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Introduction:
The isolation and study of circulating tumor cells (CTCs) is of great interest 
to researchers and clinicians in the medical field [1]. Current approaches 
involve labeling the cells, which negatively affects their viability [2]. 
We envision a label-free microfluidic device capable of isolating and 
transporting single cells while preserving the viability of the cells. Cells will 
be encapsulated by aqueous emulsions in an oil-based ferrofluid microfluidic 
system. A magnetic field will be generated in the system by an electrode 
array embedded in the device; this will transport the emulsions in a process 
called negative magnetophoresis. 

Our project focused on the design and fabrication of a microfluidic channel 
to be used in the study, optimization of water-in-ferrofluid emulsions, and 
the stabilization and characterization of the emulsions generated.

Design, Fabrication, and Experimental Setup:
A microfluidic system was designed to create and study emulsions of water 
in oil and of water in ferrofluid. As shown in Figure 1, our system had two 
emulsion generators with width as a design parameter; ranging from 40, 
60, 80, to 100 µm. There were two input ports for oil and one input port for 
water. The channels symmetrically merged to form two emulsion generators, 
which then met and rejoined into an outlet channel. Symmetry was used to 
allow for the study of both emulsion generation and convergence.

A standard multi-step photolithography process was employed to fabricate 
the chips (see Figure 2). We chose SU-8 50 to form the channel walls 
and bottom as it is hydrophobic and does not swell in the presence of a 
hydrocarbon-based oil. The base layer was a quartz wafer, which allowed 
for imaging from both sides. Good adhesion in bonding the glass cover slip 
to the top SU-8 layer was difficult with a two-part epoxy. We ultimately used 
a double-sided cleanroom Kapton® tape as the bonding layer and achieved 
good adhesion (see Figure 3). Ports were attached on top of the cover slip 
using a standard two-part biocompatible epoxy, and tubing connected the 
ports to a computer-operated LabSmith pump/valve system.

Emulsion Generation:
By changing the width of the emulsion generators on our chips, we 
successfully modulated the size of emulsions. We fabricated chips of 
generator width 60, 80, and 100 µm and found that the emulsions generated 
by the 40 µm channels were significantly smaller in diameter than those 
generated by the 60, 80, and 100 µm channels. This held true regardless of 

Figure 1: The layout of our 
microfluidic chip. The enlarged 
area is where the two liquids 
merge and emulsions are 
generated.
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the flow rate. We also saw that an increase in the oil flow rate 
led to a decrease in the emulsion diameter. Figure 4 shows 
emulsions generated on our chips.

The size and shape of emulsions can be controlled by altering 
the flow rates of the components [3]. We modulated droplet 
size by varying the oil flow rate (Qo), the water flow rate 
(Qw), and the ratio of the water to oil flow rates (Qw/Qo). 
We found a non-linear relationship between the emulsion 
diameter versus the oil flow rate when plotting different Qw/
Qo values. We analyzed Qw/Ao values of 1/2, 1/4, 1/20, and 
1/100 and found all to have a similar non-linear trend. Further 
data points are needed to fully explain this phenomenon.

We used mineral oil in testing and characterizing the emulsions 
as it has similar chemical properties to the hydrocarbon-based 
ferrofluid while being more economical. A surfactant, 1% 
Span 80, was added to the oil phase to stabilize the emulsions. 
Without the surfactant, we saw droplets coalesce and Ostwald 
ripening occur [4].

Water-in-ferrofluid emulsions were generated using our chip. 
As expected, we found them to be unstable without a sur-
factant.

Conclusions and Future Work:
In this work, a microfluidic device was designed and fabricated 
to study and optimize water-in-oil emulsions. We controlled 
the size of the emulsions by varying the channel size and input 
flow rates, and we stabilized the emulsions with a surfactant. 
We then were able to create water-in-ferrofluid emulsions. The 
results of these studies will be used in the creation of a label-
free microfluidic device capable of isolating and transporting 
CTCs on a single-cell basis. This second-generation device 
will be used to further study water-in-ferrofluid emulsions. 
Cells will be introduced to the system. Magnetic actuation 
will be used to study the negative magnetophoresis process. 
Ultimately, a device will be created with the ability to isolate 
and transfer CTCs.
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Figure 2: A side view of the multi-step fabrication process. SU-8 and 
the bonding-layer material were chosen for being hydrophobic and 
for not swelling in the presence of a hydrocarbon-based oil. Width, 
a design parameter of SU-8 layer 2, is set to 50, 80, or 100 µm.

Figure 3: (a) Poor adhesion by epoxy. 
(b) Good adhesion by double-sided Kapton tape.

Figure 4: (a) Generation of water-in-mineral oil emulsions, 
stabilized with a surfactant. (b) Water-in-ferrofluid emulsions 
coalesce without a surfactant.
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Abstract and Introduction:
Tin dioxide (SnO2) is well known for its use as a gas sensor 
and transparent conducting oxide. It has a rutile-type crystal 
structure, room temperature band gap of 3.6 eV, and it is 
a native n-type semiconductor. The source of its n-type 
conductivity is not well known. Typically, the source is 
assumed to be oxygen vacancies. As shown in Figure 1, the 
removal of an oxygen ion causes a charge imbalance, and, 
to return to charge neutrality, electrons are injected into the 
material. However, recent density functional theory (DFT) 
calculations have shown that these oxygen vacancies are 
actually deep-level donors that are about 1 eV below the 
conduction band [1]. The electrons contributed by these 
vacancies are too deep to be activated at room temperature 
by thermal energy. Therefore, it is unlikely these oxygen 
vacancies are the source of the native n-type conductivity.

However, DFT calculations also predict that hydrogen acts 
as a shallow donor in SnO2 [1, 2]. Hydrogen (H) impurities 
can inject electrons by nesting H atoms at interstitials in the 
crystal lattice, directly adding an electron to compensate the 
addition of a positively charged impurity, or the atoms can 
replace oxygen atoms within the crystal lattice as hydride 
ions. The replacement results in electron injection, as seen 
in Figure 1.

Figure 1: Chemical equations showing the production 
of electrons due to either oxygen vacancies (top) or 
hydrogen impurities (bottom).

