of tungsten.  I plan on attending graduate
school in the near future, but I’m not sure if I want to do straight physics,
or maybe some robotics, or signal processing, or communications, or .  .  .
well, you see my problem.  The only way things could be better is if there
was a donut shop in our apartment!!

1998 Thomas Davidsmeier CNF
tdavidsm@yahoo.com

This summer, I am participating in an REU program at Northwestern
University in Evanston, Illinois.  I plan to return to Illinois Wesleyan
University in the fall and graduate with a degree in Physics in December.
Unfortunately, since I am graduating early, I will not be able to apply for
research honors, but I would have loved the chance.  After school, I hope
to go straight to work for a technology based company in a research and
development type position for perhaps a year or two and then perhaps go
to graduate school in Materials Science.

Blast from the Past -- News from REUs!
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The CNF REU program has played a large part in my academic career
to this point, and I hope that the skills I learned will help me to begin my
career in industry.  The CNF provided a great atmosphere combining the
proper level of in-depth seriousness with relaxed freedom that allowed
individuals to explore and grow in their own ways.  One of the great qualities
of the REU experience was the university itself.  The REU students were
housed along with other science students and encouraged to play softball
with one another.  Not only were friendships created, but intellectual ideas
were born and fostered between peers.

With the support of so many of the academic departments at Cornell,
the CNF has a wonderfully interdisciplinary feel.  From the students trying
to grow neurons on microcircuits to the hard core process engineers trying
to push the size of transistors even smaller, your open mind can quickly
achieve a sensory overload.

I liked the program so much, I recommended it to my friends — you
have two of them there this year I think, only one actually in the CNF
REU, the other is in a physics REU.

1998 Glenn Deardorff PSU
bather7@hotmail.com

Several companies I talked to were interested in my work with organic
films (including the NNUN REU project).  Also, a semiconductor company
liked the nanofabrication experience I had obtained via the REU program.
I’m currently undergoing a background check for a government position
which would encompass elements of both of my degrees.  The position,
however, will not draw on the NNUN REU background.

Although my future position may not include any nanofabrication work,
I would like to express my enjoyment of the program.  I really do feel it is
a great experience for the students and I wish you luck on the program’s
renewal efforts with the NSF.

1997 Rong Fan SNF
rf40@cornell.edu

Thanks for such a wonderful program.  :  )
The summer 97 NNUN program sparked my interest in the electronic

materials.  I spent the summer in Stanford Nanofabrication Facility learning
to fabricate small electronic structures.  Before I went into the program, I
didn’t have much understanding of the semiconductor area.  So the
experience opened a brand new area of science and technology to me.  I
found the electronic materials fascinating, and now I’m in Cornell
University, studying materials science.  My research is focus on organic
light emitting diode.  I can be reached at rf40@cornell.edu.

1997 Mark Finlan SNF
mgfinl@mail.wm.edu

I worked with Professor James McVittie at Stanford in the summer of
1997.  I just graduated in May 1999 from the College of William & Mary
with a double major in Physics and Math.  I accepted a job as a consultant
with American Management Systems (AMS) in Fairfax, VA.  This job will
mainly include work with computer software and programming.  I plan to
return to school this fall part-time at Johns Hopkins to pursue a Masters in
Computer Science.

1997 Brandon Fleming SNF
Befleming@ra.rockwell.com, bef4@po.cwru.edu

I was at the Stanford University NNUN REU program in the summer
of 1997.  Since then I have transferred from the University of Maryland,
Baltimore County in Maryland to Case Western Reserve University in
Cleveland, Ohio and now majoring in Systems and Control Engineering.
Starting in January until August of this year I will be on co-op at Rockwell
Automation doing industrial control system design and implementation.

My future plan is to hopefully go to Stanford University and major in
Chemical or Environmental Engineering.  Something akin to process control
and chemical system design.

My experience at Stanford University had a tremendous impact on my
life and many of my future plans.  I am still greatly interested in
nanotechnology and its derivatives (molecular architecture, etc.) and plan
to pursue research in one form or another in this arena.  I would like to
apply this area of research to environmental manipulation, degradation
prevention, pollution control, etc.

1997 John Fuhrman UCSB
jfuhrman@ibm.net

I was an NNUN REU student at UC Santa Barbara during summer
1997.  I am currently finishing up my B.S.  degree in physics from Harvey
Mudd College and am planning to pursue a career in medicine, hopefully
leading to an M.D.  degree.  Before starting all that, though, I am going to
first take advantage of my post-undergrad freedom and do something that’s
pure fun and excitement.  I’m considering riding my bike from the Pacific
to the Atlantic next summer.  That’s still in the idea stage, so we’ll see
what happens.  I’m also going to try to get a position as a Hollywood
stuntman for a few years before hitting the books in medical school.  This
I’m more sure of than the coast-to-coast trip.  If the stuntman thing doesn’t
work out, I’ll look into other fun jobs such as smokejumper (fight forest
fires by parachuting to the site) or pit crew member for NASCAR races.
I’m not making any of this up.  Basically, I’m planning on living life to the
fullest!

1998 Michael Gutman CNF
mpg3@msn.com

I just graduated from Cornell with a B.S. in Electrical Engineering. I
am going to Princeton University graduate school in the fall.  I probably
have the research experience from last summer to thank for leading me in
Princeton’s direction.

1998 Eric Hayduk CNF
eh002e@mail.rochester.edu

After my 1998 REU at CNF, I went back to University of Rochester to
complete my senior year.  In April, I presented my CNF work at NCUR
(National Conference for Undergraduate Researchers) held at UR.  I gave
the same presentation as in California and it went over pretty well.  I was
glad to have another opportunity to gain exposure at a conference.  I’m
also positive that my REU had a lot to do with my being accepted as a grad
student at Cornell University working toward a degree in chemical
engineering.  I start this fall but before that I’m taking July off to spend a
month in Israel on an Archeological dig at Yodefat, an ancient city seized
by the Romans a long, long time ago.  REU was certainly a great experience
both in terms of research and the people that I met.  I would strongly
encourage continued funding by NSF and participation by interested
students.

Blast from the Past -- News from REUs!
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1997 Keith Hebert PSU
keith.hebert@medtronic.com

I did an internship with Dr. Fonash on the gas sensing capabilities of
Metal Oxide Semiconductor Capacitors.  The experience I had at Penn
State was one of the best things I could have possibly done for a summer.
It got me involved in research, while teaching me skills in a new and exciting
field.  I was able to use equipment that I had only read about in books
before.  I was also able to meet some fabulous people and explore the
areas around PA.  That was all part of the rewarding NNUN experience.

As far as where I am now...I am working for a medical device company
called Medtronic, Inc.  I am a Field Clinical Engineer working in my own
territory managing all the hospital activities for the latest pacemaker and
defibrillator products that we sell.  I act as kind of a technical consultant to
the doctors during the implant procedures as they put in the newest devices
on the market.  Due to working with new products like this, it often leads
to research activities for presentation to national committees and
publication.  This is where my skills at NNUN came in handy.  Paying
attention to detail and asking a lot of questions related to the “How and
Why” things work.  I think that my employer looked at my summer with
NNUN as a great benefit to this position just because it demonstrated many
research qualities and an ability to learn new sciences.  Anyway, I am
extremely happy where I am and how I got here.  I love what I do and I
will always remember the summer I had at Penn State!

1998 Helena Holeckova UCSB
hh8@eng.buffalo.edu

In the fall, I will be a senior at the State University of New York (SUNY)
at Buffalo, where I am pursuing a degree in Chemical Engineering with a
minor in marketing.  Last summer, I participated in the NNUN REU
program at the University of California at Santa Barbara (UCSB), where I
worked on a project titled “Phage Display Libraries used for Inorganic
Material Recognition”.  My mentors for this project were Dr. Angela
Belcher and Dr. David Margolese, and the faculty sponsors were Dr. Galen
Stucky and Dr. Evelyn Hu.  Being part of this program not only gave me
the opportunity to see what the world of research is like, but it also made it
possible for me to discover another part of this country.

Prior to participating in the REU program, I had an aspiration to work
in research after graduation.  However, I had no idea of what research was
all about and I didn’t know what kind of specific research projects are
currently being conducted in the field of engineering.  Participating in this
program gave me a clearer idea of what is out there in the world of research.
After graduating from SUNY Buffalo, I plan on attending graduate school
to further my education in chemical engineering.  One of my top choices
for graduate school is UCSB, since I really enjoyed being in Santa Barbara,
and California in general.  Working on this project was one of the most
fascinating accomplishments in my undergraduate career.

1998 Philip Jones CNF
pjones@grant.phys.subr.edu

I would first like to thank the NNUN for giving me the opportunity to
participate in the program last summer.  Next fall, I will be a junior at
Southern University, majoring in physics.  Right now, I am currently in the
Princeton Summer Institute Program, here in the electrical engineering
department at Princeton University.  My research here is also in the area of
material science, and I’m using machines similar to the ones I used at
Cornell last summer.  I know that my participation in the NNUN REU
program helped me get accepted into this program.  Whenever I tell anyone

that last year I was at Cornell doing research, they are astonished that I
was already doing research at the end of my freshman year, and jokingly
ask whether I’ll be going to Stanford next summer.

I can’t begin to describe how beneficial my experience in the NNUN
has been for me.  It gave me the opportunity to work in a research
environment under the supervision of a graduate student and a professor.
It also made me feel more confident that I myself could go to graduate
school, and succeed.  The graduate student I worked under, Antonio Oliver,
really acted as a mentor to me and gave me valuable advice on how to
persevere throughout the struggles of graduate school, and warned me about
the many pitfalls that await.

In summary, last summer’s NNUN experience was the best thing that
could have happened to me.  It provided me with a sense of meaning for
why I am learning what I’m learning as an undergraduate.  I hope the
program will survive to give other students the same opportunity that I
had.

1997 John Kim SNF
kim@joyce.eng.yale.edu

I just graduated from Yale University in May and am currently working
as an analog design engineer for TDK Semiconductor in Sunnyvale.  I will
probably work for a couple of years and then go back to school for a master’s
degree.

1998 Erick Lavoie CNF
EML8@cornell.edu

Well, I have one more year to go for my B.S. in Mechanical engineering,
so I’m still around.  I plan to get a job when I graduate in the area of
systems engineering.  Overall, I think the CNF REU is a very good program
and I hope that NSF will continue to support it.  The program gives
undergraduates a chance to get some hands on experience that they probably
would not be able to get otherwise.  The program also gives students some
perspective on how some of the theory they learn in class is used for real
applications.  I think being a CNF REU intern has influenced my career
path in two ways.  One is that it has qualified me for a few more jobs, and
another is that I know a little bit more about what is out there.  I think there
is a good chance that I will use nanofabrication technology in my career.

1998 Jackson Lee PSU
JL174@cornell.edu

I was at the Penn State REU from last year, and I have to say that it has
made me more focused on knowing exactly what I want to do as far as my
career goes.  I think the people at the Mat Sci Center at Penn State were
great, the faculty and the grad students.  I am currently working as a student/
faculty on a pin diode project with the Princeton Plasma Physics Lab in
New Jersey.  As an electrical engineer, it is important for me to see what
some relative fields can offer besides the typical electrical engineering
courses and field work, and I believe the Penn State REU and also this
PPPL experience will help in broadening my horizons.  The Penn State
program was particularly interesting because it is pretty much the major I
want to pursue, a Mat Sci one, so it was definitely worth the summer to
help in the research there.

Blast from the Past -- News from REUs!
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1998 Nin Loh SNF
nloh@pomona.edu

Being a NNUN definitely strengthened my interest in MEMS.  This
past school year, I worked on a project to develop an optical imaging system
for a Motorola microfluidics group.  In May 1999, I graduated from Pomona
College with a BA is Physics (Math Minor).  This fall I will be starting my
Master’s in Mechanical Engineering at MIT.  I’m taking the summer off in
Seattle, taking kung fu and swing dancing.

1998 Rafael McDonald SNF
rafaelm@phoenix.Princeton.EDU

I graduated in June from Princeton, and, as all celebration requires,
went to Disneyworld for a week.  Then I worked for a little bit, and then
took a trip to Paris, Ireland and Scotland.

Now, I’m going to do Temp work again for another 6 weeks or so,
until my “career” job starts as an IT consultant for Andersen Consulting in
Boston next October.  I plan on doing that for at least two years and then
returning to graduate school hopefully for a Ph.D in Environmental Science
and Policy.  Who knows, maybe even back at UCSB.

1998 Marc Meyer CNF
mam1977@juno.com

I started working for Professor Isaacson, A&EP, during my sophomore
year at Cornell, and participated in the CNF REU program during the
summer of 1998.  I continued working for Professor Isaacson using
nanofabrication techniques for biological applications.  I did my honors
thesis entitled “Microelectrode Arrays for Studying Patterned Neurons”
based on this research.  I graduated from Cornell this May with a B.S.
with Honors in Applied and Engineering Physics.  I am currently applying
to medical school for the entering class in the Fall of 2000.  During the 99-
00 academic year I will be working for Professor Nitish Thakor, Biomedical
Engineering, Johns Hopkins University School of Medicine.  I will be
working on using nanofabrication techniques in medicine, including
MEMS, cell patterning, electrical arrays, and optical measurement
techniques.  Hopefully, I will be able to continue research in this area
during medical school and as a doctor.

The CNF REU summer internship program gave me an opportunity to
learn nanofabrication techniques.  At Cornell and now at Johns Hopkins, I
am involved in finding novel ways to use these powerful techniques in
biology and medicine.  I was able to find such an exciting research position
because of the skills I acquired at the CNF.

1997 Brittany Mitchell SNF
mitchebl@clarkson.edu

I participated in the first NNUN REU program that Stanford hosted in
1997.  It was a wonderful experience, and a dream come true to be at
Stanford.  The living accommodations were beautiful, and I fell in love
with the campus.  My project was frustrating because I worked on my own
frequently.  This turned out to be one of the best things because it forced
me to learn everything about the fab and my project for myself instead of
relying on someone else.  The REU opportunity opened my eyes to a field
which I had not previously known much about at all.  Overall it was a
fantastic summer and I came away with a lot of enthusiasm about graduate
school and also with 12 really great friends and some hysterical, priceless
memories. I have wished many times that I could rewind time and replay
that summer over again several times!

After I graduated from college I entered graduate school for my masters
degree (which I am finishing up this summer) in mathematical meteorology.
I am enjoying programming models and testing numerical techniques that
are used in hurricane prediction.  After I serve a volunteer mission for my
church, I will head back to graduate school to work on my PhD in some
sort of geophysics or numerical meteorology program.  I would love to be
back at Stanford for my PhD, but it will be a little while before I know
where I’ll be headed for sure.

All in all, the REU program was a wonderful experience, which enabled
me to learn a lot about the direction I wanted my career to take.  I absolutely
fell in love with Stanford University, and I’ve made friends with whom I
had one of the best summers of my life!  I think that the experience was the
best way I could have spent that summer, and I hope that many other
students can have the opportunity to enjoy this experience as much as I
did!

1997 Paul Molnar UCSB
PGM1014@aol.com

I was an REU intern in the summer of 1997 at the University of
California Santa Barbara, completing a project titled “Design and
Fabrication of Resonant Tunneling Diodes” under Dr. Jorge Garcia and
Professor Pierre Petroff.  As a graduate student at Cornell University, I
completed a design project titled “Pre-Processing and Post-Processing for
Low-Bit Rate Video Coding” under the direction of Professor Sheila S.
Hemami.

I will begin working in June 1999 as a software engineer at Periphonics
Corp. based in Bohemia, New York.  Periphonics develops voice processing
systems for telephone and internet applications.

1997 Brad Neiman PSU
Brad.Neiman@analog.com

Last year, I graduated from PennState University with a B.S. in
Engineering Science, Honors.  I have been working at Analog Device’s
MicroMachined-Products Division (Cambridge, MA) as a Process Engineer
for the CVD group and a Sustaining Engineer for the wafer-fab.  In the
future, I plan on continuing my education and receive a PhD — performing
research in MicroElectro-Mechanical Systems (MEMS) for Bio-Medical
applications.

My participation in the REU program at PennState, under Dr. Robert
Davis, solidified my career choice in the MEMS field.  I feel my research
activities, under the REU program, assisted in securing job offers from
both Analog Devices and Sandia National Lab’s Microelectronics
Development Lab - two of the most prominent organizations performing
research in the MEMS field.

1998 LaRon Phillips Howard
godballer@hotmail.com

I’ve applied to medical school for the entering class of 2000 (I applied
to 11 schools so I have no idea where I’ll be going just yet).  I’ll be a senior
at Xavier University of Louisiana in the fall.  Currently, I’m a chemistry
lab assistant for the summer working with high school seniors.  Being an
NNUN REU intern helped me very much in the path to my career despite
the fact that the program deals with engineering and I’m a biology major.
It helped me in that I learned to think in other ways besides biologically
which greatly helped me in medical reasoning.  Also the fact that the project
that I participated in dealt with renal dialysis also gave me medical exposure
which was a big part in my growth as a pre-professional.

Blast from the Past -- News from REUs!
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1997 Jennifer Mei-An Popham UCSB
musicalpianist@hotmail.com

I participated in NNUN in the summer of 1997 at University of
California Santa Barbara.  Since then I’ve done organic synthesis research
(summer 1998) at Baylor University in another NSF REU program.  This
summer I will be working at Lawrence Livermore National Laboratories
with another NNUN participant Mesha Harris who worked at Howard
University during the summer of 1997.  I graduated with a B.S. in chemistry
on May the 8th, 1999, and in the fall, I will begin working on my chemistry
Ph.D. at the University of Washington in Seattle.

1998 Lezlie Potter UCSB
LezlieMP@aol.com

After my summer at UCSB, I looked for a research project back at
school (University of Notre Dame) that would continue along the same
lines.  It didn’t really work since we have a much smaller department and
different research aims, and I ended up doing some uninteresting work,
but I nevertheless remained convinced research was my thing and started
the application process for graduate school in Electrical Engineering.  Ugh.
After a painful time figuring out where to apply and writing statements of
purpose, I was fortunate to get in everywhere I applied and after visits and
lots of thinking, I narrowed my choices to two NNUN schools, actually,
Stanford and Cornell.  The warm weather won out, though, and I’ll be
starting the MS (and eventually Ph.D.) program at Stanford in the fall.  I
also applied for a number of fellowships and ended up winning a NSF
graduate research fellowship, due in no small part, I believe, to my REU
experience and recommendations from people I worked with at UCSB.  I
feel like I really lucked out getting funding and ending up at Stanford, so
hopefully everything will go okay.

Oh — I’m taking this summer off, working a fun job and enjoying free
room and board at home in Colorado with my family to rest my brain for
what will surely be a huge challenge come September.

Overall, I think my REU summer made a huge difference in the course
my life has taken this year.  It gave me a chance to experience the university
research environment and get involved in it back at my own school.  All of
the schools and professors I talked to while choosing a graduate school
were also really interested in what kind of work I did and how the program
functioned.  I think I was taken a lot more seriously when talking about
research and my interests.

1998 Mahima Santhanam PSU
mahima@bu.edu

I am presently working in a lab at the Harvard Medical School.  The
lab is involved in innovative DNA cloning techniques and I am hoping to
gain information that will further my Biomedical Engineering studies and
will hopefully help me in completing my senior thesis next academic year.
The REU program definitely kept me motivated in staying in engineering
and bettered my skills in the electrical part of my field.  I am still in contact
with the professors that I worked with at Penn State and maintain good
relations with 2 of the students who were in the program at Penn State
with me.  I will be graduating with a BS in Biomedical Engineering from
Boston University in May 2000 and plan to pursue an MBA before
considering medical school.

1998 Chancy Schulte SNF
chancy@merlin.sccs.swarthmore.edu

I am entering my senior year at Swarthmore College and anticipate
graduating with a B.S. in Engineering.  This summer I am working on
research on photonic crystals in Dr. Evelyn Hu’s group at the University
of California Santa Barbara.

1997 Andrej Sierakowski SNF
ajs16@cornell.edu

I have finished my Baccalaureate and Masters of Engineering in
Engineering Physics at Cornell University.  My Masters work has been
accepted by the Journal of Applied Physics for publication and will appear
in the Sept 1, 1999 issue.  All I can say now is that my NNUN experience
in 1997 at Stanford University under Prof. James Plummer helped to
reinforce my interest in science — theory and experiment together.

1998 Linda Steinberger UCSB
usteil01@umail.ucsb.edu

I was involved in the NNUN internship last summer at the UCSB site.
It was a wonderful experience for me and I would highly recommend
involvement to any undergrad.  I was given the opportunity to put my
years of studying to work.  I greatly enjoyed working on a problem without
an answer.  During my internship I was able to utilize what I had previously
learned in classes and most importantly I was given the chance to think on
my feet in order to attack those little problems that came up.  I have gained
a good deal of confidence from the program.  The kind of confidence that
comes from results and physical accomplishment rather than a grade.  For
this reason my experience was invaluable.  By the close of the summer I
had clearly learned a lot.  I would say, even more than I had from a some of
my courses.

At this point I have one more year to complete my work here at UCSB.
I am currently working in a Bio-Physics lab on campus and am very happy
with the direction I am going.  I enjoy working in the lab and would like to
attend graduate school next year and continue this type of work.  I am
grateful to the NNUN program for giving me my first lab experience.

1998 Benjamin Sturm CNF
bwsturm@umich.edu

Currently I’m studying in Germany.  Or I should say, just got done
with my semester studying abroad.  In September, I’ll be beginning my
fifth year at University of Michigan studying Engineering Physics and
Electrical Engineering.  Since my 1998 NNUN-REU stay at Cornell, I
have quite a different outlook on how I want to use my education.  Before
the program, my goals were basically to finish my BSE and possibly get
my MSE and then make a lot of money working in industry.  Now, my
goals have changed and I really hope to attain my doctorate in Electrical
Engineering, and more specifically possibly Nanofabrication.  In any case,
I’m really excited about the future and definitely can see myself doing
research for a profession.  On another note, I made a lot of good friends
during the program and am so happy to remain in contact with them all.  I
feel really fortunate to have taken part in the NNUN-REU program and
hope that other students can continue to enjoy all the benefits that it brings.

Blast from the Past -- News from REUs!
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1998 Corina-Elena Tanasa SNF
ct284@bard.edu

The NNUN-REU internship in 1998 was my first really good research
experience.  I literally did a lot of research, and I learned a lot.  I couldn’t
be more thankful for having had the chance to be in the program.  I was
working at Stanford University Nanofabrication Facility.  This year I came
back here, and I am doing research in the same group, the Microstructures
group.  And it all started with the NNUN REU program!

1998 Benjamin Werner UCSB
uwernb00@umail.ucsb.edu

My summer research experience with NNUN seems to have spawned
a string of research experiences for me.  Shortly after school began I began
another project, also in nanotechnology but quite different from what I
had previously done.  Whereas my summer project concerned quantum
devices and their behavior, the fall project was dealt with fabrication of
MESFETS.  After my two research experiences, I was to determined to
broaden my exposure and got a job at Toyon Research Corp, which is in
Goleta, but it turns out to be highly research oriented, mostly in development
of antennas.  I realize at this point how lucky I am to still be in research,
where I actually have the freedom of intellectual pursuit and creativity in
developing my own project.

1998 Isaiah Williams PSU
sac36456@saclink.csus.edu

 participated in the REU program during the summer of 1998.  More
specifically, The Penn State University acted as my corresponding research
contact for the duration of those ten weeks.  Prior to my arrival, I had no
research experience, and could not actually formulate an opinion on this
area of science.  I also did not know if applying to a research program for
my masters in Biology would be an option without initially weighing the
pro’s and con’s.

After being successfully accepted to the program in 1998, the doors of
opportunity made my discovery in research a reality.  Without hesitation,
my air accommodations, housing, food and training seminars were handled
in a professional manner.  In due time I would come to find out that those
ten weeks I spent at Penn, were worthwhile.

When my mentor and I were first introduced, we hit it off very well,
especially since we shared the commonalty in our California backgrounds.
Our research involved producing some of the world’s first smooth surface
superconductive, transition element based, nanofabricated chips.  To
contribute to this wonderful project, in the beginning, I was assigned the
Scanning Electron Microscopy and profilometry duties of the team.
Everyday I would consistently dress up in cleanroom paraphernalia to
accomplish my pictures and obtain data, and then, dress down to return to
the books in my room by night.  Putting in an eight to ten-hour day was not
all that uncommon.  And sometimes asking for rides home during after-
hours from some of the nanofab employees, who worked late hours, became
a last resort.

By the end of the program, I realised there is not another experience
like it in my opinion, and in fact, I would highly recommend this to any of
my fellow classmates interested in pursuing a research-oriented career.

Blast from the Past -- News from REUs!

1998 Katie Wooton UCSB
wootke00@wfu.edu

This summer, I have completed two summer school classes at Wake
Forest University.  I plan to spend the rest of the summer working and
filling out medical school applications.  The REU internship didn’t change
my plans, but that doesn’t mean it didn’t influence me.  I enjoyed the
experience immensely, and I feel I learned a lot that I would not otherwise
have taken the effort to learn.  Next year will be my senior year at Wake
Forest.  I am very much looking forward to graduating and hopefully
continuing on to medical school the following year.  On a personal note, I
have recently gotten engaged, and expect to get married sometime next
summer.
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Abstract:
High-aspect-ratio combdrives are needed in microelectro-

mechanical systems (MEMS) to generate the force needed to move
structures at high resonant frequencies.  Combdrives with aspect
ratios greater than 10 to 1 can be achieved with deep reactive ion
etching technology.