It is clear that understanding the role and effects of H within 
SnO2 is very important. As such, the goal of this project 
was to deposit samples with plasma laser deposition (PLD) 
and correlate their H concentration with other physical 
properties. By using PLD, it was possible to ensure the SnO2 
composition and control the thickness, surface morphology, 
and homogeneity of the resulting films.

Experimental Procedure:
Initially, fused silica substrates were prepped, loaded into 
the main PLD chamber, heated to 500°C, and held at that 
temperature for 40 minutes during which deposition took 
place. As shown in Figure 1, during deposition a SnO2 ceramic 
pellet of purity greater than 99.99% was contained within a 
chamber with a background oxygen partial pressure of 1.4 × 
10-5 Torr and an oxygen radical gun aimed at the substrate. 
Then, a laser ablated the surface of the target, creating a 
plasma that deposited SnO2 onto the substrate.

After deposition, the sample thickness was measured in a 
Dektak contact profilometer, the surface morophology was 
characterized with dynamic force microscopy (DFM), the 
defect states were determined with photoluminescence (PL), 
and the crystal structure was checked with x-ray diffraction 
(XRD) to ensure SnO2 was deposited. Then, aluminum 
electrodes were evaporated onto the sample and its Hall effect 
was measured. Finally, secondary ion mass spectrometry 
(SIMS) measurements of the samples were taken to observe 
the concentration of H within the samples.

Results and Conclusions:
After compiling, plotting, and comparing characterization 
results, it became clear that samples’ H concentrations were 
very sensitive to changes in deposition conditions. A sample 
deposited after many runs had an order of magnitude lower 
H contained than did one deposited right after opening the 
chamber. Comparing these results to the corresponding Hall 
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effect data, Figure 2 shows that the carrier concentration 
cannot be correlated to the H concentration in these samples. 
As H was expected to be the source of the carriers, this was 
quite unexpected. Further, from Figure 2 it was clear that 
large amounts of H were already introduced into the samples 
during deposition. 

These two observations call into question whether or not H is 
actually acting as a shallow donor. Were the sample to have 
no defects, the H atoms would be incorporated into the crystal 
lattice as interstitials — thereby injecting electrons and acting 
as a shallow donor. However, if there are some defects, such 
as deep acceptors, the acceptor, which is usually tied to a 
positive hole, will preferentially bond to any introduced H 
instead and the electron that would have been injected with 
this addition of H will be compensated by the hole that was 
originally tied to the acceptor.

Therefore, all deep acceptors would need to be compensated 
before H could begin to provide more charge carriers. As it 
is, PL measurements, represented in Figure 3, indicate three 
different defect states that luminesce in the visible light range.

Clearly, hydrogen does not seem to affect SnO2 as expected. 
Further studies must be done to better understand the role of 
hydrogen, if there is one.

Future Work:
In order to see if additional hydrogen might better illuminate 
hydrogen’s effects on the tin dioxide’s physical properties, 
annealing studies were also performed. These studies are 
still ongoing at the National Institute for Materials Science 
(NIMS), and the results obtained for the annealed samples 
will be published elsewhere by NIMS researchers.
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Abstract:
Most of modern electronics are composed of a silicon (Si) 
metal-oxide semiconductor field-effect-transistor (MOSFET). 
The rate at which we can improve the Si MOSFET is 
decreasing due to leakage current and power dissipation from 
quantum tunneling effects as we make the MOSFET dielectric 
thinner. Changing the channel material in the MOSFET can 
provide a resolution to this problem. Indium gallium antimony 
(InGaSb) grown by molecular beam epitaxy (MBE) serves 
as a candidate for outperforming Si as a channel material by 
providing multiple conducting energy states when grown in 
the <111> orientation. However, crystal defects occur when 
growing InGaSb on gallium arsenide (GaAs) <111> substrates 
because of their lattice mismatch. In this work, we studied 
aluminum gallium arsenide (AlGaAs) and GaAs grown on 
GaAs <111> substrates, in order to understand future growth 
of InGaSb materials. Experiments that involved varying V:III 
beam equivalent pressure (BEP) ratios of GaAs grown on 
GaAs <111> substrates could assist the process of increasing 
surface quality in the growth of InGaSb material systems. 
Experiments that involved varying Si dopant temperatures 
of AlGaAs on GaAs <111> substrates were also performed 
to identify similar methods we can incorporate to control the 
electrical and growth properties of InGaSb.

Figure 1: Plot of mobility and carrier concentration as the V:III 
ratio of GaAs increases, mobility drops and carrier concentration 
increases.

Introduction:
This project observed the surface characterization and 
electrical properties of AlGaAs and GaAs individually grown 
on GaAs <111> substrates. Successful growth of InGaSb 
material systems was the ultimate goal, however this could 
be very difficult. Relative to InGaSb, growth of AlGaAs 
and GaAs on GaAs substrates were more straight forward 
and simply easier to utilize. Optimized processes could be 
achieved that ideally can be applied to future growths of 
InGaSb.

Experimental Procedures:
The main characterization techniques used in this project 
were atomic force microscopy (AFM) and Hall measurement. 
AFM uses a cantilever that runs across the surface of the 
sample detecting any changes in surface morphology. The 
Hall measurement system analyzes the carrier concentration 
and Hall mobility of the sample. It was desired to know Hall 
mobility and the surface characterization, so we could attempt 
to provide a correlation between them. AFM scans of 20 ×  
20 µm2, 5 × 5 µm2, and 2 × 2 µm2 areas of the samples were 
taken and analyzed.

The Hall measurements were conducted with a magnetic 
field generator, four contact probes that would be measuring 
Hall voltage as well as the power source used to flow current 
perpendicular to the measured Hall voltage. From the Hall 
voltage, we calculated the number of charge carriers flowing 
through the sample.

Results and Conclusions:
Experiments consisted of varying ratios of elemental 
components Ga and As which determined the surface quality 
of GaAs. Initial growths consisted of BEP ratios of 10, 25 and 
50. Varying BEP ratios lead to changes in electron mobility as 
well as electron concentrations. Refer to Figure 1. 
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Low BEP ratios contributed to smoother surfaces as well as more 
relatively controlled growth. Refer to Figure 3 for a sample with 
close-to-ideal surface properties. High BEP ratios led to pyramidal 
stacking faults and higher carrier concentrations as well as low 
mobility, which was undesirable. Figure 2 shows this scenario. 
Results showed no direct correlation between surface morphology 
and Hall mobility. It was inconclusive to assume whether the Hall 
mobility became dependent on the actual surface morphology or 
the amount of transport carriers. 

In conclusion, Hall mobility can depend solely on the amount 
of electrons present for transport, surface morphology or a 
combination of both.

Future Work:
Future work consists of continued experiments of AlGaAs and 
GaAs with measurements being done at lower temperatures to 
eliminate the possibility of having the number electrons effect the 
mobility and isolate the correlation between surface morphology 
and Hall mobility. Other potential experiments consist of growing 
InGaSb materials to identify sources of undesired properties. From 
these results, we hope to determine better processes that can be 
implemented into the close-to-perfect material growths of InGaSb.
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Figure 3: AFM image of GaAs sample with BEP ratio of 50. 
The surface contains stacking faults or a rougher surface.

Figure 2: AFM image of GaAs sample with BEP ratio of 10. 
The surface is smooth relative to higher BEP samples.
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Abstract and Introduction:
Tin monosulfide (SnS) thin films have generated much 
interest in recent years due to their potential application as 
an absorber layer in thin film photovoltaic cells [1]. Thus, 
the goal of this project was to improve the quality of SnS 
films through various methods of heat-treatment by means 
of grain growth, a reduction in bulk defects, and increased 
carrier mobility, which can increase the probability of charge 
collection and thus potentially improve cell efficiency. The 
effects of the annealing atmosphere (inert nitrogen (N2) versus 
hydrogen sulfide (H2S) gas), temperature (250-540°C), and 
annealing time (10 s versus 60 min) on the film’s electrical 
properties were investigated. Scanning electron microscopy 
(SEM) and Hall measurement results revealed that annealing 
the films in H2S atmosphere produced larger, columnar, and 
uniform grains with greater mobility as compared to the as-
deposited and N2 annealed SnS. While the heat-treatment of 
SnS films in H2S for 10 s and 60 min both produced films of 
comparable mobility, the film that underwent the 10 s process 
had a relatively lower carrier concentration, which is an 
indicator of the amount of bulk defects present. Therefore, the 
most desirable SnS films were found to be produced through 
annealing in a H2S atmosphere at 400°C for 10 s.

Experimental Procedure:
SnS films were deposited using atomic layer deposition 
(ALD), and annealed at various atmospheres (N2 or H2S), 
temperatures (between 250-540°C) and times (10 s or  
60 min). These films were heated at an average ramp rate 
of 0.17°C/s before being held at the annealing temperature 
for the specified time. The heat-treated films were then 
studied using the SEM and x-ray diffraction (XRD). Square 
Hall samples of the heat-treated films 1 cm wide were then 
prepared through deposition of 200 nm of gold, and removal 
of excess film using a reactive ion etching (RIE). The various 
electrical properties of each film were then calculated from 
the measured Hall voltage of each prepared sample.

Figure 1: SEM comparison of SnS grains of (a) as-deposited 
and (b) heat-treated in H2S for 60 min.

Results and Conclusions:
Cross-sectional SEM images of the heat-treated films 
demonstrated that when all other conditions were held 
constant, larger, more columnar grains were produced by 
annealing in H2S as compared to N2 and as-deposited films. 
Increasing the annealing temperature also produced an 
increased grain size. 

Figure 1 demonstrates the significant change in grain size 
produced by such an annealing process, with the as-deposited 
film shown on the left in (a) and heat-treated film in H2S at 
400°C on the right in (b). Such grain growth is beneficial in 
the development of SnS films for use in photovoltaic devices, 
since it reduces the probability of charge scattering at the 
grain boundaries, potentially allowing for more efficient 
charge collection.

The results of characterization of the electrical properties are 
shown in Figure 2 and Figure 3 respectively. The as-deposited 
films are indicated in both graphs by the point at 200°C, which 
is the deposition temperature.
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Figure 2 demonstrates that consistently high mobility can be 
achieved for films annealed in H2S between 250-400°C at 
annealing times of 10 s and 60 min. However, mobility drops 
sharply above 250°C when annealed in N2. Since annealing 
in high temperatures is favorable in order to achieve larger 
grains, annealing in H2S is preferred over N2 because it 
produces significantly greater mobility at temperatures 
between 300-400°C. At temperatures above 400°C however, 
mobility drops significantly, although imaging under the SEM 
revealed that the grains continue to be significantly larger. 
Thus the drop in mobility could be a result of increasing 
amounts of point defects present at higher temperatures.

Carrier concentration is an important parameter because 
while the film must have sufficient carriers to conduct charge, 
an excess of carriers could serve as point defects causing 
unwanted recombination. Two distinct trends in the data shown 
in Figure 3 can be observed: when annealing was carrying out 
for 60 min, regardless of the annealing atmosphere, increasing 
the temperature generally produced an increase in the carrier 
concentration. For the annealing done for 10 s above 300°C 
however, increasing the temperature appeared to lower the 
carrier concentration to a value close to the as-deposited 
carrier concentration. In particular, a comparison of the two 
annealing times for H2S at 400°C reveals that annealing for 10 
s produced a lower carrier concentration, and thus is the more 
favorable process.

XRD analysis of the heat-treated SnS films, shown in Figure 
4, revealed that annealing in N2 at higher temperatures 
produced a greater dominance of the <040> peak over the 
<111> crystal orientation. At 400°C in N2, the <040> peak 
had the greatest intensity, replacing <111> as the dominant 
crystal orientation. When the film was annealed in H2S at 
400°C however, no growth of the <040> peak relative to 
the <111> was observed. This could be due to the fact that 
annealing in N2 results in a loss of sulfur from the film, 
causing the crystallites to rearrange in the most stable <040> 
orientation in order to accommodate the new sulfur defects 
formed. On the other hand, since H2S is a source of sulfur, 
annealing in an atmosphere of H2S would suppress the loss 
of sulfur, rendering reorientation unnecessary. Thus, these 
changes in crystallite orientation could be a further reason for 
the demonstrated difference in mobility and grain size when 
annealed in N2 as compared to H2S.
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Figure 2: Effect of annealing conditions 
on carrier mobility in SnS films.