The focus of this project is to design a high-aspect-ratio
combdrive for a raster-scanning polysilicon mirror. These
combdrives can be coupled with polysilicon surface micromachined
structures to fabricate devices such as mirrors that can be used in a
video display.   This combdrive should increase the maximum
achievable resolution of the system compared to the resolution
achieved with a combdrive fabricated directly from polysilicon.

Introduction:
Raster-scanning devices have already been fabricated entirely

out of polysilicon, that is, a polysilicon mirror and combdrive.  The
primary disadvantage of a polysilicon combdrive is the limit as to
how thick the comb fingers can be made.  Since polysilicon is
usually deposited in layers 1.5µm to 2µm thick during device
fabrication, a typical two-layer polysilicon combdrive will only have
fingers about 3.5µm to 4µm thick [1].  By increasing the thickness
of the comb fingers using a bulk silicon combdrive, a greater force
can be generated for actuating a polysilicon mirror. A combdrive
capable of producing a larger force will oscillate the mirror at a
greater frequency for increasing the maximum achievable resolution
of a raster-scanning video display [2].

The feasibility of combining a polysilicon structure with a bulk
silicon shuttle will also be studied.  A polysilicon pin and staple
hinge will be anchored onto a movable bulk silicon shuttle to couple
the combdrive and the mirror.

Combdrive Design:
The primary factor to consider when designing the combdrive

is when it will become unstable.  Combdrive stability is governed
by the following equation:

W
f
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W
f
 = width of comb fingers

G
f
 = gap between comb fingers

L
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 = length of comb fingers

V = applied bias
ε

0
 = permitivity of free space

E
Si
 = Young’s modulus of silicon [3]

If the above expression holds, then the combdrive will remain
stable.  This relation simply states that the dimensions of the
combdrive must be much greater than a constant dependent on the
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applied voltage and properties of the material. There should also
be no more than fifty fingers on any of the comb branches attached
to the shuttle to ensure that the entire structure is not too wide.

The combdrive must generate enough force to actuate the mirror
(~40µN).  It must have the proper dimensions so that the criterions
for stability are met. The force that can be generated by the
combdrive is given by the equation:
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By using deep reactive ion etching techniques to create bulk
silicon comb fingers twenty microns thick, a greater force can be
generated than with polysilicon comb fingers only four microns
thick.  The greater force corresponds to a greater frequency at which
the mirror can be actuated, thus increasing the resolution of the
graphics display.

Raster-Scanning Video Display:
A raster-scanning video display uses two mirrors to scan a screen

in orthogonal directions.  A line-scanning mirror oscillates at several
kilohertz to place a line of pixels on the screen very quickly (see
figure 1).  A slower frame-scanning mirror aligned perpendicular
to the line-scanning mirror will be used to project the light beam
from the line-scanning mirror onto the screen at roughly 30Hz (see
figure 2).  This frequency can be thought of as the refresh rate of
the device [1].  A modulated light beam controlled by a computer
will be used to generate the image.

Fabrication Overview:
A buried silicon dioxide (oxide) layer in a silicon on insulator

(SOI) wafer will be used to provide electrical isolation for the device
from the rest of the wafer.  The first step in fabrication will be to
create oxide blocks underneath the mirror (see figure 3a).  This is
done by etching a series of deep (20µm) trenches to form a lattice
structure in the silicon. Thermal oxidation is performed to transform
the silicon lattice into an oxide lattice and then oxide is deposited
into the trenches to create the oxide blocks.  Next, polysilicon surface
micromachining is used to create the mirror (figure 3b).  The first
layer of polysilicon (poly1) forms the general mirror structure
(frame, mirror, and slider for flipping the mirror into the vertical
position) and is 2µm thick.  A layer of oxide is then deposited and
patterned.  The second layer of polysilicon (poly2) forms the staples
of the hinges that are anchored to the movable bulk silicon shuttle
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[6] and is 1.5µm thick.  A deep silicon etch is then performed to
create the combdrive and shuttle (figure 3c).  The final step involves
a wet etch of the oxide to release the structure (figure 3d).  Since
the entire device is resting on oxide, the anchors for the combdrive
must be large enough (150µm x 150µm) so that the structure is not
completely released during the final processing step.

Conclusion:
Deep reactive ion etching of silicon can be used to create a

combdrive that can actuate a polysilicon mirror for a raster graphics
display.  The projected achievable resolution is 210x280 pixels, roughly
half VGA quality.  If higher resolutions can be achieved, this device
could be useful as a replacement to the cathode ray tube.

Project Status:
As one may gather from this report, this is a long term project

extending well beyond the summer of 1999.  Design and layout are
complete, as well as deposition of an oxide layer that will form the
mask for the deep etching of the silicon lattice structures for the
oxide blocks.  Currently the furnace for performing LPCVD oxide
deposition is down, and further processing has been suspended
temporarily.
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Figure 1.  A schematic of the line-scanning mirror.  By pushing on the
slider mechanism at left, the mirror and frame can be flipped up to the
vertical position.

Figure 2:  Raster-scanner.  A computer-controlled modulated light beam
is projected from the line-scanning mirror oscillating at several
kilohertz to a frame scanning mirror oscillating at approximately 30Hz.
The beam is then projected onto a screen.

Figure 3:  General Process Flow.  A) Silicon dioxide blocks are formed
on the wafer (only one oxide block is shown for simplicity).  B)
Polysilicon surface micromachining is used to create the mirror
structure.  C) The combdrive and shuttle are formed with a deep silicon
etch (a cross-sectional view of the combdrive is shown).  D)  Wet etch is
performed to release the structure.
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Abstract:
Arrays of micron-scale torsional paddle oscillators have been

fabricated with electron beam lithography and measured using
optical interferometry.  The dynamic behavior of such systems is
complex, and can serve as an analogy to the behavior of crystal
lattice dynamics.  Additionally, similar types of structures may have
future applications in the areas optical switching or force detection.

A Leica VB6 electron beam system writes arrays of varying
dimensions on SOI wafers with a negative-tone resist.  After a
chlorine reactive ion etch removes the non-exposed portion of
single-crystal silicon, an isotropic buffered oxide etch releases the
paddles.  The arrays undergo critical point drying to prevent
breakage from stiction.  50 angstroms of chromium and 200
angstroms of gold are evaporated onto the structures to make them
conductive.

The arrays of coupled oscillators are driven by applying an AC
voltage to the structures and measuring their resonant motion with
an interferometer.  Translational and torsional modes have been
observed and characterized.  Models have been developed which
qualitatively predict the observed behavior.

Introduction:
Small linear and hexagonal arrays of coupled paddle oscillators

were fabricated using electron beam lithography and measured using
optical interferometry.  These oscillators were made of single-crystal
silicon and coated with a conductive layer of metal.  The goal of
the project was to better characterize the material by understanding
the torsional and translational modes of these structures.  In the
future similar structures will be fabricated in large arrays and
actuated without the use of a conductive layer.  This technology
will likely be used for optical switching or force detection.

Procedure:
The arrays were fabricated on a silicon on insulator (SOI) wafer

and written with a Leica VB6 electron beam lithography machine
using a negative tone resist (NEB-22).  By using NEB-22 instead
of the previously used PMMA, the lift-off step was removed from
the fabrication process.  A reactive ion chlorine etch (Cl

2
/BCl

3
/H

2
)

removed the top layer of unexposed silicon surrounding the paddles.
Oxygen plasma was used to remove remaining resist.  Next, a
buffered oxide etch (BOE 6:1) isotropically removed the oxide
beneath the structures.  CO

2
 critical point drying eliminated stiction

breakage caused by air drying.  In the thermal evaporator, 50
angstroms of chromium were used to bond the 200 angstrom
conductive layer of gold to the structures.  Lastly ultrasonic
wirebonder was used to make the electrical contacts between the

Johnathan Carlson, Electrical Engineering, Tennessee Tech University, storkanator@hotmail.com

PI & Mentor:  Dustin Carr, Applied Physics, Cornell University

dwc5@cornell.edu

Dynamic Behavior of Arrays of Coupled Oscillators

structures and the chip holder.  The oxide layer should insulate the
structures from the underlying silicon substrate [1].

A scanning electron microscope was used to observe, measure,
and capture the features of the arrays.  An optical interferometer
was used to observe the torsional and translational modes of the
arrays.  The arrays were measured under vacuum.  The DC offset
was adjusted between 2.5V and 5V to modify the spring constant
and an AC voltage was applied to actuate the paddles [2].  The
torsional and translational peaks were observed on the spectrum
analyzer [3].  Curve data from the spectrum analyzer was captured
using the computer.

Results and Conclusions:
Two different sets of patterns were created.  The first set was in

many ways only a test of what could be successfully fabricated
using the negative tone resist and the chlorine etch.  Hexagonal
arrays with paddles of 2 microns by 6 microns were successfully
fabricated and multiple resonant peaks were observed, but they
proved to be overly complex to successfully model.  The linear
arrays on the other hand were fairly easy to model even by hand for

a two-paddle or three-paddle system.  Indeed, the measured values
closely approximated the predicted values for the two-paddle
system.  The second set of patterns introduced paddles of differing
sizes on the same array.  These were modeled using a computer.

The limited data recorded indicates that the models are correct.
More data could have been gathered if the yield had been higher
during the fabrication process.  This research provided information

Fig. 1.  SEM image of a hexagonal array of 2µm by 6 µm paddles.



Cornell Nanofabrication Facility Page 19 National Nanofabrication Users Network

to help focus and improve future experiments concerning the
dynamic behavior of arrays of coupled oscillators.
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Abstract:
We fabricate RF MEMS devices with the SCREAM (Single

Crystal Reactive Etching and Metallization) process, a low-
temperature bulk micromachining technology.  In order to minimize
the attenuation for the transmission lines used in these devices, we
would like to coat the line with very thick metal (>1 micron).

However, we do not want to coat our other MEMS structures
with such thick metal, so we would like to have a method for
selectively depositing an extra layer of metal on the transmission
lines.  Due to the large depth of the microwave structures (50-150
micron) conventional lithography on fabricated devices is not
feasible, and we need an alternative means of patterning the metal.

We have therefore developed a backside etch process (that is
compatible with the normal SCREAM process) to etch holes through
the wafer.  Holes etched underneath the transmission line allow for
metal to be selectively deposited through the holes from the backside
of the wafer.

Introduction:
Millimeter-waves are suitable for satellite communications

because of their wide bandwidths; and they have the ability to
penetrate clouds, fog, and smoke.  However, the use of smaller
wavelengths requires proportional size reduction in devices and
components such as transmission lines.  MEMS
(Microelectromechanical System) technology could overcome these
problems.  MEMS technology miniaturizes conventional
components to the order of micrometers and uses microactuators
to drive movable parts on the same chips.  The miniaturization,
using micromaching methods, makes MEMS structures very small
and light-weight.  Furthermore, because of the capacitive nature of
the actuation, the actuators consume very little current and require
only moderate voltages.  This increases the driving-power
consumption efficiency, which is a major advantage for battery-
operated or low-voltage power-supply applications.

We would like to create a new approach to improve the
performance of RF devices.  In this project, we modify the original
SCREAM process with the addition of a backside etch.  It results
with etch holes through the wafer from the backside.  The new
SCREAM process with backside etch offers a number of advantages
including: 1) the ability to sputter thick metal on selective areas,
and 2) lower ohmic losses.

Procedure:
The SCREAM process begins with the deposition of a layer of

silicon dioxide on a silicon substrate.  The deposition is performed
in a PECVD machine at a temperature of 300°C for 30 to 50 minutes

Process Development for the Integration of MEMS and RF Devices
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which gives about 1.2-2.0 micron of SiO
2
.  Next, we spin a positive

photoresist on the SiO
2
.  The photoresist is then soft baked to drive

off the solvents inside.  The thickness of PR we used after spinning
and driving off the solvent is around 1.3 micron.  The PR is then
exposed to UV light shone through a chrome mask with the pattern
of structures.  This mask selectively blocks the UV light impinging
on the wafer and therefore determines the pattern transferred onto
it.  The photoresist is then developed.  In this step, the areas exposed
to the UV light are removed in the developer (CD-26) while the
non-exposed areas of the photoresist remain on the wafer.  This
remaining photoresist will serve as an etch mask for the subsequent
SiO

2
 etch.  The silicon dioxide is etched with a MIE (Magnetron

Ion Etcher).  This step transfers the mask pattern to the SiO
2
.

Because we want very large beam heights, we use a Plasma 770
ICP drie etcher to etch the silicon wafer to a depth of 50 microns.
Then the structures are covered by a thin SiO

2
 layer to protect the

The float of the SCREAM process with backside etch
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Cross-section of the transmission line with 6 microns thick metal on it.

patterned structures during the subsequent isotropic release etch
step.  Then we use MIE to remove the SiO

2
 from the floor but not

the side walls of the structures.
In order to etch from the back side of the Si wafer, we need to

turn the wafer upside down and do the same photolithography
process as we did for the top side with another positive photoresist
(PR1045).  It will give us a thick layer of PR (6~7microns) to etch
through the wafer.  For back-to-back pattern alignment, we use the
Karl Suss MA6 Contact Aligner that allows the use of an infrared
camera for through-wafer alignment.  After transferring the mask
patterns to the PR, we start to deep etch from the backside of the
wafer until it breaks through.  Then we use a PlasmaTherm 72
machine to release the beams.  After the isotropic release etch step,
the structures are suspended from the substrate and moveable.

Results and Conclusions:
Conventionally, if we use the original SCREAM process, the

thickest metal we can get is only about 1 micron.  By using the new
SCREAM process with backside etch, we can have metal
thicknesses of greater than 6 microns, but this raises another issue
— isolation.

After we have finished the fabrication of the physical structures,
we repeatedly sputter metal from the backside and check the
isolation after each sputtering.  In the beginning, the resistance we
got after all the sputtering steps was about 1 kilo-ohm.  Later on,
we figured out that we could improve the isolation by adding one
more step in our process.  Before we did the initial sputter, we
deposit SiO

2
 again on the whole structures including the surface

underneath the suspended beams which is not covered by SiO
2
.

The purpose of doing this is that after the subsequent sputtering,
the metal which we sputter from the back, will not contact the silicon
directly.  Because of this, we can keep sputtering the thick metal
(>6 µm) and still have the good isolation (Resistance ~ 1 Giga ohm).
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Abstract:
The kinetics of amorphous silicon is different during a laser

melt than during a thermal melt.  The melting point of amorphous
silicon is a function of the doping level.  The melt can be shown
using transient conductance measurements.  The melting point
difference for arsenic-doped amorphous silicon was estimated to
be 149 K < ∆T < 604 K.

Introduction:
When studying the properties of silicon, several factors may be

taken into consideration.  One such property is that of its melt
kinetics.  This depends on several factors.  One factor is the phase.
There is a definite melting point of crystalline silicon of 1410°C.
Amorphous silicon does not have a specified melting point.  Since
the silicon is amorphous, it does not melt at constant temperature.
Consequently, when silicon is heated, there is a temperature range
where the silicon undergoes a melt. Another method must be used
to find the melting point of amorphous silicon.  This may be done
with a short pulse laser.  The advantage of using a laser for the melt
is that the melt happens quickly so there is not a temperature range
for the melt but a more defined point.  The melt happens so fast
that it is nearly impossible to model the melt without using analytical
instruments.  The methods used to model the melt include
reflectivity and transient conductance measurements (TCM).  As
the silicon melts, the reflectivity increases.  In addition, the liquid
silicon conducts electricity much like a metal whereas solid silicon
has much lower conductivity since it is a semiconductor.  As a result,
these two characteristics can be measured and recorded during the
melt duration to help find the melting point.  Other factors can
affect the melting point of amorphous silicon.  This occurs when
the silicon has been doped with such ions as arsenic or boron.

There is a systematic way to find the melt temperature difference
with the time delay.  The time delay is the “ledge” on the melt
depth profile that occurs after the amorphous layer of silicon has
melted but before the crystalline layer of silicon melts. It is visible
in the graph at right as the melt depth increases.

The ∆T is calculated by the relationship:

C
p
d

melt
∆T + K      ∆t = ∫(1 - R

liq
)I(t)dt

Where R
liq

 is the conductive resistance of liquid silicon (0.72Ω),
C

P
 is the heat capacity of silicon (2.56 J/cm3)1, d

melt
 is the melt depth,

K is the heat transfer coefficient resulting from the temperature
gradient, and ∆t is the time differential. The term for the current,

∫I(t)dt
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can be approximated by finding the area of the laser pulse and
dividing it by the area of the time differential.  This can be found
conveniently by plotting the laser pulse profile and measuring the
areas that way.  The value of K is not known so a maximum value
and a minimum value for ∆T will be calculated where the actual
∆T is somewhere in between.  The maximum ∆T is found by
removing the heat transfer term.  The minimum ∆T is found by
assuming a constant heat transfer coefficient from the melt/solid
interface to the crystalline/amorphous interface.  The other
parameters are known values (like C

p
 and R

liq
) or can be measured

(like ∆t and d
melt

).

Procedure:
The first part of the project consisted of preparing samples.  The

silicon devices were all made on four inch silicon on sapphire
wafers.  The first step was to amorphize the silicon on the wafers.
Then the wafers were doped with varying concentrations of boron
or arsenic.  A portion of the wafer was covered during implantation
to get undoped amorphous silicon samples for analysis.  After the
implantation, the wafers were sent to Lawrence Livermore National
Laboratories for laser annealling.  This was done to distribute evenly
the dopants in the silicon.  Since this caused the silicon to
recrystallize, the wafers had to be implanted with silicon once again
for amorphization.  Then the patterns were made in the silicon by
using reactive ion etching.  Then aluminum contacts were made by
depositing aluminum on the silicon.  Then the wafers were cleaved
so that the devices could fit into the TCM contacts.  Then a 308 nm

-∞

∞

∆t

∂T
∂T
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Excimer laser was used to melt the silicon.  The laser is pulsed with
a duration of 35 ns.  A 750 nm diode probe laser was used to measure
reflectivity.  The reflectivity and conductance of the silicon was
recorded during the process with the help of an oscilloscope.  The
TCM readings were then converted into melt depth profiles.  The
time differential is visible in the graph was then measured.  This is
the key information that was used to measure the time differential.
Subsequent melts were done with adjustments to the laser’s voltage
and zoom setting.

Results/Conclusions:
The results of these laser melt trials were rather interesting.  In

a few of the melts of the arsenic doped silicon, a time differential
was noted during the melt.  The melting point difference was only
calculated for one laser melt.  The time differential was factored
into the temperature difference equation and the ∆T

max
 is 604 K

and the ∆T
min

 is 149 K.  This result is an approximation because the
laser pulse profile used for the calculation was measured previously
and could vary with the actual laser pulse profile.  As a result, the
melt point difference was not calculated for the other trials.
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Dissertation, Cornell University, 1984.
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Abstract:
The understanding of movement of polymers molecules relative

to each other to change the morphology near the surface is desired.
With this in mind, polymer patterns were designed in order to be
able to study the rate of decay of the gratings due to the surface
transport of the molecules. This was done with the purpose of
analyzing of how the decay rate is dependent on the feature size of
the templates. The sizes range from 0.2 microns to 1.0 micron with
a height t o feature ratio of 2:1. The structures were characterized
using atomic force microscopy.

Procedure:
Silicon “square wave like” templates were done using electron

beam lithography because of the accurate registration over small
wafer areas and the high resolution. Reactive ion etching (RIE)
techniques were devised to create the trenches with straight wall
profiles. To make the polymer imprintings several pattern transfer
methods were practiced. These included film casting, embossing
of the polymer film and embossing of the polymer powder. In all of
these the polymer was heated above its glass transition temperature
and a release compound was used to assist the lift-off procedure
between the mold and the polymer (polystyrene). Embossing the
polystyrene powder produced the best results so this process was
chosen over the others to continue with the annealing treatments.

Nano-Structures on Polymers and Measurement of Viscous Flow
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Several samples were annealed varying time and temperature.
This was done in order to find a definite interval in which the change
in surface morphology could be appreciated in detail. The first
sample was annealed at 150°C for 34 minutes. As an effect the
features disappeared which means that either the temperature was
too high or the time was too long causing the surface to relax and
flatten completely. A variation was carried out at 125°C for 9
minutes. With this no or almost no relaxation occurred on the
polymer. A higher quality outcome was viewed when heating
polystyrene at 125°C for 25 minutes. A reduction of approximately
11.4 nanometers (124.9nm to 113.5nm) was accomplished in the
1.0-micron feature. Besides this numerical value a change from
“square wave like” to a sinusoidal shape was viewed by means of
a line section analysis in the atomic force microscope. The sample
was annealed again at the same temperature and for the same amount
of time. It experienced a 6.7 nm height diminution. The silhouette
of the specimen kept getting more sinusoidal. With these results it
was possible to see the effects of  the annealing time over the
polymer.
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Summary:
Even though relevant accomplishments were made additional

work is necessary to continue the study of how the amplitude of
the gratings decay with time. Also it is desired to know the
dependency of the rate of relaxation of the polymer gratings on the
feature size. This can be done by studying the behavior of each
period.
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Abstract:
Metal contamination has been shown to cause fatal effects on

semiconductor devices as transistors. As these are decreased on
scale, ultra-large scale integrated fabrication technology (USLI)
advances and achieving an ultra-clean wafer surface is a
requirement. I t has been postulated that metals like Cu, having
higher electronegativity than Si, can be adsorbed onto the Si surface
by the interaction of a re-dox reaction. To try to understand the
mechanism of Cu adhesion to Si (100) surface, we studied the effect
of exposure time of Si to the Cu solution, the nature of the Si dopants
and the illumination effect on the size and distribution of the Cu
precipitates.

Introduction:
As size shrinks, devices become more sensitive to low levels of

impurities. In the oxidation processing of Si wafers, existence of
metallic impurities leads to the formation of additional defects.
Metallic contamination constitutes the major type and its adsorption
onto the Si surface may cause destructive effects on devices. It can
increase current leakage at the p-n junction, decrease oxide
breakdown voltage and decrease carrier lifetime. We performed
our research using Cu as a metallic contamination agent. The
proposed mechanism of the Cu deposition establishes that Cu, which
is a noble metal exhibits higher electrone-gativity than Si in solutions
and is adsorbed taking electrons from Si. It has the capacity to
deposit onto the Si surface, even in extremely small concentrations.
Our group got interested in understanding the process of this
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mechanism when unusual triangular features appeared over the Si
surface during an ammonium hydroxide etching, triangles inside
triangle were observed. In order to know what probably caused it
we studied Cu, which peculiarly, is present almost everywhere, even
in ultra-pure water (UPW) which is of extremely importance and
usage in industrial cleaning procedures.  The experiment was
repeated using Cu, results has been similar but, this will require
further research.

 A few years ago, the gate oxide of the world’s smallest transistor
was only four atoms width, the presence of a single Cu atom will
certainly interrupt the electron flow, and will affect its functioning.
Our purpose here is to understand the Cu adhesion onto the Si (100)
surface, the Cu deposition variations changing the density of the
free carriers.

Rare feature formed during an NH
4
OH etching

Experimental:
Boron doped (p-type) and Phosphorus doped (n-type), Si (100)

wafers were used for the Cu adhesion. The Cu concentration in the
solution was set at .5 ppm. Compositions and temperatures in this
experiment are as follows: UPW at room temperature was used for
all adhesion and cleaning procedures. The cleaning process consists
of 10 min. in SCA-1 (NH

4
: H

2
O

2
: H

2
O= 1:1:5), at 80°C,10 min.

SCA-2 (HCl: H
2
O

2
: H

2
O =1:1:5), at 80°C, 2 min. in BOE (10-5 M/

L HFaq.), at room temperature. This procedure was repeated three
times before the immersion into Cu solution. Dipping time of Si
into Cu solution was 3 to 10 min in order to analyze the particle
growth as time was increased. To study the effect of the dopants
and the effect of illumination, both, n and p-type were used;
immersion time was set to5 min. To analyze the effect of
illumination, the exp. was performed under light and darkness. All
procedures were repeated continuously to achieve precise results.
The samples were analyzed using Scanning Auger Electron
Microprobe to confirm the presence of our induced contaminant.
Scanning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM) were used to observe the shapes of the
contaminants. Pictures were taken by normal incidence (90°).
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Results and Conclusions:
The particle size and density increased proportionately with

time.  The different dopants and illumination constituted a way to
change the density of the free carriers. For n-type, particles were
smaller than in p-type, but more. For p-type, particles were bigger,
but less. N-type has more electrons available and the surface gets
denuded more slowly. Cu 2+ has more chance of nucleating a new
precipitate particle. For this reason, precipitates did not grow as
much as on P-type, that has fewer electrons available and Cu2+ will
tend to precipitate over existing particles, rather than nucleating
new ones. Under illuminated conditions, that promoted the presence
of more electrons, n-type in light did not exhibit any significant
difference. For p-type, particles were significantly bigger under
illumination. The Cu precipitate quantities over the Si (100) surface
are affected by variation in the free carriers. The deposition
mechanism proposed is supported by the data collected until now.

Figure #3, N-type, light  Figure #4, P-type, light
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Introduction:
Chemical-mechanical planarization (CMP) uses chemical and

mechanical forces to planarize surfaces.  The impetus to develop
better CMP techniques lies in the need to fabricate multilevel
interconnections between increasingly complex and miniaturized
device structures.  It has been especially promising because of the
dramatic results achieved thus far.

The CMP tool consists of an arm that moves a sample against a
pad with a certain pressure while at the same time a chemical mixture
called a slurry is dispensed to facilitate the removal of the top surface
of the wafer.  Abrasive particles in the slurry polish the sample
using chemical and mechanical attack.  Many factors influence the
rate at which polishing occurs.  For example, slurries are material-
specific;  moreover, increasing the temperature, rate of slurry
dispensal, the velocity with which the arm and pad rotate, and the
pressure applied on the sample can increase polish rates
dramatically.  However, each of these factors has consequences
beyond their effects on polish rates; for example, recklessly
increasing the pressure applied to samples can cause a great deal of
non-uniformity in polishing.

Thus, we characterized the polishing process on the Strasbaugh
6EC in order to make damascene structures (i.e., planar polysilicon
and tungsten trenches in silicon dioxide).

Experimental Procedure:
The goal of this project was to planarize both polysilicon and

tungsten that had been embedded in oxide trenches. Starting with
three inch silicon wafers, approximately 550 nm of oxide was grown
on the surface. Lithography was done using a mask with lines of
various width, ranging anywhere from 20 µm to 0.5 µm.  Wafers
were coated with about a micron of Ultra-i 310 negative resist, and
prebaked for 90 mins at 90°C and exposed on the GCA 10X i-line
stepper (0.25s-dosage, 251-focus setting). Reactive-ion etching (on
the PlasmaTherm 72) was then used to produce trenches about 250
nm deep in the oxide.  The wafers were post-exposure baked at
110°C for 90mins and developed using CD-26 for 40 mins.   Finally,
about 500 nm of tungsten was sputtered on some of the samples
while approximately 550 nm of polysilicon was deposited using
LPCVD deposition on others.  All samples were polished using the
Strasbaugh 6EC CMP tool.  Different pads and slurries were used
for the two materials.  For polysilicon, the slurry was manufactured
by RODEL (part number ILD1300) and consisted of a mixture of
amorphous silica and ammonium hydroxide.  For tungsten, the
slurry was also manufactured by RODEL (part numbers
MSW 2000A and MSW 2000B) and consisted of two different
liquid mixtures that needed to be combined in a ratio of
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1 (MSW 2000A) :5.5 (MSW 2000B) by volume.  The MSW 2000A
was an abrasive mixture that consisted of aluminum oxide while
the MSW 2000B was a chemical solution that consisted of a
proprietary mixture of organic acid salts and oxidant complexes.

Results:
The results obtained from polishing of polysilicon and tungsten

varied to some extent.  Overall, it was more difficult to obtain
uniformity in the polishing of polysilicon than in the polishing of
tungsten.  Figure 1 shows polysilicon trenches before polishing.
Atomic force micrographs revealed that the depth of the conformal

poly grooves was around 200 nm.  Figure 2 shows these same
trenches after polishing.  Notice that the conformal grooves have
been planarized tremendously, and what remains is a damascene
structure with poly embedded in silicon dioxide.  Again, AFM
micrographs revealed that the step height of the conformal poly
grooves was around 10-15 nm after polishing.  Similar results were
obtained for tungsten.

Figure 1:  Conformal Polysilicon Groove before Planarization
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Figure 2:  Post-CMP SEM with Damascene Structures
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Abstract:
In recent years, a great interest in integrating biological systems

with nanofabrication technologies has emerged in science and
industry.  A present goal of this new field is the development of
nanofabricated devices to study intracellular reactions and growth.

In this project, a nanofabricated biosystem for the delivery of
fluid pharmaceuticals to individual cells grown on a protein pattern
is proposed; such a system would be used in conjunction with
extracellular planar microelectrodes to monitor neural cell network
response in the form of altered action-potential production.

Introduction:
The use of microelectrode arrays to record action-potential

activity has been shown to be a reliable technique for the study of
neuron growth and function.  Microchips employing gold-implanted
wires can be fabricated using standard microscale processing
techniques and then used as a base-layer for cell cultures.  In many
neural measurements, it can be useful to change this cell culture by
adding various chemicals or nutrients to the buffer solution.  Current
techniques for controlled culture medium perfusion are somewhat
primitive, though, and often involve complete drain and fill of the
buffer solution, causing wide temperature swings and possible
trauma to cells in the culture.  In addition, current methods do not
provide a convenient means for drug delivery to individual cells in
the culture.  The use of fabricated subsurface channels in a
microelectrode-based silicon wafer can be an excellent solution to
the above problems.

In the design of a new biosystem, 36 axial-fabricated subsurface
channels approximately 3cm in length were planned.  Cells grown
on a protein-stamped grid in the center of the chip (in the vicinity
of a channel end) are thus linked to larger pores surrounding the
outer rim of the 3-inch (in diameter) wafer.  Similar axial-fabricated
gold wires have been designed to follow along the length of the
channels for the extracellular measurement of neural activity.  In
final chip operation, a syringe (or other fluid reservoir) will deposit
a chemical on one of the channel pores located at the outer rim of
the wafer.  Capillary forces will then propel the drug to the center
of the chip where it will be excreted near an active neuron in the
cultured neural network.  From the use of an oscilloscope and a
computer workstation connected to the electrodes, voltage
measurements of neural activity can be recorded and mapped.

Experimental Procedure:
In the initial stage of the biosystem fabrication, 550nm of SiO

2

was grown on a quartz-glass substrate (an insulator used to minimize
electrical charges on the chip).  After cooling, 200nm of nitride
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was then grown on the surface of the SiO
2
 layer.  For the creation

of subsurface channels, it was necessary to etch irrigation holes in
this nitride layer.  This step was performed using standard
photolithography techniques via the use of the Karl Suss MA6
contact-aligner.  The contact-mask pattern was composed of holes
2µm in diameter and spaced 10µm apart in long (3cm) lines.  Resist
(~1µm of 897-12i) was patterned via 10 seconds of UV light
exposure followed by a 2 minute CD-26 developer bath.  The wafers
were then inserted in the Applied Materials RIE for a 10-minute
CF

4
 plasma-etch to generate holes the nitride layer.
After a Nanostrip-bath to remove the resist layer, the wafer was

then dipped in HF solution for 5 minutes.  Here the acid flowed
through the holes in the nitride to isotropically remove the SiO

2

and thus connect the subsurface channels.  The 5 minute HF etch
produced subsurface channels approximately 15µm in diameter and
550nm in height (the original thickness of the oxide layer).  The
irrigation holes in the nitride were then reduced from 2µm to .5µm
in diameter via the deposition of SiO

2
 from use of PECVD

processing.  Because of the reduction in hole-diameter in the
previous step, it was then possible to spin-deposit Probimide 284
polyimide on the chip (4000 rpm for 30 seconds) without filling
the channels [1].

Using a second mask and similar photolithography processing,
“end-holes” to the subsurface channels were then created for fluid
access.  A third mask was also employed to deposit 10µm-wide
gold wires (through use of a thermal evaporator and the ion mill)
on the oxide layer that parallel the fluid-delivery channels.  After
cleaning, a special polylysine-protein pattern was applied to the
surface of the wafer in a technique called microcontact printing
[2].  This protein pattern directs neural cells to grow in the vicinity
of channel entry-holes and electrode ends, thus providing for easy
drug-delivery and action potential measurement.
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Results and Future Applications:
A working prototype microchip was created with microfluidic

channels for drug delivery and metal electrodes for action-potential
measurement.  Throughout the latter months of 1999, the process
will be perfected and neurons will be grown on the chip (a study to
be performed at the Wadsworth Center in Albany, NY).  There are
many useful applications of such a biosystem for research in
neuroscience.  In particular, fluorescent dyes including FM 1-43
(to stain synaptic vesicles) and Rhodamine 123 (for the staining of
mitochondria to confirm healthy cell activity) can be delivered via
the microfluidic channels.  In addition, the effects of excitatory
and inhibitory chemicals (such as glutamate and glycine,
respectively) delivered to individual neurons through such channels
can be examined through the mapping of network signal response.

References:
[1] “Spin Deposition of Polymers Over Holes and Cavities”,

H. Elderstig, and P. Wallgren, Sensors and Actuators A, 46,
pp.95-97, 1995.

[2] “Microcontact Printing for Precise Control of Nerve Cell
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and D. W. Branch, Journal of Biomechanical Engineering, 121,
pp.73-78, 1999.
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Abstract:
The goal of the project is to pattern a fluorocarbon resist with

electron beam lithography, and develop the features in supercritical
CO

2
 as well as to characterize this procedure. Fluorocarbon

polymers are not soluble in standard basic developers, so
supercritical CO

2
 was used as an environmentally benign alternative.

The fluorocarbon resist was deposited using chemical vapor, using
a variety of deposition conditions.  These films were then exposed
with an electron beam in varying doses, and developed in
supercritical CO

2
.

Introduction:
In an effort to decrease feature size, fluorinated polymers are

being developed as resist materials for both photo and electron beam
lithography.  Electron beam lithography can achieve very small
feature sizes, and resist materials for this application can be useful
for microelectronic purposes.

In my experiment, a fluorinated polymer was deposited using
chemical vapor deposition onto a substrate.  This process was
performed at Massachusetts Institute of Technology Lincoln Labs.
Chemical vapor deposition is a process where a monomer containing
the desired structures is vaporized into a plasma and deposited as a
crosslinked network on a substrate.  In my case, hexa-
flouropropylene oxide was used for the monomer and deposited on
a silicon substrate.

Electron beam lithography was used in this experiment to expose
the resist to irradiation.  In this process, electron are generated, a
beam is focused on the sample and traced in a particular pattern
over the surface.  The electrons impinging on the surface can cause
chemical and physical changes in the film.  The goal of these changes
is to achieve a solubility change in the exposed areas.  This solubility
change is used to selectively remove some of the film for processing
applications.  The dose of the irradiation is measured in µC/cm2.

Following exposure to the electron beam, the sample is
developed to remove the soluble areas.  In this case, super critical
carbon dioxide (SCCO

2
) is used as the solvent.  This form of C0

2

exists at high pressure and temperatures. It has the strong dissolving
power of a liquid, and the low viscosity of a gas.  Additionallly,
resist I studied is non-polar, and cannot be dissolved in traditional
aqueous base solvent, so SCCO

2
 is an environmentally benign

alternative.

Procedure:
Initially, silicon wafers were prepared and processed at MIT

Lincoln Labs.  There, the wafers were subjected to chemical vapor
deposition, annealed, and sent to Cornell University for subsequent
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testing. I initially tested the solubility of the resist in the SCCO
2
.

The solubility test was performed at the maximum of 3000-4000
psig, 80°C, for a duration of 30 minutes.  I then exposed the films
in a dosage array with electron beam lithography.  A Leica/
Cambridge EBMF 10.5/CS Electron Beam Lithography System was
used for these exposures.  Initially, each sample was exposed with
a logarithmic range of doses from 10 to 10,000 µC/cm2, in order to
evaluate if the electron beam would affect the film. A second
exposure was performed; I used a smaller pattern, in order to test
the feature size constraints, and a smaller dosage array of 4000 to
10,000 µC/cm2, to more closely evaluate the optimal dosage.  After
the exposure, I measured the changes in film thickness inside the
exposed area, developed the samples in SCCO

2
, and measured the

change in thickness in the same area. These measurements were
done with a profilometry, using a Tencor AlphaStep 200 Surface
Profilometer or atomic force spectroscopy (AFM), on a Digital
Instruments 3100 Atomic Force Microscope.

Results and Conclusions:
I tested four samples for patternability with electron beam

lithography and SCCO
2
 development. These samples varied in

deposition time and temperature, as well as annealing time and
temperature.  I tested the unexposed films for solubility in SCCO

2

prior to any lithography.  I found that all of the films were insoluble
in the standard test described above.  This showed that these films
could now be tested for positive tone with electron beam lithography.

Two separate electron beam exposures were performed.  The
first exposure was done on all four samples, and consisted of large
feature in a large range of doses. This exposure was used to evaluate
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whether or not the electron beam would have any effect on the
films.  I found that all of the films tested responded to the exposure,
and the features were visible before development.  The change that
resulted was a decrease in thickness of the film inside the exposed
region.  The post development measurements revealed that the
samples developed in the range of 0-100% removal of the film.
Only one of the original samples developed up to100%, and this
film was chosen for further study.

The second exposure was designed to test the removal with
smaller features, as well as to find the dosage range over which all
of the film could be removed.  Again, I found that the thickness of
the film was decreased with electron irradiation, and further
decreased with development.  I found that some of the film in the
smaller features was not completely removed, especially in corners
and near edges of the feature.

Summary:
This experiment is being continued in order to further explore

this particular resist.  Efforts are being concentrated on decreasing
the dosage needed for complete removal of the film, as well as
understanding the mechanism by which the film is affected by the
electron beam.

Acknowledgments:
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Abstract:
The lift-off technique for metallization is a ubiquitous research

technique with a broad range of applications.  The image reversal
process was developed to overcome the problems associated with
the physical surface contours during metallization and lift-off and
is now in common use.  Despite the widespread utilization of this
process, evidence of the results of image reversal was lacking and
the process was not well characterized.  The goal of this project
was to examine image-reversed specimens to document the results
and develop processing guidelines.  Results show that image-
reversal affirms assumptions about its results and that the technique
is relatively insensitive to two main processing parameters.

Introduction:
Two common techniques exist for depositing metal structures

on common substrates: etching and lift-off.  Etching techniques
require depositing metal on the substrate, then patterning the
photoresist polymer on top.  Excess metal is removed by wet- or
dry-etching metal not covered by the photoresist.  Etches are difficult
to control and easily destroy fine features.  The lift-off process entails
patterning resist on the substrate, then placing metal on top of the
resist.  Excess metal is removed by simply dissolving the resist,
freeing the metal deposited on top of it.  The advantages of lift-off
are that there is no metal contamination in undesired location and
fine features may be produced.

Problems encountered with the lift-off technique lay in the
surface geometry of the photoresist.  Normal patterning results in a
profile that is similar to looking into a trough ˆ the substrate is
visible at the bottom of the trough and the sidewalls angle outward.
Metal deposition then results in a continuous sheet of metal spanning
the sidewalls.  Image reversal results in a profile similar to depositing
a trough on the substrate.  The substrate is exposed around the
trough, and the sloping sidewalls provide a shadow around the base
of the resist.  While this has long been the supposed mechanism by
which image-reversal produced superior results, no previous study
has documented this effect.

Procedure:
Four-inch (1,1,1) silicon wafers were liquid-primed using

P-20, containing a 20% solution of hexamethyldisilizane (HMDS)
in PGMEA solvent. Olin OiR 897-21i photoresist was then spun
on at 4000 rpm for thirty seconds with an acceleration time of three
seconds.  A pre-exposure bake was performed at 90°C for thirty
minutes in a convection oven.  The wafers were then patterned on
a GCA 6300 DSW 10x i-line stepper.  A focus-exposure test was
conducted in which the dose (exposure time) varied from 0.5 s to
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5 s (78 mJ/cm2 to 780 mJ/cm2) in 0.15 s steps and the focus was
adjusted from -1µm to +1µm from normal in 0.5µm increments.
After exposure the wafers were baked in an ammonia-gas process
oven for eighty minutes at 90°C.  The wafers were flood-exposed
under the HTG contact aligner for one minute (405 nm,
1800 mJ/cm2), then immediately developed with MF-321
(0.21 normal TMAH) for one minute. Aluminum was evaporated
onto the wafer at 7 Å/sec for 500 s, resulting in a thickness of
3500 Å.  The wafer was then cleaved and examined with a LEO
scanning electron microscope (SEM).

Results and Conclusions:
As it can be seen in Figure 1, image reversal produced an

overhanging sidewall profile.  This overhang resulted in the gap
between metal on the substrate and the base of the resist sidewall
and no connections between the metal layers on the substrate and
the top of the resist.  Optimum dose was about 0.70 s (110 mJ/cm2),

as determined by comparing the target width of the trench to the
actual width as determined by SEM.  Figure 2 illustrates that for
doses ranging from ˆ35% (0.45 s) to +35% (0.90 s) there was no
significant change in the angle of the sidewall, although there were
changes in the width of the trench.  Figure 3 demonstrates that
there is also little change in sidewall profiles for focal planes ranging
from -1mm to +1mm from normal.  It can be concluded that the
image reversal technique is insensitive to these parameters providing

Figure 1
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a wide processing window.  The angle of the sidewall profile must
be influenced by fother factors, perhaps largely by the optical/
chemical properties of the resist itself.
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Abstract:
The Semiconductor Industry of America Roadmap predicts that

by 2003, 100nm CMOS transistor gates will be commercially
produced, pushing further the limits of size and speed posed by
250nm and 180nm gates in production today.   We will demonstrate
the process of 100nm polysilicon FET gate fabrication using electron
beam lithography and reactive ion etching.

In this process, a polysilicon-oxide-silicon gate structure is
patterned using a SiO

2
 “hard mask” layer. The structure is exposed

to a minimum feature size line with electron beam lithography,
followed by a two-step RIE etch process. CHF

3
 is first used to etch

through the SiO
2
 hard mask layer. A Cl

2
 etch is then evoked to

complete the gate etch with high selectivity to the SiO
2
 gate

dielectric. Gate width vs. electron beam dose analysis and SEM
micrographs of resist and gate cross-sections will be presented.

Introduction:
MOSFET gates are capacitor-like structures that stand as one

of the most fundamental components of the modern transistor. As
such, they also stand as one of the greatest obstacles to the breakneck
pace of technological advances. During active use, the gates
dissipate power in the form of heat; effectively limiting how close
the next gate can be placed without melting. Since the speed of
signal processing depends largely on how far the signal has to travel
between transistors, contemporary technology (and all of humanity
as we know it) has much to gain from efforts to minimize the size
of MOSFET gates.

As 100nm MOSFET gate technology is predicted to be in
production in less than 4 years, this project explored the attainability
of 100nm gates in a contemporary research environment. By
utilizing electron beam patterning, the smallest feature size that the
CNF is capable of producing can be obtained. An undesirable
characteristic of traditional RIE’s is that relatively small features
often assume the sloped features of the patterning resist. Since
sloped gates cause non-uniformities in the ion implantation process,
we used a layer of SiO

2
 to pattern the gate, which is consumed

much slower than resist in most RIE processes and effectively
protects the gate from sloping. This is especially advantageous with
Cl

2
 RIE processes, as Cl

2
 reacts very strongly with polysilicon and

very weakly with SiO
2
, allowing the RIE to stop on the dielectric

without thinning it.

Procedure:
The first step in preparing the silicon wafers was to thermally

grow a 75 Å dielectric layer of SiO
2
 in a dry furnace system. On

this layer 800 Å of polysilicon was deposited to complete the gate
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stack. To facilitate gate patterning, a SiO
2
 “hard mask” layer 250 Å

thick was then deposited using plasma-enhanced high-pressure
chemical vapor deposition (PECVD). The wafer was then coated
with negative resist and exposed to minimum feature size lines with
e-beam lithography. Using CHF

3
 in a reactive ion etch (RIE), the

structure was etched approximately 300 Å, leaving behind SiO
2

lines to both pattern and protect the gates in the remaining
processing. A Cl

2
 RIE was then evoked to complete the gate

structure, allowing high selectivity to both the gate dielectric and
the hard mask.

Results:
Gate widths in the range of 75-80nm were achieved reliably.

The Cl
2
 etch step was designed to utilize a mixture of Cl

2
 and BCl

3

plasma, where the BCl
3
 plasma reacts with SiO

2
 and is minimally

used to remove loose SiO
2
 particles. Initially, the last 15% of the

Cl
2
 etch was completed using Cl

2
 alone, with hopes of avoiding

potential adverse thinning effects from the BCl
3
. This technique,

however, gave rise to substantial micromasking effects as there was
no longer an agent to remove the loose SiO

2
. By introducing a

reduced amount of BCl
3
 during the last 15%, an effective

compromise was reached that both eliminated micromasking and
caused no notable harm to the dielectric.

Conclusions:
Through an effective use of electron beam lithography and SiO

2

patterning, gate widths were achieved much further below the
100nm goal than previously anticipated. There still remain large
obstacles on the road to production, however, as current electron
beam lithography instruments can not come close to matching the
production capabilities of industrial photolithography instruments.
Recent advances in large-array AFM devices and nanotube equipped
cantilevers have potential as a future large scale e-beam production
method, but only time will reveal the vehicles used to travel the
hallowed trail of the SIA roadmap.
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Abstract:
GaAs and 3C-SiC Schottky-barrier diodes were fabricated using

a variety of metals to determine their effect on the ideality factor.
An insulating layer was developed which enabled us to make small-
area Schottky-barrier diodes (100 µm2) with large-area bonding
pads without having to etch the GaAs or SiC. Ideality factors
obtained on GaAs ranged from 2.13 to 3.42, and on SiC they ranged
from 9.42 to 39.53.

Introduction:
Over the years, silicon has dominated the electronics and

semiconductor industry. Its success is attributed to its physical
properties, the nearly perfect control of its preparation, its low cost,
and its device technology [1]. This semiconductor, however, is
unable to perform adequately under extreme high temperature,
power, radiation, and frequency conditions. With the current interest
in producing high quality Schottky-barrier diodes for use at these
extreme conditions, other semiconductors are being researched to
substitute for silicon. One such semiconductor is gallium arsenide.
Gallium arsenide has properties that allow for important
improvements on the performance of classical devices. Properties
such as higher electron mobilities (five times that of Si) and larger
bandgaps (1.3 times that of Si) have allowed GaAs devices to
operate at higher frequencies and temperatures [2]. These
characteristics are useful in applications such as microwave
electronics for oscillators and amplifiers [1], LED’s and lasers,
optical telecommunications, and solar cell material [3].

Another semiconductor with certain advantages over silicon is
silicon carbide. It is able to function under extreme high temperature,
high power, and high radiation conditions, which will provide the
means for improvements to a variety of applications and systems.
Other advantages include a remarkably high breakdown field that
is five times that of silicon, a wide band gap energy which is twice
that of silicon, a high carrier saturation velocity which is twice that
of silicon, and a high thermal conductivity that is three times that
of silicon [1]. These properties are beneficial in applications such
as high-voltage switching for energy and electric power distribution,
more powerful microwave electronics for radar and communications
[2], high temperature sensors and controls in satellites, aircraft, and
automobiles, and underground mining and drilling.

Improvements are still needed, however, in the crystal growth
and fabrication processes before SiC-based devices and circuits
can be up-scaled and used in electronic systems. Our study focused
on determining the ideality, or quality, factor of Schottky-barrier
diodes using a variety of metal-semiconductor contacts to determine
suitability for future applications involving gallium arsenide and
silicon carbide Schottky-barrier diodes.

Effects of Metallization on Ideality Factors of GaAs and
3C-SiC Schottky-Barrier Diodes
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Procedure:
A. Insulating Layer
1. Photolithography:

a. Clean and degrease GaAs samples with acetone, methanol,
and de-ionized water to remove impurities from surface.

b. Apply 8 kÅ photoresist to samples, spin at 4000 rpm for
30 sec., and bake between 90-100°C for 20 min. to harden
and set the photoresist.

c. Expose photoresist to Mask 5 pattern (Fig. 1), by shining
ultraviolet light through the mask for 12 seconds. Exposed
areas are altered or damaged by UV light. (Fig. 3a).

d. Immerse samples in developer solution for 1 min. to
remove damaged photoresist. (Fig. 3b).

e. Rinse samples in DI H
2
0.

2. Bake samples for 15 min. at 200°C.
3. Bake samples for 45 min. at 350°C. (Fig. 3c).
4. Use probes and oscilloscope to check if hardened photresist is

insulating.

B. Ohmic Contacts:
1. Repeat part A1 using Mask 4 (Fig. 2) in place of Mask 5.

Between parts A1c and A1d, immerse samples in toluene
for 1 min. to harden photoresist in preparation for future
lift-off procedures.

2. Metallization and Lift-Off
a. Use electron-beam evaporator to deposit 200ÅGe,

200ÅNi, and 1500ÅAu in layers. (Fig. 3d).
b. Rinse samples in acetone to dissolve remaining photoresist

causing unwanted metal to lift off. (Fig. 3e).
3. Annealing and Testing

a. Use Penzac strip heater to anneal samples at 450°C for 1
min. in hydrogen gas. This converts the Ge-Ni-Au contacts
into ohmic contacts with the GaAs epi layer.

b. Use 2-probe test to determine ohmicity of devices.

C. Schottky Contacts
1. Repeat part A1 using Mask 3 (Fig. 4) in place of Mask 4.

Between parts A1c and A1d, immerse samples in toluene
for 1 min. to harden photoresist in preparation for future
lift-off procedures.

 2. Repeat part B2 using various Schottky test metals in place
of Ge-Ni-Au. (Fig. 3f).

D. Testing
1. Use 2-probe test, one probe on ohmic pad and one probe on

Schottky pad, to measure voltages at 100µA.
2. Repeat D1 at 10µA.
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Fig. 3 (a) Photoresist exposure (b) Photoresist development (c)
Photoresist heating to create insulation (d) Metal evaporation (e) Metal
lift-off (f) Schottky metal evaporation

Figure 2, Mask #4

 Figure 4, Mask #4

Figure 1, Mask #5

The procedure for SiC is slightly different, in that the ohmic
contacts (2000Å Al:Si) are put down first, the insulating layer, and
then the Schottky contacts (1000ÅTi/ 1000ÅAu). This is due to
SiC’s inherent quality of withstanding extremely high temperatures.
Thus, the insulating layer can be heated after the ohmic contacts
are laid down, at a much higher temperature than GaAs can
withstand.