Figure 3: Effect of annealing conditions on carrier concentration.
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Abstract and Introduction:
Membranes for ionic separation in fluids have a promising 
future in applications ranging from the environment to 
biotechnology. The mechanical robustness and atomic 
thinness of graphene make it an ideal candidate for such 
technology. Graphene, a single atomic layer of sp2-bonded 
carbon atoms, has the potential to achieve high levels of 
permeability and selectivity at low pressures, therefore 
making it an inexpensive alternative to current state of the 
art membranes. The focus of the project was to fabricate and 
characterize a device allowing for the electrostatic control of 
ions through pores in a graphene membrane. 

Device Design:
The device consists of a graphene membrane suspended 
over a well that has been etched into a silicon/silicon dioxide 
substrate. The graphene is in contact with a gold electrode 
and supported by a post in the well. A drop of ionic solution 
is strategically placed so as to simultaneously cover the 
suspended graphene and contact the electrode (Figure 1). 
Slight imperfections in the graphene, attributed to induced 
tears and defects from the transfer process and voids between 
grain boundaries, should allow the ionic solution to pass 
through the graphene and fill the well. 

Figure 1: Side view of a completed device schematic. 

A voltage applied to the ionic solution serves as a 
driving current for ions passing through pores in 
the graphene membrane [1]. An additional level of 
control may be introduced by applying a voltage 
to the electrically contacted graphene. Such a 
design may allow one to alter the electric field at 
the membrane interface, and therefore selectively 
control the flow of ions in solution. 

Fabrication:
The device was fabricated using a bilayer 
photolithography process. A 500 µm Si wafer with a 
90 nm silicon dioxide layer served as the substrate. 
Gold electrodes were first patterned onto the wafer 

using evaporation (10 nm chromium, 50 nm gold) and lift off 
techniques. Circular wells containing structural post supports 
were then patterned onto the wafer and etched using standard 
lithography methods and reactive ion etching. An optical 
image showing a completed device is shown in Figure 2. 
The etched annular ring is shown next to the gold electrode 
(Figure 2, lower). Atomic force microscopy was used to 
ensure that the wells were etched sufficiently deep into the 
silicon layer of the wafer. Graphene grown through chemical 
vapor deposition was then transferred onto the wafer using a 
dry transfer technique [2], and atomic force microscopy was 
used to check for suspended graphene. 

Results and Conclusions:
A device without graphene was characterized to ensure that 
a current was capable of passing through an ionic solution 
to the silicon back gate. A drop of ionic solution was first 
placed onto the device using a micropipette. The drop was 
positioned in a way such that the solution could fill the well 
and contact the underlying silicon layer. It was also necessary 
for the drop to contact an adjacent electrode (Figure 3). A 
two point probe test was used to sweep the voltage applied 
to the electrode, and the current associated with the silicon 
back gate was recorded (Figure 4). The voltages applied to 
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the electrodes varied between -200 mV and 200 mV and the 
associated currents were in the ~ -10 to 30 nA range. The 
hysteresis in the graph may be attributed to a capacitance in 
the solution created by an uneven distribution of ions when 
the voltage is flipped from negative to positive. The diode 
like behavior is attributed to the silicon-ionic solution contact. 
This characterization process will be used in future electrical 
testing in which a graphene membrane has been incorporated 
into the device. 

Future Work:
Future work will include two point probe tests in which a 
graphene membrane has been suspended over the well. Three 
point probe testing in which a constant voltage is applied 
to the ionic solution and a gated voltage is applied to the 
graphene will also be conducted. 

Figure 2, left: Optical image of a device before graphene transfer. 
(1) Patterned gold electrode. (2) Etched annular ring. 

Figure 3, top: Schematic of a two point probe test used to 
characterize the device before graphene transfer. 

Figure 4, bottom: IV curve for a two point probe test  
characterizing the device before graphene transfer. 
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Abstract:
Many ferroelectrics used in today’s devices are lead-based 
materials, because they exhibit high piezoelectric and 
dielectric properties. Due to the volatility and toxicity of 
lead, these materials pose environmental and health concerns. 
For the past decade, many scientists have began working 
towards lead-free alternatives. This allows the material to 
be integrated on bio-related devices. One of these promising 
materials is potassium sodium niobate (KNN). This material 
shows higher piezoelectric and ferroelectric properties than 
its lead-free competitors. Thus the main goal of this project 
was to design a solution, which could be laid as a thin-film to 
be utilized for microelectromechanical devices. We created an 
array of solutions with different concentration and additives 
such as chelating agents, stabilizers, and dopants. Currently 
nine solutions have been deposited via a chemical solution 
deposition technique. The crystal structure of the films was 
characterized by x-ray diffraction (XRD). The microstructure 
of the films was also investigated through the use of a field-
emission scanning electron microscope (FESEM). They are 
now ready for further electrical testing.

Introduction:
Potassium sodium niobate is a lead-free material known 
to show high ferroelectric and piezoelectric properties. Its 
crystal structure develops a spontaneous dipole, which can be 
reoriented under an applied electric field or mechanical stress. 
This allows it to transform mechanical energy into electrical 
energy and vice versa. Its properties allow it to store large 
amount of charge and release it when needed without having 
a large charge leak. However, since this is a new material, 
various ways of improving its properties are still being 
discovered. Using several different synthesis methods, a set 
of KNN films was created; each had different additive and its 
varying concentration.

Experimental Procedure:
There are several different ways to fabricate KNN. The 
process chosen involved two alkali precursors: sodium and 
potassium acetate. The precursors were mixed in 2-methoxy 

ethanol, which is a polar organic solvent. The next precursor 
added was niobium ethoxide. These chemicals were mixed 
inside a nitrogen glove box and then were set to reflux for 
four hours at 115°C. Since this solution was very reactive 
with moisture, the synthesis was conducted in a low humidity 
environment. After the reflux, the solution was distilled at 
130°C until the needed molarity was attained.

For modification of the solution, acetyl acetone was used as a 
chelating agent. It was introduced to limit the alkali volatility. 
Varying concentrations of acetic acid were used as a stabilizing 
agent to prevent moisture reactivity. Finally copper was used 
as a doping agent to limit the oxygen vacancies and increase 
ferroelectric properties.