Our SiC procedure has been revised several times throughout
this study because of difficulties with adhesion of the insulation
layer to the SiC surface. Since SiO

2
 is a common insulator for Si

and has been used on SiC previously, we tried using spin-on SiO
2

to develop the insulation layer. This, however, came off during the
etching process. We then tried to grow a SiO

2
 layer for 2 hours at
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Figure 5, Ideality Factor vs. Metallization on GaAs

Figure 6, Ideality Factor vs. Substrate Material

Figure 7, Breakdown Voltage vs. Semiconductor Contact on GaAs

1150°C. Problems arose, however, when severe undercutting of
the grown SiO

2
 layer took place during etching, causing undefined

patterns on the samples. An insulator was then made by carbonizing
the photoresist for 2 hours at 600°C. During lift-off, however, the
carbonized photoresist was removed. Finally, we tried using a
hardened layer of photoresist as an insulator. This was baked for
15 min. at 250°C and 45 min. at 350°C, and proved to be successful.
Thus, we used hardened photoresist as the insulation layer for both
the SiC and GaAs samples.

Results and Conclusions:
Our results (Fig. 5) show that at low doping (2x1017cm-3),

Cr-Au and Mo-Au make the best Schottky contacts on GaAs. They
had ideality factors of 2.13 and 2.27 respectively. At the higher
doping of 3x1018cm-3, Al makes the best contact on GaAs. The
ideality factor values at this doping do not vary as greatly as at
lower doping.

Figure 6 shows that the average ideality factor of Ti-Au on GaAs
is 2.72. This is much more ideal than that of SiC, at 15.97. This
high value for SiC can be attributed to factors such as surface oxides,
defects, and high stress levels. Although our value for SiC is very
high, SiC is still a suitable material for operating in harsh
environments and cannot be overlooked so easily.

The results also show that doping concentration is inversely
proportional to breakdown voltage. Figure 7 shows that at a doping
concentration of 2x1017cm-3, breakdown voltage is high, compared
to the breakdown voltages at the higher doping of 3x1018cm-3.

In conclusion, we were successful in developing an insulating
layer on GaAs and SiC, and by doing so, we were able to fabricate
Schottky-barrier diodes on both materials.
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Abstract:
Streptomyces sp. is a bacterium of an unknown species that is

known to proliferate in the presence of a mineral called hornblende.
The purpose of this experiment is to determine the role of surface
composition on the growth and attachment of Streptomyces sp.  on
solid surfaces.

In the process, bacteria were grown on uncoated Corning 7059
glass, octadeclytrichlorosilane (OTS) coated glass, and chromium-
coated glass.  After five days of incubation, the bacteria were imaged
using the tapping mode of the atomic force microscope (AFM).
Then they were removed from the glass using an enzyme and imaged
again on the AFM.  The chromium and uncoated Corning 7059
glass were analyzed using x-ray photoelectron spectroscopy (XPS)
before and after bacterial incubation.  The preliminary results
suggest that the bacteria do adhere to some coatings more readily
than others.

Introduction:
Streptomyces sp. is a common soil bacteria that has

characteristics similar to fungi.  These bacteria contribute to the
formation of some volatile compounds that are associated with the
“earthy” odor of soil.  They utilize carbon, nitrogen, and mineral
salts, which are essential for their growth.  In a previous study done
at the Pennsylvania State University, this unknown species of
bacteria were discovered to extract iron from a mineral called
hornblende.  Essentially, this study may lead to other scientific
discoveries about the characteristics and environmental habits of
Streptomyces sp.

Procedure:
In preparation for growth of octadeclytrichlorosilane (OTS) on

Corning 7059 glass, precautionary procedures were taken to clean
the glass with Alconox.   Approximately twenty-four hours before
OTS application, 40 ml of hexadecane, 10 ml carbontetrachloride
and 50 ml of octadeclytrichlorosilane were mixed to make 50 ml of
OTS reaction solution.  After the OTS monolayer was applied to
the glass, contact angles were measured to assure that the OTS
layering was sufficient.

Topography images were captured using the atomic force
microscope (AFM) to get a general idea of what the Corning 7059
glass, OTS, and chromium surfaces looked like before Streptomyces
sp. inoculation.  Prior to growing Streptomyces sp. the samples were
rinsed with acetone and isopropanol to remove and dirt that may
have been deposited on them through their handling.  After being
incubated for three days, the samples were rinsed with deionized
water and imaged on the AFM.

Fifty-one nanometers of chromium was coated on Corning 7059
glass using the electron gun evaporator in preparation for growth
of Streptomyces sp.  Then, Corning 7059 glass and the chromium
coated glass were analyzed by x-ray photoelectron spectroscopy.
The XPS machine analyzes the composition of a surface 7.5
nanometers in depth.

Results and Conclusions:
Streptomyces sp. grew prolifically on the surfaces of Corning

7059 glass, chromium coated glass and octadeclytrichlorosilane
respectively.  One factor that may contribute to this conclusion is
that Streptomyces sp. obviously doesn’t appeal to the OTS and
chromium surface as it appeals to the Corning 7059 glass.  The
results from the x-ray photoelectron spectroscopy suggest that the
Streptomyces sp. may have utilized barium and chromium.
However, since the depletion of these two elements were so minor
it is also possible that the elements were dissolved in the nutrient
broth during the incubation period.  Another factor that plays a role
in the attachment of Streptomyces to these surfaces is surface energy.
We can assume that Streptomyces sp. preferred to grow more on
the Corning 7059 glass because the surface energy was low.  The
surfaces with the higher contact angels prohibited the attachment
of Streptomyces sp. due to the lack of stability because of its higher
surface energy.  Overall, the factors that contribute to the growth
and attachment of Streptomyces sp. on solid surfaces are surface
composition and surface energy.
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Abstract:
Microcontact printing is an established method of chemical

pattern transfer that is attractive due to its high fidelity and ease of
duplication.  Interestingly enough, it has applications in
bioengineering whereby patterns can be transferred onto substrates
via stamping, and cells can be cultured on the substrates according
to the size, shape, spacing, and composition of these chemical
patterns.

Patterning of the substrate involves formation of a stamp with
the desired features, then coating the stamp with compounds
adherent to biological cells, transferring this pattern to a substrate,
the coating the bare substrate with compounds repellant to biological
cells.

Introduction:
Chondrocytes (cartilage-producing cells) that are allowed to

maintain a spherical shape during development excrete an
extracellular matrix that has uses in cartilage replacement therapies.
Research has shown that when chondrocytes are cultured on
adhesive media such as plastic, the cells spread out over the surfaces,
transforming the cell’s shape from round to flat [1].  Consequently,
this change in cell morphology also changes the composition of
the cell’s excretions. As the cell flattens, the proteoglycan
extracellular matrix that is characteristic of healthy cartilage tissue,
stops being produced.

Recent advances in nanotechnology, such as the development
of microcontact printing, has created methods to fabricate Self-
Assembled Monolayers (SAMs) that can confine these cells into
desired shapes [2].  The goal is to limit the cells from flattening and
spreading out, hence maintaining a more rounded morphology.  Two
variables will be tested, a) the size of the confinement, and b) the
spacing between the confinements which yield optimal extracellular
matrix growth.

Procedure:
Fabrication of the patterned surface involves three steps:

1) formation of the stamp, 2) coating the stamp with alkanethiol
and transferring the pattern to gold, and 3) “backfilling” the bare
gold with poly-ethylene glycol terminated alkanethiol.

The stamp was made by first creating two patterns on L-Edit
software (Tanner Research, Pasadena, CA).  The first pattern
contained nine sized squares, ranging from 5 microns on a side, to
45 microns on a side, in increments of 5 microns each.  The second
pattern had constant sized squares, at 25 microns on a side, with
variable spacing between the squares at 25, 50, 75, and 100 microns.

Microcontact Printing of Self-Assembled Monolayers
for the Culture of Chondrocytes

Mike Kimzey, Pharmacology, University of California Santa Barbara, ukimzm00@umail.ucsb.edu

PIs:  Edward Basgall and David Allara, EMPRL, The Pennsylvania State University, ejb11@psu.edu

The data pattern files were fractured using CATS software
(Transcription Enterprises Ltd., Los Gatos, CA), and transferred to
a Leica EBPG-5HR e-beam lithography system.  The electron beam
writer exposed the features of the two patterns onto a mask plate
containing EBR-9 resist (Hoya Corp., Shelton, CA) on chrome
coated glass.  This resist was then developed, and the exposed
chrome was removed via wet chrome etchant (Transene Co.,
Danvers, MA).

Figure 1.  Optical micrographs of the two patterns chosen for study.
a)  variable sized squares at constant spacing, and b) constant size
squares at variable spacing.

A

B
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The mask plate was placed in a Karl Suss MA6 mask aligner
(Munich, West Germany) and a silicon wafer coated with 1827
(Shipley, Marlborough, MA) photoresist (avg. thickness after
development ~ 2.5µm) was exposed using uv light (405-365nm) to
the features on the mask plate.  This silicon wafer that contained
the photoresist was developed in a 1:1 solution of D.I. water:
developer for 40 s.

The photoresist pattern was used as a master for the formation
of the stamp.  The stamping material, PDMS (Dow Corning,
Midland, MI) was poured onto the photoresist master and heated
to 65°C for 12 hours.  After this time, the stamp was carefully peeled
from the master and was ready for pattern transfer.

The PDMS (polydimethylsiloxane) stamp was rinsed with a
10mM solution of Octadecanethiol (Fluka, Ronkonkoma, NY) in
EtOH.  The stamp was blown dry with nitrogen for 10 seconds.
The stamp pattern was carefully transferred to a gold coated
(~100nm) microscope slide.  The pattern was allowed to set for
exactly 3 seconds, then was carefully removed to prevent “double
stamping” of the Octadecanethiol.

The gold-coated slide was immediately immersed in a 1mM
solution of polyethylene glycol terminated alkanethiol
[HS-(CH

2
)

11
(OCH

2
CH

2
)

6
-OH] in EtOH.  The approximate time for

the backfilling was one hour.

Results:
Scanning Electron Microscopy (SEM) and Time-of-Flight

Secondary Ion Mass Spectrometry (TOF-SIMS) imaging show
evidence of effective pattern transfer.

Although organic layers such as the Octadecanethiol SAM do
not show up very well when contrasted with gold metal in SEM
imaging, organic layers contrasted with other organic layers can be
imaged using a low electron beam voltage (2.5 kV).

SEM imaging reveals the two SAMs, the lighter region
representing the stamped Octadecanethiol SAM, and the darker
region is the polyethylene glycol terminated alkanethiol SAM.

A coarse, but nonetheless supplementary, method of measuring
quantitative pattern transfer is done through TOF-SIMS.  The TOF-
SIMS image reveals surface patterns based on the masses of the
compounds, the image shows a regular array of square features.

Conclusion:
The fabrication of micropatterns for the culture of chondrocytes

is the first step to successfully maintain the in vivo phenotype of
the cells.  Other groups have shown that after the selective deposition
of SAMs on gold, proteins readily adhere to the alkanethiol SAMs.
Research has also shown that the driving force for the absorbtion
of proteins on alkanethiol is a result of the repellant properties of
the polyethylene glycol terminated SAMs.

In future research, the micropatterns fabricated according to
the methods described here will be coated with four proteins known
to be associated with chondrocyte culture: collagen II, collagen IV,
fibronectin, and aggrecan/hyaluronan.  Subsequently, the protein-
patterned surfaces may confine the chondrocytes and prevent them
from spreading out.  The shape constraints of the micropatterns
may also modify chemical expression in cultured chondrocytes.
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Figure 2:  A)  SEM image of the Octadecanethiol pattern.
B)   TOF-SIMS image of the micropattermed surface.
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Abstract:
Resist proximity effects, stage placement errors, and beam

deflection errors can cause pattern placement errors in electron beam
lithography (EBL). Of these errors, charging effects are important
and relatively uncharacterized, especially at higher energies. Due
to charging, a pattern exposed at one time by electrons can deflect
the electron beam used to expose an adjacent feature.

The objective of this project is to measure and characterize
charging effects at 50 keV in EBL using the Leica EBPG-5HR tool
at Penn State. The experiments here used a Sumitomo NEB-22A
negative resist (200 nm thick) coated on top of 800 nm of SiO

2
 on

Si. The exposure procedure was done at 24µC/cm2. The charging
effects manifested themselves as a deflection of the sets of lines
written before and after the square.

Introduction:
The modern electronics industry requires the ability to fabricate

extremely fine patterns (down to the nanometer scale) for features
in integrated circuits.  One of the techniques that can be utilized to
write such patterns for ultra large scale integration (ULSI) is electron
beam lithography (EBL) which although slow in throughput is
capable of very high resolution and is compatible with a variety of
materials.

In this study we examined the charging effects of EBL using a
Leica EBPG-5HR e- beam writer.   Placement errors can be caused
by charging in EBL and will influence the choice of EBL versus
optical (EUV) techniques in next generation (NGL) lithography.

Experimental Procedure:
Silicon wafers (150mm) with a coating of 800 nm SiO

2

(PEP-TEOS) were used in these experiments. We began our process
by designing three using a PC-based CAD system (Tanner L-Edit).
To avoid moving the stage during the entire three-exposure
sequence, very small markers were included in all three patterns to
make them of equal (total) dimensions, since the Leica control
software always centers a written pattern. Some dose arrays (Fig.1)
were written in order to determine the optimum dose, which was
found to be 24 µC/cm2 at 50 keV.

HMDS primer was puddled and spin coated at a rate of 4kRPM
for 50 sec and the Sumitomo NEB-22A negative resist applied in
the same manner. A post application bake was done at 100°C for
2.3 min. The Leica e-beam writer exposed the resist at 50 keV.
The exposure procedure included:  a) the writing of an initial grating,
consisting of 400 nm lines; b) the writing of a large solid square
(200µm x 200µm), used in this study as the charge feature; c) an
optional wait time; and finally, d) the writing of a final grating

Examination of Charging Effects in Electron Beam Lithography
on a Leica EBPG-5HR at 50 keV

Ana Medina Soler, Electrical Engr, Univ of Puerto Rico, Mayagüez Campus, ammedina@coqui.net
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adjacent to the initial grating (Fig.2). After the exposure, and after
a post-exposure bake of 105°C for 5 min on a vacuum plate, the
pattern was developed in MF312:DI (200 ml:100 ml) at 20°C for
3 min. The pattern was then inspected using optical microscopy,
and the deflections inspected and measured using a Leo 440
scanning electron microscope (SEM).

Figure 1.  Dose array

Figure 2.  Final total pattern

Results and Conclusions:
The charging effects manifested themselves as a deflection of

the sets of lines written before and after the square (see Fig. 3).
The second grating lines were always away from the square,
indicating a negative charge buildup in the square.
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As expected, the effect gradually decreased with increasing
distance from the charge feature; however, even at 200 microns
away, the deflection is still significant (approximately 100 nm with
short wait times). Surprisingly, even with a 10 min wait after the
writing of the square, the charging effect is relatively unaffected,
and only after a 30 min wait is the effect reduced by approximately
one half (see Graph1).

Since the effect drops with wait time, stage drift of the EBPG
tool appears to be not to be a prime factor in the deflections. This
work at 50 keV can be compared to some recent results [1] which
suggest that charging at 10 keV can be either positive or negative
and can also depend on resist thickness. This work suggests that at
50 keV, the charging effects are negative, significant, and relatively
long-lived (~60 min or more). Future work will include longer wait
times, the effect of charging feature size on the deflections, and
examination of effects at 100 keV.

Figure 3. Typical Deflection
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Graph 1. Deflection vs Distance from the charge feauture
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Abstract:
Thin film piezoelectrics such as lead zirconate titanate (PZT)

are promising materials for MEMS applications due to their high
piezoelectric properties. This project is the development and
demonstration of the front side (two mask levels) process of a new
MEMS accelerometer based on cantilever beams and PZT. The
starting material for the front-side process (FSP) is a silicon wafer
that has silicon dioxide, lower metal electrode (Ti/Pt), and PZT
films deposited.  First, the top metal (Ni) electrode on the PZT is
evaporated.  Next, photolithography is used to define the pattern of
the top metal electrode and the PZT, using three wet chemical etches.
A second (aligned) photolithography step and RIE are used to pattern
the lower metal electrode.

C-V measurements of PZT pads were made to identify the
quality and hysteresis characteristics of the pixels, and compared
to theoretical predictions for the capacitances (the relative dielectric
constant of PZT is approximately 1000). Some of the pixels were
shorted, perhaps due to low quality of the films (the PZT is not
deposited in cleanroom environments). Some pixels, poled at room
temperature at 60 V, showed high electrical leakage.

Introduction:
Industrial applications of MEMS accelerometers include airbag

release mechanisms, machinery failure diagnostics, and navigational
systems.  Accelerometers that employ piezoelectric sensing
techniques use materials, such as PZT, to convert mechanical
disturbances to electrical signals.  The front-side process
demonstrated in this project patterns the piezoelectric element and
the electrodes for an accelerometer based on a system of cantilevered

Front-Side Processing of a Piezoelectric MEMS Accelerometer
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silicon beams.  The PZT, deposited on the silicon beams, is affected
by their physical displacement, and produces electrical output.

Specific obstacles present in the front-side process include
etching thick film (2, 4 microns) PZT, and maintaining its patterning
in subsequent processing.

Process:
The starting material for this portion of the front-side process is

a <100> silicon wafer, prepared before purchase with an oxide layer
and lower electrode metal (Ti/Pt). PZT is deposited by repeated
spin-coating steps at the Materials Research Lab at Penn State
University.  Electron gun evaporation of nickel or thermal
evaporation of gold produced the 1000Å top metal electrode.

The first photolithography step consists of spinning a photoresist
on to the sample, exposing the resist behind a mask, and developing
the resist.  A 2.7 micron, positive photoresist (1827) is spun on for
45 seconds at 3600 rpm.  The resist is selectively exposed to UV
light for 9.5 seconds at 14 mW behind a mask created by electron
beam lithography.  A 50-second development in 1:1 MF-312
developer: deionized water dissolves areas of the photoresist
exposed to light, since a positive resist is used.

With the protective photoresist pattern in place, the sample is
prepared for the top metal etch, a short, wet chemical etch done in
either Ni etchant or Au etchant.  Since the desired shapes of the top
metal electrode and the PZT are the same, the photoresist is retained
for the PZT etch.   The PZT etch consists of two wet chemical etch
steps.  The first step is a 10:1 Buffered Oxide Etch (BOE), with the
etching time dependant on the PZT film thickness.  The etch is
complete when a white crystalline layer forms on the surface of the

Fig 1

Fig 2
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sample.  The second etch, using 2:1 HCl: deionized water, is
completed when the lower metal layer is visible (Figure 1).  Next,
the photoresist is stripped, photolithography is performed using the
lower metal mask and identical conditions to the first
photolithography step.  The lower metal is etched using oxygen
and chlorine in a reactive ion etcher (Figure 2).

Capactiance-voltage measurements were taken to characterize
the pixels.

Results and Conclusions:
Initially, C-V measurements indicated that few of the pixels

created were functional.  Attempting to solve this problem led to
many observations and experiments. Au was used as an alternative
top metal electrode.  Au would be less likely form an oxide under
vacuum conditions in which Ni might.  This oxide would reduce
the quality of the top metal electrode contact.  Using a wet chemical
etch for the lower metal electrode also proved difficult.  Determining
etch completion for each metal was difficult when using multiple
wet etch steps for the Ti-Pt layer.  This can causes inaccurate
patterning due to flaking of lower metal layers.  While etching the
lower metal, a small part of the PZT layer is not protected by the
top metal.  Mask changes to expand the top metal layer to cover
this will reduce unwanted etching of this material, which was a
potential cause of device shorting.

CV measurements show hysteresis characteristic of PZT films
(Figure 5).  The measured capacitances are also close to the
calculated capacitance (Figure 3, 4) using a dielectric constant of
1000 for  PZT.

Figure 4

Figure 5
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Abstract:
E-beam resists provide a way to transfer and record patterns for

e-beam lithography.  This project explores the use of Self-Assembled
Monolayers (SAM’s) as an alternative to the traditional polymer
resists.  SAM’s are expected to counteract the tendency of the
electron beam to widen in passing through thick films which results
in widening of the desired patterns or features.

The focus of this project is to study the effect of different etching
solutions on various types of SAM/substrate combinations.
Aluminum, silicon and titanium substrates with
octadecanetrichlorosilane (OTS) monolayers were studied.
Octadecanethiolate (ODT) monolayers on indium phosphide,
gallium arsenide and gold substrates were also studied.  Standard
etchants known to react with the substrate were used.  The influence
of the etching solutions was studied by contact angle measurements.
Monitoring the change in contact angle provides a way to determine
how long the monolayer can prevent the etchant from reacting with
the substrate.  The exposure was studied over different time intervals
and concentrations of etchants to maximize etching conditions.

Self-Assembled Monolayers as Alternative
E-Beam Lithography Photoresist
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Introduction:
E-beam resists provide a way to transfer and record patterns for

E-beam lithography.  They are spun on substrates and their thickness
can range from 1 to 2 µm.  When an electron beam hits the resist it
degrades the material, thus drawing the desired pattern.  The most
common problem is that the electron beam is wider at the bottom
of the resist than at the top.  This problem can be solved by using
ultathin resists.  However, typical polymer resists when spun as
ultrathin films, i.e., in the 2 nm thickness range, often have pinholes
and defects that allow etch solutions to create defects.  Thus there
is a need for ultrathin, dense films.

Self-Assembled Monolayers (SAM’s) may be an alternative to
the conventional E-beam resists.  SAM’s are molecular assemblies
formed spontaneously when a substrate is immersed in solution of
the molecules, e.g., a thiol or a silane.  Since these films, typically
only ~2 nm in thickness, often form as extremely dense layers they
are of potential use as ultrathin resists.  In our case, aluminum,
silicon and titanium substrates with octadecanetrichlorosilane (OTS)
were studied.  Octacecanethiolate (ODT) monolayers on indium

Figure 1.  Titanium contact angles vs. time.  Solution: Hydrofluoric Acid
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phophide, gallium arsenide and gold substates were also studied.
The main difference between the SAM’s and the traditional E-beam
resists is that SAM’s are individual molecules close to each other
while typical resists are long polymer chains.  When the electron
beam hits the SAM it is expected that no widening will occur
because the beam hits individual molecules and the film is too thin
for beam broadening.  The molecules that were not hit nearby would
protect the surface from etching.  In addition, it is expected that
SAM patterns will have a higher resolution because their thickness
is 20 Å.  For that reason the focus of this project is to study the
effect of different etching solutions on various types of SAM/
substrate combinations.  Standard etchants know to react with the
substrate were used and its behavior on the SAM was studied by
contact angle measurements.

Procedure:
A drop of the etchant was put on the monolayer.  If the etchant

reacted with the SAM, the drop starts to decrease and the contact
angle varies.  The drop starts to react with the substrate if it is left
for a long time.  Hydrofluoric acid (HF) was the etchant used in
every substrate except for aluminum where phosphoric acid was
used.  In addition, hexadecane and water contact angles were
measured for all substrates.  When a drop was put on the surface, a
picture of it was taken every 30 seconds for the first five minutes
and every minute for the next five.  Then contact angles were
measured for every time interval and substrate.  The study was
conducted for 10 minutes.

Results and Conclusion:
After analyzing the data we found that in the titanium substrate

the OTS monolayer established a resistance to the HF.  The solution
of 100 parts of water to 1 part of HF took only 30 seconds to react
with the SAM, while the 250, 500 and 1,000 concentrations took 2,
4 and 10 minutes respectively.  That means that if HF is used with
those concentrations on titanium substrates with the OTS SAM,
the monolayer may prevent the etchant from reacting at those
specific times.  For the gallium arsenide substrate the different HF
concentrations did not affected the reaction time.  The HF reacted
with the surface after 2 minutes.  That means that if HF is used on
gallium arsenide substrates with the ODT monolayer, the SAM will
provide a protection only for 2 minutes.

On the other hand, HF never reacted with the gold substrate.
For the aluminum with OTS, indium phosphide with ODT and
silicon with OTS, the monolayer did not offered any protection.
That happened maybe because the monolayers were not well made.
The surface of the SAM may have had molecules tilted in different
ways, creating holes where the etching solution could go through.

For that reason we can conclude that monolayer integrity was
mantained for the titanium and gallium arsenide substrates.  Other
substrates (indium phosphide, aluminum and silicon) did not offered
any resistance to the etching solutions.  Additional studies will be
conducted with basic etchants and other possible etching solutions.

Acknowledments:
This work was supported by the National Science Foundation

and the National Nanofabrication Users Network.  I would like to
thank Carole Mars and Matt Garrett for their unconditional help,
and Dr. David Allara, my advisor, for his support and help.  In
addition, I would like to thank Ed Basgall for teaching me everything
I know about the clean room equipment.

F
ig

u
re

 2
. 

 G
a

lli
u

m
 a

rs
e

n
id

e
 c

o
n

ta
ct

 a
n

g
le

s 
vs

. 
tim

e
. 

 S
o

lu
tio

n
: 

H
yd

r
o

flu
o

ri
c 

A
ci

d



The Pennsylvania State University Page 52 National Nanofabrication Users Network

Abstract:
Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

with imaging capability has been used to directly identify
compounds on polystyrene beads.  The focus of the project is to
look for ways to spatially constrain beads and to microfabricate
structures in Si <100> that can constrain a diverse set of compounds.
A fine pattern photomask was made by electron beam lithography
(EBL) as a first step of this project.  Subsequent photolithography
was used to transfer copies of the pattern onto the surfaces of silicon
wafers.  Processing steps involved the following steps; RIE
(Reactive Ion Etching) to remove the nitride layer, acetone to remove
photoresist, and KOH etching to create pattern channels through
the Si forming a sieve-like bead-retaining matrix. A mild backside
vacuum draw the beads into the channels for subsequent analysis.