The solution was then deposited on a platinum-coated 
silicon wafer. The film was spun onto a wafer at 3000 rpm 
for 30 seconds. After spinning, it was dried at 200°C for five 
minutes, followed by a pyrolysis at 400°C for five minutes. 
Then the film was placed into a rapid thermal annealer and 
was annealed at 550°C for five minutes. This procedure was 
repeated until there were 7-10 layers of film on the wafer. 
Then the wafer was annealed for 30 minutes at 700°C in a 
furnace.

Following the annealing, the solution was first characterized 
using FESEM in order see the microstructure and the 
approximate thickness of the film. The film was then subjected 
to XRD testing to see if all the proper KNN perovskite phases 
were present. After the XRD testing, the height of the film 
was verified with contact profilometry. For electrical testing, 
platinum electrodes were placed on the surface. The film was 
then etched with KOH all the way to the bottom electrode and 
was tested for its electric properties.

Results:
The first solution that was fabricated was 0.2 M. As seen in 
Figure 1, when deposited, it showed a good microstructure 
with a uniform grain size. The XRD confirmed the KNN 
peaks, and subsequent profilometry tests showed that the film 
was 400 nm thick. Primary electrical tests showed a fairly 
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high permittivity of 786 at 10 kHz. In addition to that, the 
loss tangent, at the same frequency, was a low 1.2% as seen 
in Figure 2. However, when the solution was tested for its 
ferroelectric properties, the polarization was not able to be 
switched due to the sample breaking down at low fields. The 
hysteresis loop was not formed and the solution was deemed 
dielectric. This was attributed to its small thickness.

The following solutions that were fabricated were 0.4 M. 
The solution without additives showed an uneven grain 
size distribution in its microstructure. To counter that acetyl 
acetone was initially added. However, a low concentration of 
acetyl acetone did not improve the microstructure. In addition 
to that, as shown in Figure 3, a higher concentration of acetyl 
acetone introduced porosity into the films, and thus was 
deemed unusable. Solutions containing acetic acid showed 
improved microstructure as the amount of acid increased. The 
most promising were 33% and 50% by volume. The XRD 
showed all KNN peaks with an additional peak as seen in 
Figure 4, which was a potassium deficient secondary phase 
due to the volatilization of the potassium upon crystallization. 
The final set of solutions, containing copper acetate, showed 
that if acetic acid was added, then the combination of the two 
gave a good microstructure and improved electrical results.

Future Work:
In the future, we are trying to eliminate porosity from the 
microstructure of the film. Most of the focus will be geared 
towards improving the ferroelectric properties of KNN and 
making it comparable to its lead-based competitors. The 
final goal is to integrate this novel material into biomedical 
devices.

Conclusions:
After synthesis and characterization of KNN, it has been found 
that the solution shows high variability in microstructure based 
on the different additives. Both films with additives such as 
acetic acid and acetyl acetone, and films without additives 
have been fabricated and characterized using FESEM, XRD 
and profilometry. The last step of characterization is the 
electric testing, which is still in progress. If the tests show 
positive results then these films/solutions will be incorporated 
into an ingestible sensor device.
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Figure 4: X-ray diffraction plot for films with acetic acid.

Figure 1: 0.2 M KNN film, 400 nm thickness.

Figure 2: Permittivity and loss tangent of the 0.2 M KNN.

Figure 3: 2:1 KNN:acetylacetone film exhibiting high porosity.
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Abstract:
III-V compound semiconductors such as indium gallium 
arsenide (InGaAs) are being studied for use in nanoscale 
transistors as faster, more energy-efficient alternatives to 
silicon. In order to make use of an InGaAs channel, it must 
have low-resistance contacts to its source and drain regions. 
To facilitate the development of appropriate source-drain 
contacts, phase transformations between InGaAs nanowires 
and nickel (Ni) and palladium (Pd) metals were studied. 
Nanowires were etched from an InGaAs film on an indium 
phosphide substrate, and a metal layer was sputtered onto the 
sample. Analysis of scanning electron microscopy images 
and energy dispersive x-ray spectroscopy data collected 
from annealed samples showed no lateral diffusion of either 
metal into the nanowires. Pd-sputtered samples showed wire 
roughening under and close to the pads, suggesting that 
the presence of the metal catalyzed decomposition of the 
wires. Furthermore, roughening was more pronounced in 
samples annealed at lower temperatures, suggesting multiple 
mechanisms for the decomposition of InGaAs wires in the 
presence of Pd.

Introduction:
Past research in computational electronics has been focused 
on maximizing the number of silicon transistors able to fit on 
a substrate. However, as these devices enter the nanoscale and 
short channel effects become significant, it becomes difficult 
to increase the density of silicon transistors. Researchers are 
now looking at increasing the speed and energy-efficiency of 
transistors. III-V compound semiconductors, such as InGaAs, 
have higher carrier mobility and faster frequency response 
than silicon [1]; using these materials as the channel material 
allows transistors to operate at higher speeds and at lower 
voltages.

In order to fully utilize such transistors, low-resistance 
contacts to the source and drain must be realized. Research in 
thin film InGaAs have shown that both nickel and palladium, 
when annealed in temperatures at or above 200°C, diffuse into 
InGaAs to form an intermediate, low-resistance phase [2, 3]. 
In this project, reactions between nickel and palladium with 
InGaAs nanowires were studied to better understand phase 
formations at the nanoscale.

Experimental Procedure:
Nanowires were fabricated from a film of 50 nm of n-type 
In0.53Ga0.47As on an indium phosphide substrate. Nanowires of 
varying widths (150 to 700 nm) were defined using electron 
beam lithography, and then wet-etched using a solution of 
citric acid and hydrogen peroxide. Then, 75 nm of the contact 
metal was sputtered onto the samples and lifted off to reveal 
metal pads at the ends of the nanowires, as shown in Figure 1.

The sample sputtered with Ni was annealed at 375°C for two 
minutes, characterized, and then annealed further for three 
minutes for a total of five minutes. The samples sputtered 
with palladium were treated in the same way, but with one 
sample annealed at 375°C and another at 200°C. A control 
sample of nanowires without metal pads was also annealed at 
200°C for two minutes. All annealing was done in an argon 
atmosphere.