Introduction:
The focus of this project was to fabricate a bead holder to use in

combinatorial libraries analyzed by ToF-SIMS [Figure 1].

Microfabricated Holder for Spatially Constrained Beads
for use in Combinatorial Libraries Analyzed by ToF-SIMS
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there are many holes inside the bead holder [Figure 2].  These holes
are in micron measurements; the top surface area is bigger than the
bottom surface area.  The hole has a diameter of about 60 µm at the
top and 27 µm at the bottom [Figure 3].  The following will explain
how ToF-SIMS works, the importance of the bead holder, and the
method of fabricating the bead holder, the results, and discussion
of the project.

ToF-SIMS has the imaging capacity to directly identify
compounds on polystyrene spheres.  The Ga+ ion source [Figure 4]
rasters across the surface of the substrate, in this case the bead holder
with beads on it, to give chemical information on a wide range of
materials, which are called the secondary ions [1].  This chemical

Figure 1

Figure 2 illustrates the image of a bead holder made by Town
Technologies, INC, which was scanned by a scanning electron
microscope.  The bead holder has a diameter of about 12 mm, and

Figure 2

Figure 3
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information will be transferred to a detector to give the following
image [Figure 5] taken by ToF-SIMS -- the image of the bead and
the bead spectrum.  This image shows the advantage of ToF-SIMS
which is that it can analyze different compounds in one scan.  The
spectrum illustrates two different molecular peaks indicating two
different compounds.  The bead holder comes in hand to play its
role in combinatorial libraries.  The importance of the bead holder
is that it can hold many beads for ToF-SIMS to take an image and
it organizes the beads in order for imaging and bioassay.

Experimental Techniques:
The method for making a bead holder involved silicon nitride

deposition on <100> silicon wafers.  A fine pattern photomask was
made by electron beam lithography (EBL).  Electron beam
lithography is a specialized technique for creating the extremely
fine patterns required by the modern electronics circuits [2].
Photolithography was used to transfer a circuit pattern from masks
into thin film Si <100>2.  Shipley 1813 photoresist was used to
make a uniform resist coating.  We then used the Plasma-Therm
720 to pattern a silicon nitride mask.  KOH etching at 80°C usually
took about 3 to 4 hours.  The final step is the evaporation with Cu
and Ni alloy followed by Au.

Results and Discussion:
Three photomasks were made for the experiment.  The first

mask was made with 50, 100, 200 µm holes; the second mask with
300, 400, 500, 600 µm holes, and the last one with 700, 800, 900,
1000, 1100 µm holes.  The process of making a bead holder was
then carried to the fifth step, which was KOH etching.  There was
difficulty in KOH etching due to the quality and the thickness of
the nitride layer.  Several thicknesses of nitride layers were
experimented with in fabricating a bead holder; 1000 Å, 2530 Å,
31000 Å.  The experimental result showed that if the nitride was
too thick it caused adhesion problems due to stress, and if it was
too thin there was not enough nitride to mask the wafer etch.  The

Figure 4

substrate could not be etched
through if the nitride layer
was not good even though it
was left in KOH solution
approximately 3 to 4 hours.

Conclusion:
The bead holder plays an

important role in
combinatorial libraries
analyzed by ToF-SIMS.  The
bead holder can hold many
beads for ToF-SIMS to take
images and it organizes the
beads in order for imaging
and bioassay.  The method of
making the bead holder
involved silicon nitride
deposition onto <100>
silicon wafer, fabrication of photomask, photolithography, reactive
ion etch to pattern the silicon nitride mask, KOH etching, and
evaporation with Cu and NI alloy followed by Au.  In conclusion,
KOH etching of Si <100> may be a useful technique for fabrication
of a bead holder for ToF-SIMS.
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Abstract:
Metallic contaminants introduced during wafer processing are

highly detrimental to semiconductor devices.  Radio frequency
photoconductive decay (RF-PCD) was investigated as a rapid non-
invasive analysis technique for determining surface metal
contamination.  Wafers were cleaned and the surfaces passivated
using a hydrogen or methoxy termination.  The data show that
standard prime wafers analyzed in a 1:50 HF/H

2
O solution provide

the optimal analytical conditions compared to performing the
analysis with passivated wafers placed directly on the instrument
stage.

Introduction:
The presence of metal contaminants on silicon wafer surfaces

and in the bulk materials is a major concern in integrated circuit
fabrication. These contaminants can be introduced throughout
various process steps. While there are several ways to analyze for
the presence of metal contamination most techniques are time
consuming and require the destruction of the wafer.  Radio frequency
photoconductive decay (RF-PCD) is a rapid non-invasive analysis
technique that can be used to detect process induced changes by
monitoring minority carrier lifetime in silicon wafers.

In RF-PCD, electron hole pairs (EHPs) are created in a wafer
by a light pulse.  In turn, a voltage is created in the monitoring
electronics that changes as the EHPs recombine.  Silicon is an
indirect bandgap material so the electrons and holes require a
recombination center to return to their equilibrium concentrations.
These recombination centers may be bulk crystal defects, surface
defects, metallic impurities or metallic surface contamination that
provide the necessary electronic states for recombination.  The more
states present in a wafer the quicker recombination can occur thus
reducing the lifetime of the generated carriers.

The focus of this paper is to describe the basic measurement
technique of RF-PCD from the standpoint of appropriate materials
to be used, i.e. test wafers.  The basic methodology used for
measuring the lifetime will be outlined and includes two surface
passivations used to eliminate surface recombination due to dangling
bonds.

Experimental:
Silicon (100) wafers (p and n type) of various resistivities (7 to

60 ohm-cm) were cleaned using 4:1 H
2
SO

4
/H

2
O

2
 (10 min. 90°C),

5:1:1 H
2
O/H

2
O

2
/HCl (10 min. 70°C), and 1:50 HF/H

2
O (1 min.

room temp.).  DI water rinses followed each cleaning step with a
spin dry after the 1:50 HF/H

2
O.  Once the wafers had been cleaned,

they were subjected to a surface passivation process.

Using Minority Carrier Lifetime
to Monitor Process Contamination

Joseph Bergevin, Materials Engineering, San Jose State University, joe.bergevin@cwix.com

PI: James McVittie, Electrical Engineering, Stanford University, mcvittie@snf.stanford.edu

The hydrogen passivated surface was achieved by placing the
wafer into 1:50 HF/H

2
O for two minutes.  The wafer was then

removed from the solution and blown dry with N
2
.  To achieve the

methanol passivation the wafers were placed in 1:50 HF/H
2
O for

2 minutes, dried with N
2
 and then placed into the iodine methanol

solution for 20 minutes.  The wafers were then removed from
solution and blown dry with N

2
.

The carrier lifetimes of the cleaned wafers were then analyzed
using a WCT-100 (Sinton Consulting, Boulder, CO) RF-PCD
instrument after surface passivation in the 1:50 HF/H

2
O and iodine

methanol solution.  Wafers were also analyzed while in the
1:50HF/H

2
O solution.  The basic analytical setup is shown in fig 1.

Figure 1.  Experimental apparatus for RF-PCD

Results & Discussion:
The results of the measurements indicate that the lifetime

measurements are optimal when performed in a 1:50 HF/H
2
O

solution as opposed to performing the surface passivation and
analyzing the wafers directly on the instrument stage.  Optimal
data is defined as a linear relationship between the calculated
1/lifetime vs. generated carrier density as shown in figure 2.

Analysis of the wafers in the iodine methanol solution was not
pursued, as the HF data was acceptable for analysis.  The iodine
methanol treatment was initially pursued as it has been shown to
have a greater stability in air than the hydrogen-passivated surfaces.

The wafers used for this experiment were standard materials.
It was originally suggested that very high resistivity
0(>1000 ohm-cm) wafers with long lifetimes (>10 ms) are required
to perform surface contamination analyses.  Such wafers from three
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different sources were tested.  All showed shorter lifetime data than
standard prime wafers. This data suggests that we may obtain
excellent lifetime information by using prime wafers, which are
readily available.

The two main wafers used were p-type 62 ohm-cm and
10 ohm-cm material. The lifetimes measured were 6.9 ms and
1.2 ms respectively.  These lifetimes are long enough for EHPs to
diffuse to the surfaces of the wafer and allow us to qualitatively
determine surface contamination.

Conclusion:
The use of standard prime wafers versus high resistivity

materials in lifetime measurements makes RF-PCD a viable analysis
method based on cost.  By using standard cleaning procedures and
performing measurements in 1:50 HF/H

2
O we can obtain useful

information about the minority carrier lifetime of silicon wafers.

Figure 2.  Wafer directly on the stage.

Figure 3.  Wafer in 1% HF solution

The experiments to date have shown that RF-PCD is a useful
analysis tool that is rapid and non-invasive. It will certainly be
possible to use this technique to monitor process contamination.
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Abstract:
The fabrication and reliability of mechanical switches in MEMS

applications depends on the mechanical properties and structural
integrity of conductive free-standing beams. Frequently the stresses
developed during growth of the films from which the beams are
fabricated leads to warping and bending, rendering the device
useless.  One possible method of countering this stress is the use of
multilayer metal beams.  By alternating layers of molybdenum and
tungsten- both of which are highly conductive—we attempt to tune
the total stress in the film by balancing opposite stresses in the
constituent layers.  These balancing effects will be monitored
through both in-situ stress measurements and the patterning of actual
free-standing beams in the multilayer film.  Eventually, the project
will involve an investigation of the mechanical properties of these
Mo/W beams (stress, hardness, strength, fatigue rate, etc.) and
development of a more general fabrication process to grow
multilayer beams of other metals.

Introduction:
Fabrication of free-standing, low-stress metal beams was

researched in several steps.  First, a tentative, general fabrication
process for growing, patterning, and releasing free-standing beams
was developed.  Next, a mask reticle was designed and made for
the photolithography steps in the fabrication procedure.  Then, using
in-situ substrate curvature measurements, the evolution of stress
during deposition of Molybdenum and Tungsten was investigated
with the aim of tuning the average film stress to a minimum.  Next,
several potentially low-stress samples were grown and were used
as test samples to iron out wrinkles in the fabrication process.
Finally, the resulting beams were evaluated qualitatively for
warping.

Experimental Procedure:
On silicon wafers (100), 1 micron of silicon dioxide was grown

in a Tylan oxidation furnace to serve as a sacrificial layer which
would later be removed to release patterned beams.  Then, after the
in-situ stress measurements were performed on generic glass
substrates, a 3000Å multilayer metal film was deposited on top of
the oxide-capped wafers.  This metal multilayer was then patterned
using photolithography and plasma etched with equal concentrations
of sulfur hexaflouride and Freon 115 (C

2
ClF

5
) at a pressure of

40 mTorr and a power of 50 Watts.  Finally, the patterned structures
were undercut using 20:1 concentration Buffered Oxide Etch
solution which removed the oxide layer, but which didn’t react with
the metal multilayer.

Multilayer Conducting Layers for MEMS

Paul Friedberg, Physics/Math, Williams College, pfriedberg@hotmail.com

PI:  Bruce Clemens, Materials Science and Engineering, Stanford, clemens@soe.stanford.edu

Mentors:  Christine Esber and Vidya Ramaswam, Materials Science and Engr, Stanford

Results and Conclusions:
First, some explanation is required for the in-situ stress

measurements.  Fig. 1 depicts the deposition chamber used:

As the multilayer metal is being deposited on the sample, a
standard He-Ne laser is passed through an etalon so that several
parallel beams reflect off the sample into a CCD camera.  Referring
again to Fig. 1, we see that if the stress in the film is tensile, the
glass substrate is bent into a concave shape, thereby narrowing the
laser beams; if the stress is compressive the substrate is bent into a
convex shape and the laser beams spread.  Therefore, the in-situ
measurements rely on a computer program to monitor the relative
spacing of the resulting laser spots on the substrate, which correlate
to the mechanical stress evolving in the film

Figure 2 is an example of the results of these in-situ
measurements.  Clearly the film is, overall, quite compressive, but
this data tells us quite a bit more than that.  Most importantly, from
roughly 2300Å on, the stress in the film stops growing more
compressive.  In this zero-stress portion of the film, the 40Å-200Å
W-Mo bilayer period matches perfectly with the average lattice
parameter that has been set up by the metal layers already deposited.
Thus, we know that after roughly 0.2 microns of multilayer
deposition, we can deposit metal of this bilayer period without
increasing the stress at all.

However, there are also indications that we cannot simply use
the 40Å-200Å recipe for the entire film.  Noting that the slope of
the upward-moving Mo parts of the graph becomes larger as more
metal is deposited, it is speculated that the bilayer period must
change during deposition to compensate for the film’s general stress
relaxation. Different multilayers were then deposited on silicon
substrates for process testing.

The photolithography and plasma etching steps worked very
well, producing patterned metal structures with extremely straight
sidewalls and definition (figure 3).  The undercut etch, however,
was not as successful.  Many of the structures were damaged during

Fig. 1: Details of in-situ stress measurement [1]
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this etch; while it is not clear whether this damaging was due to the
etch step or the stress present in the film, one problem -- the sticking
between some structures and the substrate -- is, evidently, directly
due to the BOE etch.  In Figure 3, an example of this sticking
problem is also shown.

Fig. 2: In-Situ Stress Measurement Results

However, many of the shorter length beams were undercut
successfully, yielding free-standing beams with varying degrees of
warping due to varying stress gradients.  Some beams were virtually
stress free (Fig. 4).

Current and future work will include the development of a
backside etch process that will replace the undercut etch and reliably
release the beam structures regardless of their shape or size by
removing all the material beneath them from the backside, leaving
the structures themselves untouched. Further in-situ stress
measurements will also be performed with the goal of developing
a reproducible deposition recipe for zero-stress W/Mo films.

Conclusions:
In-situ stress measurements showed that the stress in a portion

of a W/Mo multilayer was tuned to zero.  The fabrication process
was evaluated and appropriate modifications were suggested.  Free-
standing beams were fabricated, though the results of the first
processing run were varied in degree of success.

Fig. 3: Etching results and sticking problem

Fig. 4: Virtually level free-standing beams
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Abstract:
The oxidation of high Al content AlGaAs layers has improved

the performance of many GaAs devices including heterojunction
bipolar transistors (used in cell phones), stripe lasers (used in long
distance fiber optics), and vertical cavity surface emitting lasers.
In typical applications, the oxidized layer forms a current aperture
that improves device performance by reducing surface
recombination and increasing current density in the device active
region.  We measured the oxidation rate of AlGaAs for aluminum
concentrations (from 92%-98%) as a function of layer thickness
(from 125Å -1000Å) and temperature (from 380°C - 460°C).

Introduction:
Optoelectronic devices are very desirable in the communications

industry because they consume less power, have a higher bandwidth,
and are smaller and faster than copper based interconnections.  These
devices are made from GaAs because, unlike silicon, it has optical
gain.  Some examples are: heterojunction bipolar transistors (used
in cell phones), stripe lasers (used in long distance fiber optics) and
vertical cavity surface emitting lasers, or VCSELs.  VCSELs are
being developed for use in short to medium distance fiber optic
interconnects by several companies.

As opposed to stripe lasers, which emit light in the plane of the
wafer, VCSELs emit light perpendicular to the wafer.  An advantage
of this is their ability to be arranged side by side in two-dimensional
arrays, which is very useful for space division multiplexing.  The
aperture formed by the oxide layers improves the device efficiency
by funneling current into the device active region.  We want to be
able to predict the oxidation rate in GaAs devices so that we can
control the size of the aperture.  Another important effect of the
oxidation is a change in the refractive index of the material.  The
radial variation of refractive index forms a lens, which decreases
diffractive losses from surface scattering and improves efficiency.

Experimental Technique:
At the start of the process, three layers are grown on a GaAs

substrate by molecular beam epitaxy, or MBE.  The first layer is an
ultra clean layer of GaAs.  The next layer is the layer that will be
oxidized made of AlGaAs with an aluminum concentration between
92% and 98%.  For each concentration tested, there were four
wafers, each with a different thickness (125Å, 250Å, 500Å, and
1000Å).  The final layer is a 500Å GaAs cap. Using PECVD, 2800Å
of silicon nitride was deposited to prevent damage to the top layer
of GaAs while in the furnace.  I exposed and developed 200µm
stripes, each separated by 20 µm trenches of Shipley 3612
photoresist on the wafer. Using reactive ion etching (with oxygen

Study of Oxidation Rates as a Function of Layer Thickness in
High Al Content AlGaAs
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and freon 23 gas), I etched the trenches into the nitride layer.  Freon
RIE does not etch the GaAs or AlGaAs layers, so next I used a wet
etch solution consisting of 1:8:40 sulfuric acid, hydrogen peroxide
and water to etch the trenches through those two layers. As shown
in the oxidation test structure (Figure 1), the wet etch not only etches
down, but also into the sides of the wafer. Finally, I oxidized the
wafers in the furnace for temperatures ranging from 380°C to 460°C.
The oxidation set up consists of nitrogen gas flowing through a
bubbler containing de-ionized water at 95°C.  The nitrogen gas
then carries the water vapor into the quartz tube furnace, where the
oxidation takes place.

Figure 1: Oxidation Test Structure

Results:
Before putting the wafers into the furnace, I cleaved them into

pieces so I could measure the oxidation distance for different
oxidation times and temperatures.  The diffusion rate of the gas
through the aluminum oxide is quite fast in comparison to the
oxidation reaction rate because it is very porous.  For each wafer
and furnace temperature, I measured the oxidized distance under
an optical microscope for a variety of times so I could be sure the
oxidation rate was linear. (See Figure 2.) After collecting the
temperature and time data, I plotted the points, and took a linear
best fit to find the oxidation rate.

Next, I plotted each rate as a function of layer thickness (See
Figure 3). Surface tension from the surrounding GaAs layers slows
the oxidation rate for small AlGaAs layers and causes the oxidation
front to be curved.  This is the Gibbs-Thomson effect, and is the
reason for the knee-shape. For higher temperatures and higher
aluminum concentrations, the oxidation rate is faster, but the “knee”
bends at a slightly different place each time. It will be useful to
know how thin a layer can be and still have a constant oxidation
rate.

We also measured the oxidation rate for wafers with different
doping levels.  The wafers tested had a 300Å thick 96% Al AlGaAs
oxidation layer. The oxidation rate at 440°C was 9% slower for the
Be doped (p-type) sample and 2% faster for the Si doped (n-type)
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sample compared to the undoped sample.  (See Figure 4.)  We have
found no published reason for the doping dependence.

Conclusions:
I measured the oxidation rate in AlGaAs as a function of

temperature, layer thickness and Al concentration.  However, more
data needs to be collected to fully understand the oxidation rate
dependence in AlGaAs, especially for layer thicknesses near the
“knee.”  We noticed a dependence on the doping level, but did not
have enough time to investigate any further. Understanding how
the oxidation rate in AlGaAs varies will help in the design of future
devices.
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Figure 4: Table of Oxidation Rate Dependence on Doping

Figure 3: Oxidation Rate vs. Layer Thickness
for 97% Al AlGaAs Layers

Figure 2: Oxidation time vs. distance
for 98% Al AlGaAs layers at 400°C



Stanford Nanofabrication Facility Page 62 National Nanofabrication Users Network

Abstract:
The use of polymer embossing for fabricating microscale fluidic

channels presents a cost-effective way of prototyping and mass-
producing such devices.  Such fluidic channels may be used for
electrophoresis, separating biological samples such as DNA and
proteins in an electric field, providing rapid medical diagnostic tests.
The ability to micromachine silicon with precision and ease makes
it an ideal material for embossing methods.  Moreover, the
mechanical properties of silicon allow for numerous embossings
with minimal wear.  In addition, the transparent optical properties
of most polymers make them prime candidates for optical sample
detection.  It is hoped that this research will lead to the fabrication
of straight-walled microelectrophoresis channels within a polymer
substrate.

Introduction:
Polymers offer numerous advantages over other substrates, such

as glass or silicon, for microelectrophoresis channel fabrication.
First, they are relatively inexpensive, making mass-production of
devices an attainable goal.  Second, most polymers are optically
transparent, allowing for run-time analysis through Laser Induced
Fluorescence Detection.  Third, polymers are excellent insulators,
making high voltages possible for electrophoresis.  And finally,
polymers are easily machined and processed.

Polymer hot embossing, a procedure in which an inverse of a
master is created in a polymer through heat and pressure, presents
a very attractive way of fabricating microfluidic channels in
polymers.  Upon heating above a characteristic glass transition
temperature, polymers enter a viscoelastic rubbery state.  This
property is exploited in the embossing process.  The polymer and
embossing master are heated to a temperature just above the
polymer’s glass transition, pressure is applied, pressing the master
into the polymer, and then the two are cooled just below the glass
transition temperature and pulled apart.  When the polymer cools
below its glass transition, it solidifies again and the channels are
permanently formed.

The use of wet-etched silicon templates for polymer embossing
has been examined previously [1, 2].   Silicon is an attractive
template to use, since its properties and uses have been highly
characterized through integrated circuit fabrication and MEMS
techniques.  The purpose of this report is to illustrate the use of
plasma-etched silicon templates for polymer embossing.  Use of a
plasma etch on the silicon allows for very fine geometry formation
with vertical sidewalls.  Channels with vertical sidewalls would
allow for a more uniform flow of analyte through the channels,
increasing the performance of electrophoretic separations.

Polymer Hot Embossing with Silicon Templates

Thomas Kenny, Bioelectrical Engineering, Brown University, Thomas_Kenny@brown.edu

PIs:  Mary Tang and Peter Griffin, Dept. of Electrical Engineering, Stanford University,
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Methods:
Silicon template formation.

Standard photolithography techniques were used to form the
silicon template.  A mask containing numerous test structures from
150µm to 2µm in width was created using a CAD software program.
These structures were enclosed in 1" square chips so that numerous
test runs could be acquired from a single 4" wafer.  In addition, two
varieties of chips were made.  One set creates ridges by completely
etching around the desired structure (type I), while the other set
creates ridges by etching only channels around the desired structure
(type II).  A layout of a typical wafer is shown in Fig 1.  After exposure
and development, wafers were etched in the STS plasma etcher.

Figure 1.  Patterned silicon wafer.

Embossing.
Embossings were performed with three varieties of polymer:

polymethylmethacrylate (PMMA), polycarbonate (PC) and Solacryl
SUVT.  The silicon wafers were scribed into 1" square chips and
then embossed.  For the PMMA and SUVT, the temperature ranged
from 120°C to 80°C.  The PC was embossed at 160°C to 120°C.
The glass transitions of these polymers are recorded at 90°C and
125°C, respectively.  Samples were heated on a digital hot plate
and pressure applied through the use of a metal block which could
be pressed down with no torsional movement.  De-embossing was
performed by peeling the two substrates apart with metal tweezers.
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Results and Discussion:
An SEM photograph of a silicon template is shown in Figure 2.

The channel sidewalls are well defined and nearly vertical.  In
addition, depth profile characterizations using the Dektak showed
that the channels were 10µm deep +/- 1µm throughout the wafer.

Figure 3(a) shows an optical micrograph of a channel geometry
in a silicon template of a type II chip.  Figure 3(b) is the resulting
structure embossed in PMMA.  Figure 4 shows an SEM photograph
of the embossed PMMA.  Slight deformations formed along the
sidewalls due to the de-embossing process, indicating that the shear
stresses induced during this process are quite significant.  In almost
all cases, the coefficient of thermal expansion of polymers is much
greater than that of silicon, so that upon cooling, the polymer will
tend to “grip” onto the silicon.  With vertical sidewalls, the problem
is amplified even more, since the polymer and silicon are in contact
throughout the entire de-embossing process.  The only way to reduce
these effects is to reduce the temperature cycle of the embossing
process, or to use an anti-adhesive film of a few hundred angstroms
between the two substrates.  It is hoped that the latter will be
analyzed in future work.

Figure 2.  Etched silicon template in type II chip.

Embossings performed in PC were not reproducible.  Bubble
formation within the polymer was significant during the process,
and channels could not be formed on a consistent basis.  The cause
of the bubbles is unknown, although a possibility is that the polymer
is entrapping air bubbles as it is displaced by the silicon.

Embossings done in SUVT, however, show excellent potential.
Channel formation was similar to the PMMA, and could be
reproduced on a consistent basis.  Also, upon examination of the
used silicon template, there was no evidence of deformations or
polymer residue.  This is in contrast to PMMA, where some polymer
residue was observed along the silicon sidewalls.  The use of SUVT
is especially promising, since it is UV transparent and can allow
for analysis of other biologcal separations, besides DNA.

Summary and Conclusions:
It has been demonstrated that plasma etched silicon templates

can be used for forming geometries within polymer substrates on a
consistent basis.  It is hoped that this process will someday be used
to produce microelectrophoresis devices on a wide-scale basis.

Figure 3(a) Silicon Master.  Figure 3(b) Embossed in PMMA

Figure 4.  SEM of embossed channels in PMMA.
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Abstract:
Electrophoresis using an electric field to separate DNA

fragments can be feasibly achieved on a calculator-sized chip. Using
such a microfluidic device, clinical diagnoses can be reached in a
more time and cost-efficient manner than through the setups
currently used. In such a microdevice, DNA fragments move
through channels etched into a chip.  The advantages to using a
glass chip include: 1) transparency to allow sample detection, and
2) insulating properties of glass substrate allowing large separation
voltages to be applied.