Figure 1: An SEM of a sample with Pd pads after annealing at 200°C 
for two minutes. The metal pads are deposited on the ends of the 
nanowires to facilitate analysis of wires in contact with the pads.
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Results and Conclusions:
In the control sample, no wire degradation was seen in 
scanning electron microscopy (SEM), showing the thermal 
stability of the nanowires. SEM images of Ni-sputtered 
sample annealed for two minutes showed no sign of phase 
formation in the nanowires outside the Ni pads. Energy 
dispersive x-ray spectroscopy (EDS) elemental maps also 
showed no signal of nickel diffusing laterally into the wires. 
No significant degradation of nanowires below or outside of 
the pads could be seen. SEM images and EDS maps taken of 
the same sample after further annealing showed no differences 
from data taken after two minutes of annealing.

Figure 3a shows an SEM image of the Pd-sputtered sample 
annealed at 375°C. Unlike the Ni-sputtered samples, these 
wires show roughening of edges under the pads, near the 
ends of the wires. The sample annealed at 200°C shows even 
more decomposition of the wires. Under the Pd pads, the 
wires are disintegrating and breaking into pieces, while wires 
edges are significantly roughening immediately outside of the 
pads. EDS maps for either samples show no significant Pd 
signal from outside the contact pads. Again, the data obtained 
from the samples at annealing times of two minutes and five 
minutes were the same in terms of wire roughness and EDS 
signals. The SEM images suggest that the presence of Pd is 
affecting the nanowires, but no Pd can be detected in them. 
It is possible that the decomposition of InGaAs in the vapor 
phase is catalyzed by the presence of Pd.

In summary, neither the Ni-sputtered sample nor the Pd-
sputtered sample showed signs of metal diffusing into the 
InGaAs wires to form intermediate phases. In the case of 
the Pd-sputtered samples, the wires under and close to the 
contact pads decomposed. This phenomenon is not seen 
in the Ni-sputtered sample and suggests that the presence 
of the palladium is the cause for the wire disintegration. 
Furthermore, this effect was more prominent in the sample 
annealed at 200°C than in the sample annealed at 375°C.

Future Work:
In order to confirm the data obtained, the fabrication, 
treatment, and analysis of nanowires with palladium pads 
must be repeated and the SEM and EDS images compared to 
pre-annealing data. To determine the identity of new phases 
formed in the palladium case, sample cross sections should be 
studied in transmission electron microscopy.

Acknowledgments:
I would like to thank Professor Suzanne Mohney, Joshua 
Yearsley (supported by the Army Research Office), and the 
Mohney research group; Kathy Gehoski and the Penn State 
Nanofabrication Laboratory staff; the National Science 
Foundation; and the National Nanotechnology Infrastructure 
Network Research Experience for Undergraduate Program.

References:
[1] J. A. del Alamo, “Nanometre-scale electronics with III-V compound 

semiconductors,” Nature, 479, 317-323 (2011).
[2] E.Y.-J. Kong, X. Zhang, Ivana, Q. Zhou, and Y.-C. Yeo, “Pd-InGaAs as 

a New Self-aligned Contact Material on InGaAs,” ISDRS (2011).
[3] X. Zhang, Ivana, H. X. Guo, X. Gong, Q. Zhou, and Y.-C. Yeo, “A 

Self-Aligned Ni-InGaAs Contact Technology for InGaAs Channel 
n-MOSFETs,” J. Electrochem. Soc., 159 (5), H511-H515 (2012).

Figure 2, top: InGaAs wires with Ni metal pad after annealing at 
375°C for two minutes. a) A close up SEM of the sample. b) The 
electron image and the corresponding EDS map for Ni signal.

Figure 3, middle: InGaAs wires with Pd metal pad after annealing 
at 375°C for two minutes. a) An SEM image of the sample. b) The 
electron image and the corresponding EDS map for Pd signal.

Figure 4, bottom: InGaAs wires with Pd metal pad after annealing 
at 200°C for two minutes. a) An SEM image of the sample. b) The 
electron image and the corresponding EDS map for Ni signal.
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Abstract:
The objective of this project was to use a horizontal chemical 
vapor deposition (CVD) reactor to grow boron nitride 
nanowires on a silicon (Si) substrate using a metal catalyst. 
Boron nitride is shown to have properties that are compatible 
with complementary metal oxide semiconductors (CMOS) 
chips allowing it to be easily incorporated into current and 
future technologies. Efforts to grow boron nitride nanowires 
on <111> silicon substrates, <111> silicon with silicon 
dioxide (SiO2) and <100> silicon with a 7 nm metal catalyst 
of aluminum, cobalt, iron and nickel have not produced 
nanowires. Boron nanowires however were grown on <100> 
silicon substrate using a gold catalyst. All experiments were 
carried out in a CVD system at a pressure of 200 torr, at 
temperatures of 900-1200°C and flow rates of diborane at 100 
standard cubic centimeters per minute (sccm) and ammonia 
at 250-800 sccm.

Introduction:
Nanowires, a future technology, hold a lot of promise for use 
in powerful and versatile circuits. Nanowires are on the order 
of 100 nm or less, with the electrons being quantum-confined 
laterally, and thereby occupying energy levels that are 
different from the traditional continuum of energy levels or 
bands found in three dimensional materials. We used the vapor 
liquid solid (VLS) growth method, which is a mechanism for 
the growth of one-dimensional structures such as nanowires. 
This method uses chemical vapor deposition (CVD), which 
is a chemical process used in the semiconductor industry to 
produce thin film deposition. In CVD, a substrate is exposed 
to one or more precursors, in our case ammonia (NH3) and 
diborane (B2H6), which react on the substrate surface to 
produce the desired material boron nitride (BN).

BN is a wide band gap semiconductor, thus making it 
applicable in high power and high temperature applications. 
BN has one of the lowest densities of all the ceramic elements 
and has excellent machinability, which also makes it ideal for 
light components for aerospace applications.

Experimental Procedure:
Si <100>, Si <111> and Si <111> with SiO2 wafers were cut 
into one-inch by 0.5-inch pieces, brushed with a soap solution, 

rinsed with deionized (DI) water then dried with nitrogen. 
The samples were then sonicated in trichloroethylene, 
acetone, and methanol for three minutes before being rinsed 
in DI water and dried with nitrogen. Each substrate was then 
coated with either 7 nm of aluminum (Al), cobalt (Co), iron 
(Fe) or nickel (Ni) by electron beam evaporation or gold (Au) 
by thermal evaporation.

The substrates were placed on a graphite susceptor on a 
quartz holder and inside of a quartz inner tube of the CVD 
reactor. Flow rates of the precursors, NH3 and B2H6, were 
set before being injected into the CVD chamber. Using a 
radio frequency generator, the substrate was ramped up to 
the growth temperature and the growth was conducted for a 
set time. The substrate was then analyzed using a scanning 
electron microscope (SEM) for nanowire growth, and the 
energy-dispersive x-ray spectroscopy (EDS) attachment was 
then used to determine the composition.

Results and Conclusions:
Growth of BN nanowires proved to be very difficult to 
accomplish, even after many runs with various changes to 
growth conditions. Figure 1 is an SEM image of an initial 
approach with 7 nm of Co on Si <100>, but it did not produce 

Figure 1: SEM image of Si <100> 
with 7 nm Co after initial approach.
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any nanowire growth. There were droplet formations on the 
surface of the substrate, which would suggest that the gases at 
least reacted with the metal on the surface.

Figure 2 shows an SEM image of nanowire growth on the 
surface of Si <100> with 7 nm of Au. These nanowires were 
grown for 60 minutes at a temperature of 900°C, 200 torr 
pressure, with flow rates of NH3 at 150 sccm and B2H6 at  
100 sccm. Upon doing EDS analysis of this sample, the wire 
was found to contain 38.38% of boron, 61.62% of silicon, but 
no nitrogen.

Figure 3 is an SEM image showing BN wire growth on 
<100> silicon with 7 nm of Au. These BN wires could not be 

Table 1: Growth parameters for BN wire growth.

Figure 2: SEM image of Si <100> 
with 7 nm of Au with Si NW.

classified as nanowires since their diameter was not less than 
100 nm. Table 1 shows the growth parameters used for this 
sample. First, Si wires grown with silane (SiH4), the Si wires 
were then doped with B2H6 for 30 minutes, and with both 
B2H6 and NH3 for another 30 minutes. After performing EDS 
on this sample, the tip of the wire showed there was 34.38% 
of boron, 60.67% of nitrogen and 4.94% of Au.

After weeks of manipulating growth conditions for BN 
nanowires, the deposition of BN wires was a major 
accomplishment. Even though BN nanowires were not 
successfully grown on the silicon substrates with the catalysts 
used, further efforts to grow BN nanowire and the testing 
of different thicknesses of Au in dots or films should be 
attempted.
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Abstract:
Previous research found that amidine-functionalized 
polystyrene latex (APSL) adsorbed to a silicon substrate 
and heated produces nanowells whose sizes are dependent 
on the size of APSL particles. These surface features have 
applications to mechanical, optical, and electrical devices as 
well as many procedures in which mask-less fabrication is 
desirable. This study focused on understanding what effect 
a highly dense particle packing would have on the etching 
process and the observable features. A dense monolayer 
was achieved through spin-coating APSL directly onto the 
silicon. After heating and toluene cleaning to remove the 
layer of glassed polystyrene that formed, there was observed 
an assumed silicon re-deposition covering the nanowells and 
appearing to coat favorably to particles resting within the 
nanowells. Preliminary results showed the surface to become 
more hydrophilic with the presence of the deposited material. 
Further research aims to confirm the identity of this re-
deposition as well as control the formation and removal of the 
deposited material through an understanding of the formation 
mechanism. Research will also be conducted examining the 
effect of the deposited material on the physical properties, 
such as the hydrophobicity and reflectance, of the sample.

Introduction:
Nanofabrication of materials is important to the creation of 
many mechanical, optical, and electrical devices. Traditional 
fabrication techniques, such as lithography, require expensive, 
harmful materials and must be carried out in expensive, well-
maintained cleanrooms. In contrast, the mask-less fabrication 
method described by Chaturvedi uses inexpensive, harmless 
materials and can be performed under desktop conditions [1]. 
This technique uses an amidine-functionalized polystyrene 
latex (APSL) adsorbed to the surface of a silicon substrate 
and heated to 150°C to produce a hydroxide particle, a known 
etchant of silicon. The hydroxide is produced locally beneath 
the polystyrene bead, and the etched area is therefore, for 
silicon <100>, in the shape of an inverted square pyramid 
the size of the polystyrene bead. Normal fabrication using 
this technique sets the inter-particle distance based off the 

particles’ Debye length. This experiment aimed to decrease 
the inter-particle distance through spin-coating and observe 
the changes to the etching pattern seen previously.

Experimental Procedure:
To a plasma-cleaned silicon <100> wafer was spin-coated a 
solution of 4% wt/v 500 nm APSL at 400 RPM. The sample 
was then placed in a 23 mL Parr bomb containing 15 mL of 
DI water. The bomb was then placed in an oven pre-heated to 
150°C and cooked for three hours. The sample was allowed 
to cool inside the bomb, and then placed in toluene for 30 
minutes, three times. Imaging of samples was performed with 
field-emission scanning electron microscopy (FESEM).

Results and Conclusions:
Though the etching formation process — the creation of an 
inverted square pyramid — remained the same, the high-
density array caused a variation from the expected result. 
Because of the close proximity of one bead to the next and 
because the sample was heated above the glass-transition 
temperature, the polystyrene glassed, forming a hydrophobic 
layer over the silicon surface. Although the glassed 
polystyrene did affect and possibly hinder the etching, it did 
not halt it. Some areas, termed under-etched and shown in 
Figure 1, had etching formations similar to that of 50 minutes 
of heating rather than three hours. Other areas, termed over-
etched and shown in Figure 2, appeared to have fully etched 
with the etchings overlapping. In areas where etching was 
formed fully and correctly, a re-deposition was observed, as 
seen in Figure 3. 

The re-deposition favored, but was not limited to, the etched 
areas. It appeared similar to the polystyrene bead expected 
to still be present in the nanowell, giving the appearance that 
formation was coating the polystyrene. Repeated toluene 
cleaning did not remove this deposition, shown in Figure 4, 
and sample surface was found to be more hydrophilic than 
an un-etched silicon surface. This seemed to suggest that 
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the formation was due to a re-deposition of etched silicon. 
Before the toluene cleaning, most of the deposition appeared 
to be smaller particles with a small number of larger beads. 
As the number of toluene cleanings increased, the frequency 
of the larger beads, seen in Figure 4, increased. This seems to 
indicate the deposition, while inorganic, was interacting with 
organic matter. As more of the organic matter was removed 
through toluene cleaning, the deposited material was left to 
interact with itself, creating larger beads.