In glass wafer processing, the photoresist used to mask wet
etches does not adhere well to glass and subsequent photoresist
lifting prevents a high-quality etch. Sacrificial layers that adhere
well to both glass and photoresist (e.g. Au/Cr or amorphous- [a-] or
poly- [p-] Si) can be used as intermediate layers.  However,
excessive undercut of the various layers results in a large undercut
which affects the final channel dimensions [Fig. 1].  A mask was
designed consisting of varying-size channels, test structures, and
angles to test the etch qualities and etch rates of different types of
glass.  Scanning electron microscope (SEM) and light microscopy
were used for analysis. [Figure 1, below]

Characterization of Etches in Glass Substrates for
Fabricating Microfluidic Devices
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PIs:  Mary Tang and Peter Griffin, Dept. of Electrical Engineering, Stanford University,
mtang@snf.stanford.edu, griffin@gryphon.stanford.edu

different rates in the x-, y- and z- directions. Furthermore, glass
can only be wet-etched, so consideration of the curvature and etch
rates is imperative. A mask was designed to allow examination of
etch rate and etch quality by simple visual inspection of the etched
substrate under a microscope.

Method:
The mask design was created on L-Edit.  Structures on the mask

include: 1) channels of varying width, 2) squares: a) varying size
of spaces between 10 µm squares and b) varying size of squares
with 100 µm spaces between, and 3) angles.  The channels, squares,
and angles are contained within a 1"x1" square, and the entire mask
design is composed of many repetitions of this square [Fig. 2 below].
With this design, the mask can be exposed onto entire wafers or
small pieces, if desired.

Introduction:
Sequencing DNA can be achieved through electrophoresis.

DNA in solution is “chopped up” into fragments of varying sizes
by “restriction enzymes,” which recognize specific DNA base-pair
sequences. Running a potential through the sample causes short
fragments to migrate faster than long ones.  Genetic diseases and
mutations can be diagnosed from the resulting sequence.

Microfluidic DNA sequencers are of great interest to the Bio-
tech community. Currently, DNA electrophoresis is done by lab
technicians through large agarose gel setups (up to 48 cm long,
about 30 cm wide) which take 4-6 hours to process.  With a DNA
sequencing microdevice, only 7-12 minutes would yield the
sequence [1].  Patient costs could be dramatically cut by eliminating
lab-time and equipment fees.

To consider glass as a substrate for such a microdevice,
characterization of etch profiles must be performed. Theoretically,
all types of glass etch isotropically (x-, y-, and z- axes of the etch
will be the same); in practice, different types of glass can etch at

Wafers commonly have small factory defects and oil on their
surfaces.  To minimize undesired etching and deformation, all
substrates were cleaned and mass-etched before processing.  After
10 minutes in 70:30 H

2
SO

4
:H

2
O

2
 (piranha clean), wafers were

dipped in HF for 30 seconds.
Photolithography provides a way to pattern the photoresist for

subsequent etches of the sacrificial layer and glass.  Shipley 3612
photoresist (PR) was spun on wafers/pieces at the Headway and
beaker-developed with LDD-26W. UV-exposures were performed
on a Karlsuss MA-4 aligner.



Stanford Nanofabrication Facility Page 65 National Nanofabrication Users Network

Etching differs with the type of substrate and sacrificial layer.
With Au/Cr on glass, Au etch was followed by Cr etch.  Because of
massive undercutting from successive Au-Cr-glass etches, the liftoff
process was used in subsequent trials.  “Liftoff” consists of spinning
PR directly onto glass, depositing Au/Cr over the patterned PR and
glass, then dissolving PR with acetone.  Metal sticks to areas without
PR and peels off in areas with PR.  For a-Si coated borosilicate or
p-Si coated quartz, the Si was first dry-etched before glass etching
and PR stripping.  Etch rates (in comparable HF concentration) of
test substrates ranged from very fast (soda-lime) to very slow
(quartz).  Soda-lime was etched in 6:1 buffered oxide etch (BOE).
For both borosilicate and quartz, 49% HF was used.  Photoresist
(PR) was stripped with piranha clean.

With knowledge of mask geometry dimensions, undercut rates
were quantified by analysis under light and scanning electron
microscopy. Borosilicate and soda-lime samples were etched for 3,
6, 9 and 12 minutes, and quartz was etched for 60 minutes (broken
into 3 x 20-minute etches to reduce re-deposition).  By noting the
size of the largest geometries which fell off or meshed (undercut),
dividing by 2 (since undercut is from both sides), then dividing by
the etch time, approximate etch rates (µm/min.) were determined.

Scanning electron microscopy was used for sample analysis at
high magnification.

Figures 3, 4, 5, 6

Results/Conclusions:
Etch rates of borosilicate were very close to the predicted value

(7 µm/min.). Quartz etch rates were much slower. The etch rates of
soda-lime in 6:1 BOE were considerably slower than that of
borosilicate in 49% HF.

More work needs to be done in order to select a suitable glass
substrate for a DNA-sequencing microfluidic device. The

observation that a-Si - coated borosilicate seemed to undercut less
than lift-off processed Au/Cr - coated borosilicate might be
researched.

Figure 7
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Abstract:
Our goal was the fabrication of submicron pickup loops on

Superconducting QUantum Interference Devices (SQUIDs)
manufactured by HYPRES using a design our group provided.  We
wanted the diameter of the final pickup loops to be between half a
micron and a micron, which is almost an order of magnitude smaller
than existing state-of-the-art loops.  Electron beam lithography and
reactive ion etching were used to define the loop in a layer of
niobium.  Before the niobium could be etched, we removed a layer
of silicon dioxide (SiO

2
) that covers the chip.  We have investigated

the etch rate of SiO
2
 in buffered oxide etch and the etch rate of

niobium in sulfur hexafluoride(SF
6
)/Freon 115(C

2
ClF

5
) plasma.  We

have also explored resist and alignment issues with electron beam
lithography.

Introduction:
Due to its sensitivity to magnetic fields, scanning SQUID

microscopy has applications ranging from medical diagnostics to
imaging vortices in superconductors [1].  SQUIDs are currently
the most sensitive magnetic field detectors, but the diameter of a
SQUID’s pickup loop limits its spatial resolution.  A SQUID’s
circuitry detects the magnetic flux through the area of its pickup
loop, so submicron resolution requires submicron loops [2].
HYPRES sends the SQUIDs to us as 5mm by 5mm pieces with 18
chips each.  Each chip has 3 independent SQUIDs.  For handling
convenience, all processing steps were done with the 5mm by 5mm
pieces.  Figure 1, below, is a diagram showing the layers we are
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ZEP520-12 and UV5. UV5 is a chemically amplified resist, so its
processing is more difficult than that of the ZEP520-12, but it did
not etch as quickly in RIE, so we chose it for our process.  We
finally decided to remove a large area of SiO

2
 from the top part of

each chip.
First we determined the etch rate of SiO

2
 in 20:1 buffered oxide

etch (BOE) with SQUID chips of a previous design that had flawed
circuitry.  These were useful because they were also fabricated by
HYPRES and had the same type and thickness of SiO

2
.  The etch

rate of SiO
2
 is shown in Fig. 3.  We found that BOE does not etch

niobium, so in the final process we etched for 14 minutes to make
sure we got through the SiO

2
.

concerned with.  Layer I2 is an insulating layer of SiO
2
 that covers

layer M2, the niobium layer in which the loop is defined.  I1 is a
SiO

2
 layer between M2 and M1.  M1 is a shielding niobium layer

that must remain intact.  Figure 2 diagrams the niobium tab before
and after processing.  The tab resides on the tip of each SQUID and
is 2µm wide.

Procedure:
Originally we planned to pattern the tab with electron beam

lithography and etch both I2 and M2 in the same step with reactive
ion etch (RIE).  This procedure proved troublesome because the
resist always etched faster than the SiO

2
.  We tried using both

Figure 2, Niobium tab before and after processing.

Next we investigated the etching of niobium.  We used a niobium
coated wafer that HYPRES donated for process development.  The
niobium was deposited in the same way and the same thickness as
the niobium on our SQUIDs.  An MRC Model 55 Reactive Ion
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Etcher was used.  We first tried etching in 5sccm of SF
6
 and 5sccm

of C
2
ClF

5
 under 10mT of pressure and 50W of power.  The niobium

to resist etch ratio was about 0.6 to 1.  This was unacceptable because
we started out with 5000Å of UV5 resist and we needed to etch
about 3000Å of niobium.  Fortunately we found that others had
previously improved selectivity by increasing pressure [3, 4].

When we raised the pressure to 40mTorr, the selectivity of
niobium to resist increased to 2.6 to 1.  Raising the pressure also
increased the niobium etch rate by almost a factor of 3.  We
consistently etched 3100Å of niobium in 3 minutes, but we utilized
the buffer layer I1 and overetched to make sure we got through the
niobium.  The exact overetch will require a study of the etch rate of
SiO

2
 in RIE, which remains to be done.

Alignment with the Hitachi 700F electron beam writer has been
difficult.  Our SQUIDs do not have alignment marks, so we had to
align manually with the writer’s SEM mode.  The stage can only
move in 2µm increments, so we tried to pattern all the SQUIDs on
a 5 mm by 5mm piece, hoping to align correctly on at least a few of
them.  This method did not work very well; we were only able to

get either horizontal or vertical alignment correct in a few instances,
but we never aligned correctly on both axes (Figure 4, above).
We spent some time trying to deposit alignment marks, but the
photolithography techniques available did not give us good enough
precision to make the marks useful.  Future designs that we send to
HYPRES will have alignment marks on the M2 layer, so they will
provide perfect alignment for electron beam lithography.

Results and Conclusions:
The processes for etching SiO

2
 and niobium on our SQUID

chips have been thoroughly investigated.  We were not able to
produce submicron pickup loops for our SQUIDs, but the future is
hopeful.  Alignment problems should be solved with the future
SQUID design.  Another promising possibility is the use of scanning
probe lithography (SPL) instead of electron beam lithography.  SPL
has the advantages of easy alignment and linewidth control.
However, SPL is an extremely new process that has not been tried
on many different resists and substrates.  It would likely take a lot
of time to perfect for our purposes.
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Abstract:
Cobalt disilicide (CoSi

2
) is a useful material in self-aligned

silicide (salicide) processing because of its low resistance and its
silicon compatible lattice structure.  Problems arise, however, when
Co and Si are reacted to form the disilicide phase.  High temperatures
are required to do this and a good portion of the silicon substrate
gets consumed in the process, causing undesirable changes in the
gate junction depth.  In this work, the formation of cobalt disilicide
is attempted by first reacting pure cobalt with a silicon substrate to
produce cobalt silicide (CoSi). This reaction occurs at a lower
temperature and consumes less Si than the formation of CoSi

2
.

Finally, a layer of amorphous silicon is deposited and reacted with
the CoSi using a pulsed laser to form the disilicide phase.  This
process allows for less damage to the underlying junction structure
and less consumption of the silicon substrate.  X-ray diffraction
will be used to determine if the CoSi

2
 phase is present.

Introduction:
Cobalt disilicide can be used as a conductive material in many

electronic applications.  It works well with a silicon substrate
because the crystal structures of the two materials are so similar.
CoSi

2
 is also a good material because it is so resistive to many of

the chemicals used in processing.  Many etchants that are used to
remove metals or other materials will not harm the disilicide.  This
property is displayed well in the salicide process, which consists of
four steps; a metal deposition onto a silicon substrate, an anneal to
form the silicide phase, an etching step to remove the unreacted
metal and a silicide anneal to form the low resistivity phase.

The process that is currently used to form CoSi
2
 is not well

suited for the applications in which the material is used. CoSi
2
 is

formed by depositing a layer of cobalt onto a silicon substrate and
heating the combination until the two elements react to form Co

2
Si,

then CoSi and finally CoSi
2
.  Silicon is consumed as each new

phase is formed.  This consumption of the silicon substrate can
often damage any underlying structures that may already be present
in the wafer or chip.  This damage can cause defects in the device
and makes this process unreliable for cobalt disilicide formation.

A new method is proposed that would help to eliminate some
of the problems that occur in the old process.  Cobalt is deposited
onto the silicon substrate as previously mentioned, but now the
sample is only heated to a temperature hot enough to form the CoSi
phase.  Once this phase has formed, amorphous silicon is deposited
on top of this phase and a laser is used to anneal it, in hopes that
only the top layer of silicon will melt and react with the silicide.

Pulsed Laser Formation of Cobalt Disilicide
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Experimental Procedure:
The work done this summer consisted of an in situ deposition

of cobalt and titanium onto (100) oriented four-inch silicon wafers.
Three different depositions were performed.  One set of wafers
was deposited with 100Å of cobalt and 30Å of titanium.  The
titanium was used as a cap to prevent oxidation of the cobalt when
the wafers were exposed to air.  The second set of wafers was
deposited with a 20-Å titanium underlayer, 100Å of cobalt and 30Å
of titanium.

The underlayer was deposited to observe whether it had any
effect on the formation of the silicide.  Finally, a third set was
deposited with 100Å of cobalt and a 60-Å titanium cap.

Three rapid thermal anneals were done on the samples, all for a
duration of 60 seconds.  One sample was annealed at 500°C, one at
550°C, and one at 600°C.  These three samples were then examined
using an x-ray diffraction and it was determined that this was the
correct temperature range for the CoSi phase to form.  More samples
were annealed at these temperatures and they were etched using a
4:1 H

2
SO

4
/H

2
O

2
 solution.  The samples were held in this heated

solution for approximately 15 minutes and were then removed and
rinsed in H

2
O.

Future Work:
The final two steps of this project have not yet been carried out.

The samples will now undergo an amorphous silicon deposition of
100-200Å per wafer.  Later these samples will be sent to an outside
vendor for laser annealing.  When the finished samples return, they
will be tested using two methods.  First, another x-ray diffraction
will be performed to observe the phases that are present.  Second, a
sheet resistance measurement will be taken to see if the highly
conductive phase is present.  If there are x-ray diffraction peaks for
CoSi

2
 and the measurements show a low sheet resistance, then it

can be assumed that the CoSi
2
 phase is present.
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Introduction:
Bandgap engineering offers circuit designers an additional

degree of freedom in making novel, faster heterostructure devices.
This freedom results from control of the bandgap and the band
offset by the choice of materials on both sides of a heterojunction,
as well as the precise composition of each of those materials.  A
heterojunction is obtained when one material is epitaxially grown
on another, whereas a traditional homojunction utilizes only one
semiconductor on both sides of the junction.

A silicon-based heterojunction system is most desirable because
it offers the possibilities of full integration of new devices into
already existing circuitry and of lower costs associated with the
dominant semiconductor technology.  An ideal lattice-matched
heterostructure, necessary for optimal free carrier behavior across
the junction, consists of materials that have identical crystal
structures and lattice constants.  Silicon and silicon germanium
(Si

1-x
Ge

x
) have the same diamond cubic structure and although their

lattice constants are not identical, they are very similar.  The
Si

1-x
Ge

x
 lattice constant is dependent upon the mole fraction of Ge

and varies between that of Si (a
Si

=5.43 Å) and that of
Ge(a

Ge
=5.66 Å).  In order for the materials across the junction to

remain a defect-free crystal, SiGe needs to adopt the smaller lattice
constant of Si, which will result in a SiGe layer under a compressive
strain.  However, beyond a critical thickness dependent on the Ge
fraction, formation of misfit dislocations causes the SiGe layer to
relax.

The success of silicon has been in large part due to its native
oxide; therefore it is reasonable to conclude that understanding
oxidation of SiGe is very important.  In particular, as device

Two-Dimensional Oxidation of SiGe
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Figure 1.
Figure 2.

dimensions are continually reduced and novel structures are
invented, nonplanar oxidation of SiGe must be well characterized
in order for this material to be successfully implemented.  An
example of a new device structure for which nonplanar oxidation
is a concern is illustrated in Figure 1.  Materials usually have
different rates of oxidation in different crystallographic directions.
Thus, oxide profiles will vary according to the geometry of a
nonplanar structure.

Studies performed on planar SiGe show that it oxidizes roughly
three times faster than Si in steam, with a layer of Ge piling up in
front of growing SiO

2
, and with injection of Si interstitials

suppressed [6].  Two-dimensional (2-D) oxidation studies of Si
showed that convex and concave surfaces oxidize slower than planar
surfaces [2].  So far, there have been no studies of 2-D oxidation of
SiGe.  This experiment was designed to study oxidation rate
dependence on radius of curvature, Ge fraction, ambient,
temperature, and time.

Experimental Procedure:
A schematic of the type of structures used for our oxidation

studies is given in Figure 2.  Cylindrical pillars were chosen because
they reduce physical modeling of oxidation to one dimension. Cross-
sectional Transmission Electron Microscopy (XTEM) was used to
look at the oxide profiles of the pillars.  No additional preparation
of samples, such as mechanical lapping, dimpling, or ion milling,
was necessary, thus saving much time.  In addition, the risk of
altering the characteristics of the specimen during sample
preparation is reduced.

Chemical vapor deposition (CVD) was used to grow Si
1-x

Ge
x

with x = 0.1, 0.2, 0.25 and 0.3 on (100) Si wafers.   In order to study
both strained and relaxed layers of SiGe, half the wafers were grown
with a thin strained layer of SiGe covered with a Si cap, and the
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other half were grown with a thick (2000 Å) relaxed layer of SiGe
without a cap.

Wafers were coated with a negative resist and patterns consisting
of submicron circles with diameters of 0.16 - 1.00 µm were written
using e-beam lithography.  Wafers with the thick relaxed layers of
SiGe had large unpatterned areas for comparative planar oxidation.
The wafers were then developed, leaving a resist mask on top of
the wafers.  Positive resist was applied onto the large unpatterned
sections of wafers with unstrained SiGe to protect the areas from
subsequent etching.  Then all wafers were plasma etched using an
HBr and O

2
 reactive ion chemistry.  After a hydrofluoric acid (HF)

dip and sulfuric etch, wafers were diced in a wafersaw to obtain the
3 mm long samples.

XTEM analysis of the pillars revealed that the surfaces of the
pillars were damaged, as shown in Figure 3.  The dark spots on the
surface are probably indicative of dislocation loops which may have
formed during the plasma etch step.  In order to remove the damaged
surface layer, we grew a 50 Å sacrificial oxide and then etched it
away with HF.  At the same time, prepared a second set of pillars

was prepared to be etched once the plasma etching problem is
resolved.

The oxidation parameters used in these experiments are given
in Figure 4.  The conditions include temperatures which range from
700-1000°C, wet and dry ambients, and both furnace and rapid
thermal oxidations (RTOs).  The process simulator T-SUPREM4
was used to determine the times necessary for growth of a 100 Å
oxide on (100) Si for the furnace oxidations.  Pillars were then

Figure 3.

oxidized.  The oxide was stripped from some of the pillars with
HF. XTEM analysis was then performed on pillars with and without
oxide on them.  Figure 5 shows pillars after every major process
step.

Results:
The experiment was not finished in the 10 weeks allowed.

XTEM of wet, 800°C oxidation of Si
0.90

Ge
0.10

 indicates that it is
possible that Ge was incorporated into the oxide.  SiGe was found
to oxidize 2-5.4 times faster on (100) SiGe surface than on (100) Si
surface, whereas previous studies of planar SiGe oxidation have
seen only a three-fold increase [6].  SiGe oxidized 3-4 times faster
than (100) Si on a convex pillar surface, while the previous studies
of nonplanar oxidation of Si reported a decrease in the oxidation
rate [2].

Figure 4.

Figure 5.

Future Work:
This experiment will be repeated with an undamaged set of

pillars once the plasma etching problem is resolved.  In terms of
the general area of SiGe oxidation, the quality of the SiGe oxide
needs to be characterized.  Simultaneous oxidation and dopant
diffusion in SiGe also needs to be studied. The same experiments
should be performed on SiGeC and SiC, which are also silicon-
based semiconductors.
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Abstract:
Reverse annealing of boron implanted silicon was studied in

this experiment.   Boron was implanted into silicon wafers with an
energy of 40 keV and a dose of 2x1014 cm-2.  A time of thirty minutes
was set for different temperatures ranging from 500 to 1000°C in a
conventional furnace to anneal the sample wafers, and the electrical
properties of boron implanted silicon were measured with the Hall
measurement.  Reverse annealing occurred at 600°C as expected.

Dose lose in arsenic implanted silicon was also studied.  Arsenic
was implanted into silicon wafers with an energy of 32 keV and a
dose of 1x1015 cm-2.  Rapid Thermal Annealing (RTA) was used to
anneal the samples at a temperature of 1050°C with different times
ranging from 1 second to 120 seconds.  The results of dose loss
measured by the Hall measurement had the same trend in dose loss
as measured by Secondary-Ion Mass Spectrometry (SIMS).

Introduction:
Thermal annealing is the process that occurs after the

implantation step in integrated circuit fabrication.  Its function is
to repair damages on silicon wafers and to activate implanted
impurities.  There are, however, many side effects that happen in
the thermal annealing process. “Reverse annealing” in boron
implanted silicon is one effect in which the concentration of
electrically active boron decreases as the isochronal annealing
temperature increases over a limited temperature range.  Another
side effect of thermal annealing in arsenic implanted silicon is an
accumulation of arsenic impurities at the SiO

2
/Si interface during

the RTA process.  There might be a forty percent dose loss of arsenic
if the SiO

2
 layer is removed.

The main goal of studying reverse annealing in boron implanted
silicon is not to explain the mechanism of the phenomenon but to
verify the furnace annealing process and the Hall measurement
setup from the van der Pauw method [1].  In the second experiment,
the study of dose loss in arsenic implanted silicon was also used to
verify the setup of the Hall measurement.  Since the Hall
measurement is much cheaper than the SIMS method, the results
of this study show that the Hall measurement is a reliable and
inexpensive method for further study of thermal annealing.

Experiment:
A.  Reverse Annealing in Boron Implanted Silicon

1.  Sample Preparation
Boron was implanted into a <100> oriented, 4-inch diameter

silicon wafers at 40 keV with a dose of 1x1014 cm-2 at room
temperature.  Subsequently, the substrate was divided into pieces
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of about 8x8 mm, and the pieces were then annealed using the
conventional furnace for thirty minutes with temperatures ranging
from 500 to 1100°C.  The native SiO

2
 on the samples were then

stripped and then aluminum was deposited at four corners of the
samples for electrical contact.  To gain the ohmic contact between
aluminum and silicon, the samples were annealed at 450°C for 30
minutes.

2.  Results:
The electrically active boron doses were obtained by the Hall

measurement.  Figure 2 shows the active doses of boron impurities
in the 30 minute annealed, boron-implanted silicon.  The electrically
active boron dose begins to decrease at 500°C, reaching a minimum
at 600°C, and increases with increasing temperature. This result is
consistent with the observation from previous studies [2, 3].

Figure 1:  Active dose and mobility vs. annealing temperature.

B.  Dose Lose in Arsenic Implanted Silicon
1.  Sample Preparation
A thickness of 100Å SiO

2
 was grown on the silicon wafers.

Arsenic was implanted with the energy of 32 keV and a dose of
1x1015 cm-2.  One set of samples was set aside as reference samples.
Two sets of samples were annealed in RTA at 1050°C for different
lengths of time, from 1 second to 120 seconds.  This process created
an accumulation of arsenic at the SiO

2
/Si interface.  The oxide of

one set of annealed samples was stripped.  Oxide was then grown
at 950°C for 30 minutes.  Annealing for all samples was then done
at 1100°C for 6 hours in order to achieve full activation of impurities.
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2.  Results
The results of active arsenic doses obtained from the Hall

measurements were compared to SIMS.  Figure 3 shows that the
results from the Hall measurement have the same trend as the results
from SIMS.

Conclusion:
The furnace annealing process has been verified by the results

of this experiment.  Reverse annealing of boron-implanted silicon
occurred at 600°C as expected.  The Hall measurement setup is a
reliable and inexpensive alternative to SIMS for further studies in
thermal annealing.
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Abstract:
This project approaches the goal of miniaturizing an analytical

laboratory by fabricating micro-scale capillary channels and
electrodes on separate wafers, then bonding them together.  The
electrodes, however, may degrade during bonding and their
topography may prevent bonding from occurring. Anodic bonding,
a popular bonding method for micro-mechanical devices, is the
preferred method because it is a low temperature process and can
be used for bonding dissimilar materials as well.  Glass to glass,
glass to amorphous silicon coated glass, and glass to polysilicon
coated quartz bonding was achieved using anodic bonding.  To our
knowledge, this is the first time anodic bonding of glass-to-glass
and glass-to-polysilicon coated quartz has been demonstrated.  We
evaluated the bonding quality of each wafer pairs using visual
inspection and SEM.

Introduction:
Electrophoresis in capillary tubes is a technique that involves

using an electric field to separate fragments of biological materials,
such as DNA or proteins.  It has the potential to play an important
role in clinical diagnostics.  However, electrophoresis is time
consuming, uses a large amount of chemicals, and requires
specialized laboratories to analyze and interpret the data.  There is
an effort towards miniaturizing an electrophoresis laboratory into
a portable device for faster, cost-effective DNA analysis.

Typically, wafer bonding requires the interfaces to be clean,
flat, and mirror-polished.  The challenge arises when structures,
such as electrodes, are present between the wafers forming gaps
between them.  We experimented with a wafer bonding technique
known as anodic bonding, which allows bonding of materials at
low temperatures (300 to 450°C).  Instead of heat, anodic bonding
applies a voltage to the wafers to strengthen the bond.  Although
anodic bonding is usually performed between silicon and glass, it
is also possible to bond other types of materials.

Procedures:
Two masks were designed in order to characterize how the size

and density of electrodes influence bonding.  The first mask
consisted of micro-channels. The channels are 50 microns wide
and have wells for sample injection at each end.  The second mask
has electrodes and heaters placed in relation to the micro-channels.
The electrodes are located on the sides of the channels ranging in
distance from 0 microns to 50 microns and heaters were placed
over channels with varying metal dimensions.

A bonding test with varying materials was necessary to
determine which substrates are reliable for bonding.  Silicon-to-
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glass is ideal for anodic bonding, but glass-to-glass would be
favorable because the glass provides excellent insulation for higher
voltages.  Furthermore, the quality of the bond and the analysis of
the DNA sequencing can be evaluated by visual inspection. Other
materials of interest are amorphous silicon coated glass and
polysilicon coated quartz.  They provide a less transparent substrate,
but they share the semiconducting property of silicon for reliable
bonding.

Anodic bonding experiments were performed using the
Electronic Visions 501 bonder.  A program, specifically designed
for joining polysilicon coated glass-to-glass, automatically
controlled the bonding.   After the wafers are placed in a chamber,
it is pumped to a vacuum of 1.00E-04 mbar, purged twice, then
heated to 350°C.  The chamber is again brought to 1.00E-05 mbar
before 500V is applied for 6 minutes.  The chamber is then brought
back up to atmosphere pressure and cooled.  A bonding session
lasts approximately three hours.

Results and Conclusions:
The results of the bonding test with varying materials are

described. Glass-to-glass bonding was successful on the first attempt
despite a small defect indicated by a small circular fringing area.
This, as far as we know, is the first time anodic bonding of glass-
to-glass has been demonstrated.  Glass-to-glass bonding however
was not reproducible in subsequent experiments.  Therefore, the
project shifted towards the glass-to-amorphous silicon coated glass
that bonded flawlessly together. Lastly, glass-to-polysilicon coated
quartz was bonded perfectly in spite of the major difference in
thermal expansion coefficients.

Figure 1: Optical micrograph of electrode showing separation in
bonded materials adjacent to electrode.
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An ideal microfluidic channel must withstand the pressure
caused by the flow of liquids.  After bonding chrome and gold
electrodes on glass to amorphous silicon coated glass, the effects
of topography on the bonding were viewed under a microscope.
The image indicated that the electrodes created a gap between both
wafers, which may have been cause by the thickness of the metal
(Figure 1).  Consequently, the bonding was unsuitable for sealing
channels.

To minimize the effects of topography, the gold layer was etched
leaving thin chrome electrodes on glass.  In addition, we bonded
the electrodes to polysilicon coated quartz which would provide a
smoother surface.  Despite the slight topography of the electrodes,
bonding still occurred between even the small 2 micron geometries.
To verify the bonding, a SEM photo shows a 100 micron wide
electrode between glass and quartz causing no gap between the
substrates (Figure 2).  However, the stress during the cool down
period shattered this particular wafer pair, because of the large
difference in thermal expansion coefficients.

Summary:
In conclusion, anodic wafer bonding may be a reliable technique

for securing fluids within microscale channels.  Although electrodes
created topography between two wafers, it was shown that glass
and polysilicon coated quartz will bond well. From the obtained
results, improvements can be made in the amount of voltage and
temperature to successfully bond glass-to-quartz despite the
dissimilarity in thermal expansion coefficients.
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Abstract:
Lateral solid phase epitaxy (L-SPE) of amorphous Si (a-Si) films

on SiO
2
 is a promising technique for possible applications in three-

dimensional integrated circuits.  Both increased growth lengths from
the seed region and reduction of crystalline defects are desirable
material characteristics for practical device integration.  Using
samples prepared in a Chemical Vapor Deposition chamber (CVD)
and then annealed in an argon ambient, L-SPE growth and random
nucleation are studied as functions of Si film deposition rate,
annealing temperature, and Ge doping.  An estimate of the activation
energy for the L-SPE growth rate is obtained.

Introduction:
Si lateral solid phase epitaxy (L-PSE) on Si0

2
 film with seed

openings is one of the most encouraging techniques to realize
three-dimensional integration of Si devices. A schematic diagram
of L-SPE is shown in Figure 1.  An a-Si layer is deposited on an
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(3) Influence of anneal temperature on L-SPE - L-SPE has a lower
activation energy than random crystallization which suggests
that SPE becomes dominant at reduced temperatures. iv In this
work, we study the impact of the aforementioned variables on
L-SPE.

Experimental Procedure:
Wafer and Sample Preparation:
Sample wafers with a-Si deposited over a striped seed patterned

oxide were grown and provided by Judy Hoyt and Brian Greene
using Si

2
H

6
 in a low pressure chemical vapor deposition chamber.

Amorphous silicon was deposited on sample 2465 at a rate of
100 Å per minute using H

2
 interface/H

2
 bulk.  a-Si was deposited

at the same deposition rate using an H
2
 interface/Ar bulk for sample

2469.  Sample structures are listed in Table I.

oxide patterned Si wafer. During annealing, single crystal silicon
is first grown vertically at the seed region and then propagated
laterally over the Si0

2
 insulator. The crystallinity of the silicon-on-

insulator (SOI) layer has been shown to be suitable for device
application by fabrication of MOSFETs [1].  This technique also
has the advantage of operating at a relatively low temperature, which
minimizes diffusion in underlying device layers. However, L-SPE
growth is limited to a few micrometers from the seeding region. In
addition, the occurrence of random nucleation, which is the
formation of crystalline defects, degrades material quality. There
exist several key factors which affect the L-SPE growth of single-
crystal silicon suitable for device operation:
(1) Amorphous silicon (a-Si) film deposition rate -- Hoyt et al.

have shown that films deposited with H
2
 (low deposition rate)

as the carrier gas exhibit an increased rate of nucleation
compared to films deposited with Ar (high deposition rate) as
the carrier gas [2].  Decreasing the Ar deposition rate would
indicate whether or not the disparity in nucleation is due to
carrier gas type.

(2) Influence of Ge doping on L-SPE - low Ge content has been
shown to reduce crystallization time.

Each sample die was cleaved from its corresponding wafer and
RCA cleaned.  The samples were then loaded into a furnace and
annealed in 1-3 hour increments for total times up to 26 hours.
Three separate anneals were conducted altogether: two at 5400°C
and one at 5700°C.  In order to ensure uniform annealing, sample
placement on the holder wafer was rotated before being placed back
in the furnace.  The L-SPE growth from the seed region was
examined using Nomarski optical microscopy.  All images were
taken using the SPOT digital camera.

Results and Discussion:
Random crystallization was first observed in both the H

2

deposited film sample and the Ar deposited film sample after
6 hours of annealing.  The random crystallization rate was similar
in both samples.  Since both films were deposited at the same rate,
these experimental results demonstrate that deposition rate has no
effect on L-SPE growth or random nucleation.
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Lateral growth lengths, measured as functions of annealing time,
are shown in Figure 2.  After 10 hours of annealing at 5400°C, the
samples with the 20% Si

1-x
Ge

x
 film reach L-SPE growth lengths of

3.0-3.5 µm from the seed region.  The samples with the 4%
Si

1-x
Ge

x
 deposited film do not reach those lengths until after another

10 hours of annealing.  This data reinforces previous experiments,
which claim that additional Ge decreases crystallization time.
However, the 20% Si

1-x
Ge

x
 films begin nucleating 10 hours before

the 4% Si
1-x

Ge
x
 films, indicating that the increased Ge content also

causes a decreased nucleation time.
Growth rates were obtained for samples annealed at both 5400°C

and 5700°C.  The average growth rate for the samples annealed at
5700°C is three times as fast as the growth rate for samples annealed
at 5400°C.  Using Equation 1, below, the activation energy for
L-SPE growth was calculated to be to 2.3 eV which is close to the
suggested value of 2.7 eV.

G = Goe
-Ea/kT

G = growth rate;
Ea = activation energy;
k = 8.62e-5 eV/K;
T = temperature (K)

Summary:
L-SPE growth and random crystallization were studied as

functions of film deposition rate, Ge content, and anneal
temperature.  The deposition rate was shown to have no effect on
L-SPE growth or random nucleation.  However, low Ge content
did demonstrate a decrease in crystallization time and increased
random nucleation.  Future work involves testing the electrical
characteristics of the L-SPE growth regions through the use of MOS
capacitors and FET structures and by examining defects in this
region with transmission electron microscopy.
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Abstract:
As feature sizes in integrated circuits (IC) continue to shrink,

interconnect delay becomes increasingly critical.  Copper, with its
lower resistivity and superior resistance to electromigration, is a
likely candidate for IC interconnects.  A major reliability problem
with copper is its fast drift and diffusion in SiO

2
 and Si.  To ensure

no leakage current occurs, Cu plugs and interconnects must be
isolated from Si or SiO

2
 by diffusion/drift barriers.  The current

work investigates several Cu barriers using MOS trench capacitors.
These capacitors facilitate the examination of possible sidewall and
bottom barrier property differences.  Flatband shifts in current-
voltage (CV) curves will be analyzed to determine the quality of
the different barriers.

Background:
Different flux incidence angles may result in different sidewall

and bottom properties in barriers.  As interconnects possess vertical
as well as horizontal areas the effectiveness of barriers at vertical
walls needs to be investigated.  Using MOS capacitor flatband shifts
after bias temperature stress (BTS), the amount of ions that diffused
through the barrier can be calculated.

Methodology:
The devices were grown on (100) crystal orientation silicon.

The mask used for this study is shown in Figure 1.  To ensure the

Planned Procedure:
The wafers were exposed using the Nikon stepper.  The field

oxide targeted at 1.1µm was etched using the AMT oxide etcher.
The silicon etch was performed using LAM  Poly with resist as the
mask.  Two different recipes were investigated with a target depth
of 2.5µm:  (1) HBr, O

2
 and Cl

2
 (2) HBr and 5sccm of O

2
.  The gate

oxide was thermally grown at 1150°C with a targeted thickness of
700?.    Some wafers underwent a sacrificial gate oxide.  For these
wafers the oxide was removed using a 50:1 HF dip for about 17
minutes and was, subsequently, regrown.  A polysilicon deposition
followed the final gate oxide growth for all wafers. Thus, four
different process flows, shown in Table 2, were investigated to obtain

sidewalls also had a (100) cyrstal orientation the devices were
oriented at a 45° angle with respect to the  wafer flat.  This results
in equal gate oxide thickness at sidewalls and bottom of trenches.

The trench widths varied from 0.6 to 40µm (Table 1).  This
variation enables the sidewall and bottom barrier properties to be
decoupled; sidewall to bottom capacitance ratio (C

s
/C

b
) varies from

8.31 to 0.13. To simplify the analysis, total capacitance (and
consequently total device area) was kept constant - roughly 196pF.
Thus devices with smaller widths, had a greater number of trenches.
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Electrical Characterization of Diffusion Barrier Properties for
Copper Metallization in Integrated Circuits

Table 1. Mask design and calculated capacitances

Table 2. The four processes examined

the optimal process.  Etch profiles of the devices were examined
using the scanning electron microscope (SEM).  Electrical
measurements were conducted to find the process flow with no
gate oxide breakdown under BTS, and with constant flatband
voltage (V

fb
) and gate oxide capacitance (C

ox
) with different trench

widths.

Figure 1.  Mask.
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Results and Analysis:
The SEM showed that the trench depth was etched to about

3.1µm instead of 2.5µm.  Trench corners appeared round.  However,
due to the 45° orientation of the structures, corners could not be
seen clearly.  Die-to-Die measurements of CV curves found no
significant variation for all except the HBr + O

2
 chemistry with no

sacrificial oxide process.  Flatband voltage was relatively constant
between different trench widths, figure 2a.  The oxide capacitance
was plotted between different trench widths in figure 2b.

Figure 3.  Etch profile showing  microtrenching and bowing

Because the trenches were overetched, devices with smaller
trench widths, having more sidewalls, should have a greater C

ox
.

The plot shows the opposite trend.

Spun-Off Quest for Ideal Etch Profile:
To investigate this C

ox
 trend, the process flows were repeated

using a mask with SEM lines. The profiles at various stages of the
process -- after resist strip, gate oxidation, removing sacrificial gate
oxide and final thermal gate oxide growth -- were examined using
the SEM.  An HF dip before stripping the resist was also considered.

The SEM showed bowing and microtrenching in etch profiles,

Figure 3.  Possible causes were oxide etch micro-trenching,
shadowing from unclean surface, ion reflection and charging.
Despite trying a longer breakthrough step with C

2
F

6
, microtrenching

and bowing still occurred.  The AMAT P5000 was then used in
place of the LAM poly to etch silicon.  The shallow trench recipe

(HBr and Cl
2
) had no microtrenching but had very tapered walls.

The deep trench recipe (HBr + NF
3
) using oxide as the mask also

had no microtrenching and some tapering.  To achieve an anisotropic
profile, the power was lowered and the amount of NF

3
 was

increased.  From Figure 4, the AMAT P5000 deep trench recipe
(HBr + NF

3
) at a lower power shows the best silicon etch profile.

Summary:
Using the polysilicon gate controls, the feasibility of the mask

design was demonstrated.  Initial CV measurements showed good
MOS characteristics.  A constant flatband voltage across varying
trench widths was obtained.  Extensive studies performed on the Si
etch profile, using both resist and oxide mask, finally resolved
profile irregularities.  When the AMAT P5000 was used, neither
bowing nor microtrenching occurred.  By fine-tuning the process,
an 88° anisotropic Si etch profile was obtained.
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Abstract:
Heat buildup in electronic and optoelectronic devices can

negatively affect performance, so an understanding of the
parameters which influence thermal conductivity of semiconductors
is important.  Thermal transport properties of Group III-V and Group
II-VI semiconductor superlattice were studied using the third
harmonic technique developed at UCSB.  The effects of doping,
alloy composition and ordering were measured.  Results show that
the third harmonic technique is an accurate method for measuring
thermal conductivity.  In particular, Bragg mirrors for VCSEL and
SiGeC:B thin films were the materials focused on.

Introduction:
Excess heat present in electronic devices needs to be minimized

for optimum performance.  To assist in this, an accurate method for
determining thermal conductivity is needed.  The thermal
conductivity of Bragg mirrors (mirrors used in VCSEL) and
SiGeC:B thin films were measured using the third harmonic
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technique developed at UCSB.  The Bragg mirrors used were
superlattice and thin films.  Bragg mirrors with a high thermal
conductivity are desired to transport heat away from the laser
through lattice vibration.  However, SiGeC:B thin films with a low
thermal conductivity are needed because heat is transported away
from electronic devices through this material by electrons so
prevention of heat backflow through lattice vibration is desired.

Procedure:
In order to prevent current flow through the samples, 200 Å of

Si
3
N

4
 was deposited.  Optical lithography was used to deposit Ti

(200 Å) and Au (5000 Å) on the samples.  Then the thermal
conductivity of the samples can be tested using the third harmonic
technique.  AC current with a frequency ω was input into the
deposited metal.  As the current oscillates, so does the temperature
of the metal.  This causes a wave of oscillating temperature to
propagate through the sample much like a wave in water.  The
temperature of the metal changes according to how thermally
conductive the sample is.  (See Fig. 1, left)

From the solutions to thermal transport equations, we know
that at any point in the substrate:

Where ∆T is the change in temperature and k is the thermal
conductivity.  The geometry of the sample and its damping effect is
taken into account in this equation.  Then the relationship (b) was
found between temperature and resistance of the deposited metal
using the following equation:

This enables the deposited metal to act as a thermometer.  The
resistance of the metal is monitored which tells us what the change
in temperature is.  ∆T is measured at many different frequencies
and the average value of ∆T is used to calculate the thermal
conductivity.

Fig. 1

(Eq. 1)

(Eq. 2)
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Results And Conclusions:
The third harmonic technique enabled the measurement of four

different Bragg mirrors.  Following is the plot of ∆T vs. Frequency
of these samples.

In this plot, higher thermal conductivity corresponds to a lower
reading on the graph.  From these results, we can see that by having
digital alloy (very sequenced ordering of the elements in the
material) present in the material causes an increase in thermal
conductivity.  The plots represented by the squares shows this.  We
can also see that alloy composition effects thermal conductivity.
The addition of Ga to the sample represented by the black dot has
decreased its thermal conductivity.

(Fig. 2)

(Fig. 3)

The third harmonic technique enabled measurement of SiGeC:B
thin films.  These thin films were grown on silicon substrate.  This
graph does not take into account the effect the silicon substrate has
on the thermal conductivity of the thin films.  Following is a plot of
∆T vs. Frequency of the SiGeC:B thin film materials.

From this plot we can see that doping has affected SiGeC:B
thin films.  The more doped our sample was, the lower the thermal
conductivity.  The third harmonic technique is an accurate method
for measuring thermal conductivity.  It proved that digital alloy
and simple composition increased thermal conductivity of bragg
mirrors while higher doping levels decreased thermal conductivity
of SiGeC:B thin films.  These results indicate that the more ordered
the material is, the higher the thermal conductivity.
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Abstract:
Prepared vesicles were used as a simple model of the myelin

membrane to better understand the demyelination of nerves during
Multiple Sclerosis. Vesicles, ranging in size from hundreds of
nanometers to tens of microns, were constructed from either a
mixture of extracted lipids or total brain lipid extracts, and were
prepared using hydration, and freeze-thaw/extrusion methods.
These vesicles were observed for size, shape, and population-density
changes using microscopy, and dynamic light scattering.  The
vesicles were found to be stable, and several instances of fusion
were noted.  Preliminary data of changes in ion and lipid
concentrations show an increase in fusion.

Introduction:
Multiple Sclerosis is a disease of the nervous system

characterized by a loss of control of the muscles.  The disease is
thought to be linked to the demyelination and subsequent
vesiculation of the myelin sheath that covers the nerves, thus causing
a short when the electrical impulses that trigger muscle function
travel down the nerves [1].  The cause of the demyelination is
unknown and is the subject of further studies.  Myelin itself is a
complex system consisting of stacked bilayer membranes of 70%
lipids and 30% proteins [2].  Because of its complexity, it is
extremely difficult to induce vesiculation in myelin.

Vesicles are enclosed pouches of solution with a permeable lipid
bilayer wall.  This bilayer is composed of phospholipids, varying
in shape and charge thus having effects on the fluidity, packing and
adhesion properties, but all having the same basic shape of a
hydrophilic head and hydrophobic tail.  Because of the hydrophobic
nature of the tails, the lipids self-assemble into lipid bilayers, with
the hydrophobic tails on the inside and the hydrophilic heads on
the outside, towards solution, thus creating a sheet of lipids.  This
sheet then eliminates all free edges by arranging itself into a closed
spherical object, the most energetically favorable state.  The
membrane is 4 to 5 nm in thickness, and the vesicles range in size
from 15nm to 50µm in diameter [2, 3, 4].

Procedure:
Giant Vesicles, those being larger than 1 micron across, were

prepared by extruding a lipid cocktail (27.7% Cholesterol, 15.6%
Phosophotidylethanolamine, 11.2% Phosphotidylcholine, 7.9%
Sphingomyelin, and 4.8% Phosophotydlserine) on Teflon,
producing a thin film, drying under nitrogen gas, and then under
vacuum overnight.  The lipid film was then hydrated with a buffer
solution of 150mM NaCl and 25mM Tris HCl, pH 7.4, and put in a
37°C water bath.  The vesicles were monitored using a standard
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light microscope, with resolution up to a micron, observing for
changes in size, shape and population density as well as general
stability of the vesicles. [4]

Large vesicles were prepared by drying a lipid cocktail on the
sides of an 8mL vial, and then hydrating for greater than 6 hours,
vortexing occasionally. Repeated freeze/thaw cycles were
performed, freezing in liquid nitrogen and thawing in a water bath
of approximately 60°C.  The hydrated lipid solution was then passed
through an extruder of varying pore sizes, before returning the
samples to the 37°C water bath.  These vesicles were monitored by
dynamic light scattering, producing a correlation function over time,
and vesicle interactions as well as average size could be extracted
from this data.

Preliminary qualitative data was taken of changes in ion and
lipid concentration by subjecting post hydration, giant vesicle
samples to 5µM CaCl

2
, and adding very small amounts of extra

PE, PS, SM and cholesterol respectively, then observing changes
under the light microscope.

Results:
The vesicles were found to be stable, getting progressively

bigger with time after hydration.  On average, it took 10 hours for
them to be big enough to be seen under the microscope.  It was
found the vesicles started roughly the same size and shape, and
became less homogeneous over time.  Conveniently, the vesicles
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existed in the same focal plane, thought to be because of density,
making viewing easier.  Several instances of fusion were observed
in which two vesicles adhered to one another and eventually popped
into one.  The addition of calcium ions seems to result in mass
fusion, which is expected from similar studies on monolayer films,
but the cause is yet to be determined.  The addition of lipids brings
mixed results, under further study.
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Abstract:
Cooling in photoelectric and micro-electric devices is a big

concern in information transfer. Cooling by thermionic emissions
is experimentally modeled. Cooling over two degrees has been
observed at 80°C, separated by a one-micron barrier.

Background:
Thermionic Coolers work by utilizing the long known physical

principle of thermionic emissions. Coolers using thermionic
emission have existed, but the applications were impractical for
most. These coolers were developed at UCSB, and I spent my
summer testing them. I worked closely with Christopher LaBounty
this summer who taught me how they worked and how to test them.
In solid-state cooling devices, there are no moving parts, no
chemicals involved, and they tend to be smaller. These coolers can
be made to any specified size offering an advantage some coolers
can’t.

Device:
The devices I tested had a square area of 5000µm2-20000µm2.

The actual cooling part of the devices is roughly 2µm tall on top of
a 100µm substrate (see fig.1). The top of the device is covered with
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to the bottom. The materials do vary, but figure 1 is made of InGaAs
and InGaAsP on an InP substrate.

A series of these devices, usually ten, varying in square area,
are placed on what is referred to as a package (see fig. 2). The gold
wire bonds are attached to the individual device and in the picture
not all devices are bonded. The set of devices are soldered on to the
package and this allows us to then subject the devices to a bias. The
packaging allows us to, via wire bonds and solder, probe particular
coolers to induce current. Micro-thermal couples then take a
differential measurement to measure cooling. Currently, the
packages no longer look like figure 2. The new package also allows
for shorter wire bond lengths, which helps to minimize the joule

Figure 1

gold and a gold wire bond is attached. The cooling occurs at the top
or bottom according to the bias, but it is best if the top cools and the
bottom heats. In application, the top of the devices would be the
part touching whatever needs to be cooled. The extremely large
substrate helps in distributing the heat that is pumped from the top

Figure 2

heating. Joule heating is always of concern inside the coolers as
well as the packaging.

The physics behind thermionics can best be explained with band
theory. Imagine a hetero junction in the conduction band (see
fig. 3). The dots represent electrons in the conduction band, and
the arrows depict the path that they will take. In order for thermionic
emissions to cool efficiently, a known energy junction is needed
and must be abrupt but not too selective. Only the electrons above
the average in the InGaAsP will be able to pass over when subjected
to a bias. This leaves a void of electrons where lower energy
electrons move up in their place. This occurs through thermal
excitation and by removing energy from the heated lattice cooling
is achieved. Once the electrons pass over the barrier region
(InGaAsP) they want a state of lower energy. The energy is passed
back into the lattice heating the other end. The heat is pumped over
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a micron barrier. The thermal resistivity of the barrier material is
experimented with to impede the heat transfer back to the cold side.
A temperature dependant law governs thermal resistivity, so as the
ambient temperature increases so does the thermal resistance.
Thermionic cooling is linearly related to current and joule heating
is governed by T=RI2 (T=Heat, R=Resistance, I= current) so a
compromise has to be reached to achieve an efficient maximum.

Conclusion
In closing, I would like report on the current status of the devices.

I have observed over 2°C of cooling over a micron barrier at an
ambient 80°C, which is the internal temperature of many electronic
devices. As the ambient temperature increases cooler performance
also increases. The reason for this improvement lies in that there
are more high-energy electrons to pass over the barrier leaving a
larger void. Another is that the thermal resistance of the barrier
material increases, separating the hot from the cold. The coolers
are showing promise, and along with improvements in packaging,
we should see cooling of 10 degrees soon. Other members of the
group are experimenting with different materials with hopeful
applications in silicon products.

Figure 3
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Abstract:
Gallium Nitride (GaN) is a semiconductor material that offers

great potential in the development of photonic devices.  In the
making of these devices, the material is exposed to dry etch
conditions that may cause damage to the lattice.  In this study we
use transmission line model (TLM) measurements to assess the
damage caused by varying doses of 500 eV of Ar+ ions in GaN.
The total resistance of the material increased with increasing dose.
At current densities of 0.006 mA/cm2, 0.06 mA/cm2 and
0.6 mA/cm2 with a fixed time of 15 min., both contact and sheet
resistance increased.  At varied exposure times of seven and a half,
fifteen, and thirty min., with a current density of 0.06 mA/cm2, the
contact resistance increased while the sheet resistance decreased
after 30 min.  By varying the current density, bombardment time,
and dose of Ar+  ions, we hope to learn more about ion damage
mechanisms in GaN.

Report:
Gallium Nitride (GaN) is a material used in making blue light

emitting diodes, laser diodes, photovoltaic cells and photodetectors.
Because of strong chemical bonds, GaN is very resistant to wet
chemical etching, thus, dry etching is used in device fabrication.
Dry etching combines a chemical component, reactive gas, with a
physical component, high energy ions, to enable material removal.
In doing so, however, damage may be introduced to the lattice by
the incident ions.  Thus, it is important that we characterize the ion
damage in GaN.

Samples of GaN were bombarded with  500 eV of Ar+ ions at
different doses. Some samples were ion bombarded for 15 min.
with current densities of 0.006 mA/cm2, 0.06 mA/cm2 and
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0.6 mA/cm2.  Other samples were bombarded with 0.06 mA/cm2

for 7.5 min., 15 min., and 30 min.  Following bombardment,
transmission line model (TLM) patterns were fabricated by using
photolithography and metal deposition.  The contacts were annealed
at 850°C for 30 sec.  The samples were then electrically probed.
Both contact and sheet resistance were calculated for each sample.
The transmission line model (TLM) was used because it gives an
electrical representation of the physical characteristics of the
material.  Damage in the material will result in a change of
resistance.

The total resistance increased with the increasing dose.  As the
dose of bombardment increased, so did the damage in the sample
(figure 1).  A comparison was made to show how contact and sheet
resistance vary with time and current density.  For sheet resistance,
results show that increasing the current density by intervals of an
order of magnitude also increases sheet resistance.  Which means
that more damage is created with increasing current density (fig 2).

Increasing the exposure time does not show a definite trend.
Sheet resistance does increase from 7.5 to 15 min., but at 30 min.
the resistance decreases  (figure 3).  It brings up the question of
what kind of damage is caused at long term exposures.  In order to
find out, more work must be done to find out how and where the
ions are damaging the material.

The results for contact resistance show that no observable change
exists until higher current densities or exposure times are used.  At
7.5 and 15 min. the contact resistance was similar.  Yet, a noticeable
change occurred at  30 min. (figure 4).  Contact resistance showed

Figure 2.  Increasing the current density by an order of magnitude
increases sheet resistance.

Fig. 1 .  The total resistance increased with increasing dose.
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a similar trend with varied current density.  It remained the same at
0.006 mA/cm2  and at 0.06 mA/cm2 but significantly increased at
0.6 mA/cm2 (figure 5).

From our data, we were able to conclude that the total resistance
of the material increases with increasing dose.  Which means that
more damage is created at higher doses.  Since there was a difference
between the change in sheet resistance caused by varying current
density and varying exposure time, additional work is needed to
investigate where the damage is being caused.  The damage
increased as the current density increased by an order of magnitude
from 0.006 mA/cm2 to 0.6 mA/cm2.  For the contact resistance, no
significant change occurs until the material is exposed for thirty
minutes of time or until a very high current density of 0.6 mA/cm2

are used.
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Figure 3.  Sheet resistance increased from 7.5 min. to 15 min. but
decreased after 30 min.

Figure 4.  No significant change in contact resistance is observed until
an exposure of time 30 minutes.

Figure 5.  Sheet resistance noticeably increases when a current density
of 0.6 mA/cm2 is used.  At current densities of 0.006 mA/cm2

and 0.06 mA/cm2 no significant change is observed.
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Abstract:
Optical trapping by a focused laser beam offers an effective

way to hold and position various objects of a micron size and
smaller. In our study, we used these optical “tweezers” to trap and
control the motion of both neutral and biological particles suspended
in solution. The trapping of biological particles (bacteria) can be
used in studies of their growth. Arrays of traps can also be used to
study the interaction between biological particles.

Introduction:
Since their discovery at Bell Laboratory in the early 1970’s,

optical “tweezers” have been an extremely useful tool in studies of
biological and condensed matter physics [1].  Although at first their
use was restricted to neutral microspheres of polystyrene and silica
[2], in the past thirty years, the process has been refined to allow
for trapping and manipulation of a wide variety of particles,
including trapping of biological particles without damage [3].

Optical trapping occurs due to the potential gradient created
from a focused laser beam. A particle suspended in solution will be
attracted to the focal point of the laser beam because of the dielectric
gradient force:

F   =    (p • E)

where p is the dipole moment of the particle and E is the electric
field of the laser beam. It is important to note that this is a radial
force, causing the particle to always be pulled toward the focal
point of the laser beam, and thus trapping it there. It is also important
to note that the force will be larger as the gradient of the electric
field, and thus the beam, is increased.

Dr. David Grier’s research group at the University of Chicago
has shown that optical traps in various patterns can be created using
diffractive optics [5]. This then can be used to create large arrays of
trapped particles. Our group decided to use this technique to create
4x4 and 6x6 arrays of optical traps to be used to study the
interactions between biological particles.

Procedure:
Our optical trap was created using an Argon laser beam, which

emitted at 550nm. This 1mm beam was then expanded with two
lenses (Newport Optics) to a beam diameter of 6mm. This was to
ensure that it would fully fill the back of the objective in the Nikon
microscope, which was used to focus the beam to a point in a slide
sample of microsphere particles (Bangs Labs) suspended in water.
The sample was imaged with a CCD camera and transmitted to a
screen to be observed by the user. The patterning of the optical
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traps was created with diffractive optics from Thorlabs. After the
neutral particles were successfully trapped, bacteria of E. Coli were
later used.

Results and Conclusions:
Although our set-up had to be modified at various times along

the way, we were able to successfully trap and move neutral particles
as small as 2.03 µm. Bacteria were also successfully trapped, but
because the beam used was emitting in the visible spectrum and
not the required infrared, they were not able to survive the trapping
process. Once our optical trap has been refined, we will use an
infrared laser so as not to damage the bacteria.

Various patterns were also created using the diffraction optics.
Because the diffractive optics were designed to be used at a
wavelength of 650 µm as opposed to our 550 µm, each individual
trap in the array was not as precisely focused as would be required
to create a strong trap. Further modifications of the set-up will be
required.
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Introduction:
The two main aspects of my project dealt with synthesis and

characterization of Copper nanoclusters.  Traditionally in the field of
nanofabrication, nano-materials have been obtained by starting with
a bulk material and then etching down to nanocluster size.  Contrary
to this, my research deals with the establishment of synthetic processes
using wet chemistry for the production of these materials.  If we were
able to find a consistent technique for synthesis, we would then be
able to control the growth of these materials, and thereby obtain size-
specific nanoclusters.

This specificity is important for using these materials in such
devices as infrared detectors, LED’s, or other optical devices. At
nanocluster size, these compounds undergo quantum confinement,
altering their band gap energies, and giving exceptional optical-
electronic properties.   Specifically, I was working with Copper
Thiophenol compounds.  My hope was to fabricate one specific copper
thiophenol compound, grow this cluster to precisely known sizes, and
then find a good technique to characterize all of our materials.

Initially, I fabricated the Cu
4
(SPh)

6
 nanocluster, and then used

different synthetic processes to obtain growth of my compound.  All
of my characterization was performed on the electrospray mass
spectrometer, an instrument that has not been traditionally used in
this particular field of study.  Our decision to use the mass spectrometer
is based on its ability to not only identify our compound by
determining the specific mass of the sample, but also the unique
fragmentation pattern that the compound undergoes.  Using this
instrument, we are able to determine if and how much our compound
grows, and using its fragmentation pattern, its structure and ligand
bonding.

Procedure:
The first step of synthesis involved the fabrication of the Cu

4
(SPh)

6

compound.  The reaction was done under nitrogen gas and typical
schlenck conditions were met.  I first solvated Cu(I)Cl and Thiophenol
in methanol.  Then I added tri-ethyl amine as a type of catalyst for the
reaction, causing thiophenol to act as a nucleophile.  Finally, I placed
tetramethylammonium chloride into the reaction for the existence of
a counter ion with my product.    I obtained yellow crystals which I
characterized using mass spectrometry.

The next step in my project was to try to grow this cluster in a
controlled procedure so as to obtain known size-specific products.
The actual procedure for growth of these compounds is highly
unknown and so I tried numerous techniques throughout the summer.
Initially, I solvated my copper-4 compound in dodecylamine, a non-
coordinating solvent, and slowly raised the temperature from
40-200°Celsius.  This technique had previously worked in our lab
when growing Cd-Selenide compounds.  Throughout the increase of
temperature, I took samples of my reaction mixture to the UV-vis
spectrometer for analysis of optical adsorption.  The growth of these
compounds also corresponds to a decrease in band-gaps and therefore
an increase in the wavelength of adsorption.  The second growth
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technique that I used involved the addition of elemental Sulfur to our
solvated (using dodecylamine) copper compound.  This process relies
on the slow growth of the lattice solely due to the excess sulfur  within
the solution.

Results and Discussion:
The initial part of my project was to synthesize the Cu

4
(SPh)

6

nanocluster.  After much synthesis, I obtained yellow crystals that
were analyzed by the electrospray mass spectrometer.  The presence
of multiple fragmentation peaks that were characteristic of this
compound led me to believe that I had obtained my product.  What
was most indicative that I had fabricated this particular compound
was the existence of a peak around 575mass units.  This peak
corresponds to a Cu(SPh)3+ species, a molecule that is almost my entire
non-fragmented product.

My next goal was to grow this compound to discrete sizes.  The
first procedure I used was based on temperature techniques.  After
solvating my compound in a non-coordinating solvent, I slowly
increased the temperature of my reaction mixture while taking aliquots
of the solution every 20 degree increase in temperature.  If  I had been
obtaining growth product, there would have been a complimentary
decrease in the electronic band gap of my nanomaterial.  This decrease
would  have also allowed for a decrease in excitation energy through
the band gap.  I should have therefore seen an increase in adsorption
wavelength when putting my samples in the UV-vis spectrometer.

This, however, did not occur and I instead saw the same adsorption
peak of approximately 630nm throughout the entire process. I then
turned to another procedure in order to obtain growth of my compound.

This time I added elemental Sulfur to my solvated compound, in
hopes of slowly increasing the lattice size.  I obtained a green product,
different from my initial clusters.  This product was characterized
using the mass spectrometer and several peaks seemed extremely
promising of growth product.  I had not been able to accomplish
complete analysis of my mass spectrum, for the fragmentation of this
new product was quite complicated.

The future goals of our lab is to perhaps try to form actual crystals
of this new product so as to be able to characterize using x-ray
crystallography techniques.  More importantly however, the lab
research will concentrate on finding better nanocluster growth
techniques and hopefully arriving at a concrete understanding of the
mass spectrums of various semi-conductor nanoclusters.
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Abstract:
My project focuses on the spectroscopy of F centers in sodalites.

Their presence can be detected by Electron Paramagnetic Resonance
(EPR).  We are particularly interested in photoluminescence (PL)
of F centers in sodalites because of their potential application for
laser media.  If sodalite F-centers show a strong luminescence we
may be able to create more powerful F-center lasers, due to higher
F-center concentration in sodalites. F-center luminescence is usually
quenched at room temperature so we use an optical cryostat.  An
argon ion laser will be used for optical excitation.

Introduction:
An F-center is a defect in an ionic lattice which occurs when an

anion leaves as a neutral species, leaving a cavity and a negative
charge behind.  This negative charge is then shared by the
neighboring positive charges in the lattice.  F-centers usually have
a low concentration on the order of 1018 and thus if the electrons
are to interact they must be delocalizied to about 100 Å.  Synthesis
performed within the group before my arrival has resulted in a much
higher maximum concentration (1021) and control of that
concentration.  The material in question is a Electro-Sodalite and is
synthesized by placing an extra Na or K atom inside an alumnio-
silicate cage.  The cages form a bcc lattice and contain 3 Na or K
ions before the addition.  The result is a localized electron (6.9 Å)
shared by a 4 Na or K array within a sodalite cage.  These materials,
which are stable in air, have interesting magnetic interactions which
have not been studied before and possible implications in F center
lasers or quantum computers.

Procedure:
I began studying the samples using an ESR machine, which

takes advantage of the behavior of unpaired electrons in magnetic
fields and gave structural information and a look at the magnetic
interactions of the samples.  I ran spectra of over 100 samples of
varying F-center composition and concentration before cataloging
the results in order to decided which samples were pure and of
interest for luminescence study.  I also performed a study of
temperature effect on the ESR spectra of a electro-sodalite sample.

I next worked in the laser lab on the setup for luminescence.
An Argon laser was used that produced wavelengths of 457, 488,
512, 535 nanometers.  The samples were placed in a cryostat that
was pumped overnight with an mechanical and turbo pump to a
pressure or 1x10-6 torr, and then cooled to liquid nitrogen
temperature.  Luminescence was detected with a charge coupled
detector.
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Results and Conclusions:
From the ESR spectra, we were able to discover much about

the sodalites. First, a 13 peak hyperfine coupling structure was seen
on samples with low F-center concentration.  This is indicative of
an unpaired electron spin interacting with four Na or K nuclear
spins, as we have in our filled (with an electron) cages.  This
indicated to us that the electron was shared by the four adjacent
nuclei.

The strength of this hyperfine coupling is indicated by the
separation of the peaks within the 13 peak spectrum.  The separation
is constant with a given electron and nuclear spin interaction, and
is denoted by the hyperfine coupling constant a

0
.  This value was

found to be 28 Gauss for a Sodium-Electro-Sodalite and 12 Gauss
for Potassium-Electro-Sodalite.  The lower value for Potassium
indicated less electron-nucleus interaction which is due to the larger
size of the K atom which results in both larger cage and more
shielding of the spins.

As the F-center concentration increased (more filled cages), we
noticed that the 13 peak structure began to average into one central
peak of higher intensity.  This is a result of the electron-electron
spin interaction of neighboring filled cages.  As next neighboring
electrons begin to exchange, in a sense hopping back and forth,
their magnetic interactions begin to average as the speed of this
exchange interaction increases.  A sample with all cages filled has
a single central peak.  These samples are sometimes called fully
doped.  No luminescence was found for the samples I studied this
summer.  This is probably due to one of two reasons.  First, a look
at similar F-centers indicates that the emission is Stoke Shifted
into the infrared range to approximately .975 eV.  This is below the
sensitivity of the detector that we used for our measurements.  There
is a lab on campus with the required sensitivity, and experiments
are planned to answer this question.

It is also possible that liquid nitrogen temperature (about 80K)
was not cold enough to see our emission.  Again, from studying
data from similar F-centers, a large shift in percentage of emission
is seen below a threshold temperature and it is possible that our
luminescence was quenched during our experiment.
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Abstract:
In order to improve the performance of atomic force microscopy,

smaller cantilever probes are required.  They produce less noise
and have higher resonance frequencies, thus allowing faster
imaging.  They also have lower spring constants so that large
deflections can be obtained with small forces of interaction.

The purpose of this project is to fabricate probes for atomic
force microscopy using silicon micromachining technology.  The
project involves all facets of the silicon micromachining technology
from mask making to the device characterization.  The fabrication
steps require RCA cleaning of the silicon wafer, growth of thermal
oxidation, deposition of plasma enhanced and low pressure chemical
vapor deposition of silicon nitride, both conventional and backside
alignment photolithography, reactive ion etching of the nitride,
isotropic and anisotropic etching of silicon, and metal deposition
by sputtering and thermal evaporation techniques.  The project also
requires inspection of the samples at various stages using optical
and scanning electron microscopy.

Introduction:
 Atomic force microscopy (AFM) has proven to be a reliable

and high-resolution surface imaging tool over the past decade.  The
microscope images topographic features by means of a flexible
cantilever with an integrated sharp tip.  Though the required
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cantilever and the tip properties depend on the application, often
low spring constant and high resonant frequency are desirable.  A
low spring constant of the cantilever is desirable so that large
deflections are obtained with small forces of interaction.  A high
mechanical resonant frequency is desirable for faster scanning rates
and reduced thermal noise.  The commercially fabricated cantilevers
usually have relatively low spring constants associated with low
resonant frequencies or relatively higher spring constant associated
with higher resonant frequencies.

Procedure:
 The process used to fabricate small cantilevers is outlined in

Figure 1 at left.  The starting substrate is a 300 µm thick, 4-inch,
double-sided polished, and <100> oriented single crystal silicon
wafer.  A thin layer of low stress silicon nitride, 82 nm thick, is
deposited on both sides of the silicon wafer by low-pressure
chemical vapor deposition (LPCVD) (Figure 1a).  Next, a deep
etch pattern is defined in the silicon nitride layer on the non-
cantilever side of the wafer by photolithography and reactive ion
etching.  This pattern serves to define an array of chips held into a
frame with a single silicon tab at the back of each chip. Next, a
25% solution of potassium hydroxide (KOH) at 75°C is used to
anisotropically etch through the silicon wafer until a thickness of
about 10-15 µm remains as shown in Figure 1b.  Silicon is etched
400 times faster on the <100> plane than on the <111> plane in
KOH.  Then the cantilever pattern is defined in the silicon nitride
by photolithography and reactive ion etching (Figure 1c).  Next,
60 nm of plasma-enhanced-chemical-vapor-deposited (PECVD)
silicon nitride is deposited on the cantilever side of the wafer to
passivate the exposed silicon.  Finally, the cantilevers are released
by etching the remaining 10-15 µm of silicon in KOH and by
removing the plasma-enhanced-chemical-vapor-deposited silicon
nitride in diluted hydroflouric acid (HF) as shown in Figure 1d.

Results and Conclusions:
 A simple process has been used to fabricate small rectangular

cantilevers out of silicon nitride.  The cantilever’s resonant
frequencies, spring constants, and dimensions have been measured.
Small cantilevers can measure smaller forces than larger cantilevers
with the same spring constant.  The increased resonant frequency
of small cantilevers has allowed for faster imaging.

Figure 2 is a scanning electron microscopy (SEM) micrograph
showing the cantilevers made using the aforementioned
microfabrication process.  These cantilevers are nominally 5 µm
wide, 82 nm thick, and 8-24 µm long.
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Figure 2: SEM micrographs showing (a) an array of silicon nitride
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Abstract:
In the last 10 years, excitement has been building around the

subject of Quantum Computation.  Many in the field are hopeful
that quantum computers will become practical and useful devices
some time in the 21st century.  Quantum computers have the
advantage that they make certain types of problems which are
typically “hard” for classical computers to solve (e.g. the factoring
of large numbers) “easy.”  Unfortunately however, while quantum
information theory has made significant advances in the
development of useful and efficient quantum algorithms, we are
still far from seeing the first experimental implementation of these
ideas.  The high susceptibility of quantum information to
decoherence and error has plagued experimentalists.

In the last few years, however, advances in Quantum Error
Correction (QEC) theory have given researchers new hope.  These
schemes would allow error-free quantum computation to take place
in the presence of decoherence and perturbations.  Among the most
promising implementation of these codes are arrays of
semiconductor quantum dots (QDs).  These dots would provide
the Hilbert space needed to encode quantum information (qubits).

Introduction:
Quantum dots are typically 3-5nm nanocrystals which can

roughly be treated as large artificial atoms with Bohr radii of 100
to 500 Å (as opposed to atoms which have Bohr radii of .5 Å).
There are a variety of chemically synthesized QDs including CdSe,
CdS, ZnS, ZnSe, InAs, and InP.  They are well suited to the needs
of quantum computation because they are easily portable from one
environment to another and because they provide pure Hilbert
spaces which are low-dimensional.  By low-dimensional, I mean
that the dots have discrete energy levels in which to encode quantum
information.  For instance, the electron spin in a doped QD provides
the two states required for encoding a qubit.

In our experiments, we were principally concerned with isolating
a single dot and making measurements.  Investigating the energy
levels and overall electron spin of ensembles of dots using
photoluminescence spectroscopy and time resolved Faraday rotation
(TRFR) respectively is fairly commonplace.  The difficulty arises
in addressing a small numbers of dots.  In order for any quantum
computation to work in the future, there must be some mechanism
for reading-out the information; one must be able to isolate a single
dot and measure it’s spin.  In order to achieve this task we focused
on a sample of low concentration QDs using a microscope objective
with a 300nm spot size.  The sample was cooled to 5 degrees Kelvin
in an small optical cryostat and the objective was mounted on a
sensitive computer controlled translation stage.
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We first looked at photoluminescence spectra from dots excited
by a 400nm pulsed laser at several hundred microwatts.  Because
there is some size distribution of dots in any given sample, the
photoluminescence spectra of an ensemble of dots will show a
fairly large gaussian-like resonance.  As one focuses down and
isolates a smaller and smaller number of dots, thin peaks
corresponding to levels of single dots begin appearing.  In this
way, we can determine whether we have isolated a small number
of dots.  We were able to isolate a small number of dots and observe
the resonances of the discrete energy levels.

The next step is to work on schemes to measure the spin of single
dots.  By taking time-resolved measurements of electron spin we can
determine single dot spin coherence times.  One method is to use
TRFR as for ensembles of dots.  The drawback is that for a single dot,
this method would require single photon detection.  Another possibility
is to do single dot resonance florescence.  In this scheme, the two
electronic spin states are split in energy by some applied magnetic
field and a laser is tuned to one of the two splittings.  By detecting
emitted photons at the frequency of the laser excitation, one can
determine the spin state of the electron in the dot.  Though this is not
a single photon process, the difficulty arises that the photons to be
detected are of the same frequency as the excitation photons.

Summary:
Though much still needs to be done in this area before we can

use quantum dots to do any kind of computation, we are very close
to measuring electronic spin decoherence times in quantum dots.
Thus far researchers have only been able to measure the coherence
times for ensembles of dots, which could be quite different from
the coherence of single dots.  The hope is that these single dot
coherence times are long enough to satisfy the requirements set by
QEC theorists for successful quantum computation.
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Abstract:
Zeolite structures are of current scientific interest because they

are very efficient as molecular sieves, in gas separation, and catalytic
processes.  Naturally formed zeolites are aluminosilicates, and
provide beneficial applications in commercial, agricultural, and
environmental areas.  Usages range from detergents and water
softeners to petroleum cracking.  Large apertures in the open
frameworks of the structures are of molecular dimensions, thus
contributing to their absorption properties.  The incorporation of
other elements into the basic aluminosilicate lattice of the zeolites
should add novel attributes to their functionalities.

This work entails the hydrothermal synthesis of zeolite-like
materials based on copper oxalates and carboxylates.  Our intention
has been to find novel open-framework structures that contain
porous channel systems.  The resulting products are then
characterized by X-ray diffraction techniques providing the
identification of the synthesized phases.  The isolation of a single
crystal would then allow us to determine the three-dimensional
atomic arrangement of a given phase.

Introduction:
Open-framework structures can be divided into two branches.

One is of zeolites, the earliest recorded open-structure materials.
Zeolites are a group of crystalline aluminosilicate materials, initially
evident in the 1700’s, which were naturally formed when volcanic
ash was deposited in ancient alkaline lakes.  The interaction of the
volcanic ash with the salts in the lake water formed zeolite minerals.
These inorganic materials were found to be light and porous, with
the ability to absorb water and quickly desorb it when heated.  These
materials were then reproduced synthetically and showed a regular
distribution of pores and channels throughout the crystal structure,
hence they are also low in density.  These apertures vary in diameter
from 2-10 Å and are able to selectively admit molecules of various
dimensions and sizes (such as water).  The other branch includes
artificial zeolite-like structures.  By replacing P  →  Si, chemists
were able to create aluminophosphates, Sn  →  Al, P  →  Si, tin
phosphates were created, and so on.  The intention of this project is
to synthesize novel structures using a transition metal (copper) to
create a new class of synthetic zeolites (copper phosphates, copper
oxalates).  These structures are expected to be used for molecular
sieving purposes (means of distillation of unwanted materials), ion
exchange (adsorption of unwanted chemicals from soil, water, and/or
air, i.e. air purification systems), catalysis processes (detergents,
petroleum refining, synthetic fuels production, water softening
systems), and adsorption (drying agents, purification, and separation).

The general research goal for this work is the synthesis of a
new zeolite-type structure.  The open-framework structure is desired
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to be open and potentially porous, for the various reasons mentioned
above.  Obtaining a single crystal from our sample is preferable,
but not essential.

Procedure:
The initial approach in creating these structures employs a

hydrothermal synthesis, combining one of the copper compounds
(copper chloride: CuCl

2
, copper hydroxide: Cu(OH)

2
, copper nitrate:

Cu(NO
3
)

2
, copper acetate: Cu(CH

3
CO

2
)

2
), with water, different

Structure Directing Agents (SDA’s-in the form of amines), and
placing them in a 180°C oven for a duration of ~24-72 hours in a
steel autoclave.  The molar ratios ranged from 1:1:0.5:40 to
1:0.5:0.5:40 (copper compound: base/acid: templating agent
(SDA):water).  This hydrothermal process differs from others in
that amines (nitrogen containing compounds: diaminopropane,
diaminobutane, piperazine, pyridine) are used as the templating
agents.  They dissolve in the solution and can be trapped in the
cavities of the crystalline product.  These “agents” would either
burn off while heated, or dissolve during the dilution process,
leaving in their place a hole in the framework.

Results and Conclusions:
An X-ray powder diffraction instrument is used to characterize

the results from the synthesis. A diffractogram pattern, akin to the
structure’s “fingerprint,” can be matched with existing structures
in the computer’s database.  Our resulting data has been identified
as arising from various known phases of copper compounds: copper
metal, copper oxide, cupric compounds, and copper acetate.  Some
others gave the exact pattern of the carboxylates that were used
(containing COOH group: succinic acid, malonic acid, adipic acid).
A probable explanation could be that the copper was not reacting
with the templating agents.  This result was unexpected, due to
previous experiments (along the same basis) that have recorded
success using different metals, e.g., tin, nickel, and zinc.
Problematic synthesis conditions may include: temperature, duration
of synthesis, starting materials, pH of the medium, SDA’s, etc.  Yet
for the most part, zeolite science is empirical.  Past methods/
knowledge concerning one class (i.e. aluminum phosphates) have
not been applicable to others (i.e. copper phosphates, an open
framework structure that is still unknown).
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