Future Work:
It is assumed that the areas of over-etching are due to multi- 
layering. As such, the spin-coating method needs to be 
adjusted to ensure the polystyrene layer is indeed a monolayer. 
The identity of the deposited material needs to be identified, 
possibly through x-ray diffraction could also help determine 
the structure of the deposited material before and after toluene 
cleaning. In addition, FESEM imaging does not reveal clearly 
whether the deposition is occurring as a coating of the 

Figure 4: Thrice toluene-cleaned sample with 500 nm nanowells.

Figure 1: Under-etched 500 nm nanowells. Figure 2: Over-etched 500 nm nanowells.

Figure 3: Re-deposited material on top of 500 nm nanowells.

remaining polystyrene or if the material is a residue within 
the nanowell that has replaced the particle.
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Abstract:
Microcapsules are currently employed for a number of applications ranging 
from drug delivery vehicles to capsules contained in cosmetic products. In 
these applications, it is desirable that the microcapsules be able to control the 
timing of the release of their contents with external stimuli such as temperature 
changes or light illumination. The focus of this research was to design thermo-
responsive microcapsules. Microcapsules were assembled as double emulsions 
using microfluidic polydimethylsiloxane (PDMS) devices. By varying the flow 
rates of the inner and middle phases, and by varying the composition of the 
middle phase that, after it has been polymerized, yielded the capsule shell, it was 
possible to control the thickness and thermo-response of the capsules.

Background:
Microcapsules having shells composed of polymers having a lower critical 
solution temperature (LCST) are well known [1]. Capsules, consisting of a shell 
that has a LCST, are shriveled at a temperature above the LCST of the polymer 
and are impermeable to hydrophilic molecules. When the capsules are brought 
to a temperature below the LCST, they swell, the shells become hydrated, and 
the capsules become permeable to hydrophilic molecules, thereby releasing their 
encapsulants.

Conversely, microcapsules having shells composed of polymers having an upper 
critical solution temperature (UCST) are much less researched. Contrary to 
polymers that have an LCST, capsules containing a polymer having a UCST 
would swell and release their encapsulants at temperatures above the UCST. 
These have numerous possible biomedical, cosmetic, and chemical applications 
not accessible using capsules with an LCST or no thermo-response. 

In this research, we used microfluidic PDMS devices to fabricate double 
emulsion templates (Figure 1) for microcapsules containing a polymer (poly[2-
(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide]) 
(PMEDSAH) having a UCST [2]. Additionally, we studied the thermo-response 
of PMEDSAH in bulk as a function of the amount of triacrylate crosslinker 
added to the PMEDSAH hydrogel at different temperatures.

Experimental Procedure:
First, the solutions used for the inner, middle, and outer phases of the drops 
were prepared. The inner phase was 20% DEXTRAN with a molecular 
weight of 70 kDa, while the outer phase was HFE 7500 with 1% by weight 
of a fluorinated surfactant. Three different middle phases containing a solution 
of 2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide 
(MEDSAH) and the photo initiator Irgacure 2959 with varied concentrations 
of cross linker were prepared. One-third parts ethanol was added to increase 
solubility of the triacrylate crosslinker. 

Figure 1: Water/water/oil double emulsion used 
as template for manufacture of microcapsules.

Figure 2: Diagram of microfluidic device used 
for manufacture of microcapsules.
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Figure 4: Confocal image of microcapsules assembled at 
inner and middle flow rates of 50 µl/hr.

The three solutions were then injected into a poly-
dimethylsiloxane (PDMS) microfluidic device (Figure 
2) with a channel width of 40 µm, using volume flow rate 
controlled pumps at flow rates varying between 0 and  
100 µl/hr for the inner and middle phases, and 1000 µl/hr  
for the outer phase. The resulting emulsion containing mono-
disperse microcapsules was collected in vials and placed into 
a vacuum chamber for 12 hours to remove oxygen. After air 
bubbles were removed, the samples were irradiated with UV 
light for 15 minutes to initiate polymerization of the shell 
(creating pMEDSAH), and heated in an oven at 40°C for 24 
hours in order to allow complete polymerization of the shell.

Additionally, samples of the middle phase were synthesized in 
bulk so as to measure the thermo-response of the PMEDSAH. 
Cylindrical molds were created by cutting the top off of 
½-inch Falcon© tubes and affixing them to Petri® dishes using 
vacuum grease as an adhesive. Solutions of the middle phase 
containing no triacrylate crosslinker, 25 mg/mL crosslinker, 
and 250 mg/mL crosslinker were pipetted into the molds. As 
above, these samples were placed in a vacuum for a minimum 
of 30 minutes in order to remove oxygen, and then exposed 
to ultraviolet radiation to initiate polymerization. The samples 
were again rested for at least 24 hours in order to ensure that 
polymerization had completed.

The samples were removed from their molds, their 
dimensions measured, and placed into individual Petri dishes. 
Each dish was filled with water and sealed with strips of 
Parafilm to prevent evaporation. Samples of each crosslinker 
concentration were placed at 24, 40, and 65°C and their 
dimensions measured every hour.

Results and Conclusions:
Microcapsules were successfully assembled using water/
water/oil double emulsions as templates. The 100% 
encapsulation efficiency and high degree of monodispersity 
make assembly of capsules using microfluidic devices 
advantageous.

The results of the thermo-response of the bulk samples of the 
middle phase are shown in Figure 3. One conclusion of this 
experiment is that crosslinker is necessary to create a thermo-
responsive polymer in water, as all samples containing no 
crosslinker dissolved within two hours of placement in 
water. However, while some crosslinker is necessary, lower 
concentrations of crosslinker seem to yield a greater thermo-
response. Additionally, the samples stored at 65°C seem to 
exhibit a greater thermo-response than those stored at lower 
temperatures. These results matched the expected outcome.

Future Work:
The microcapsules need to be quantitatively analyzed to 
determine if varying the rates of infusion for the inner and 
middle phases during assembly can control the shell thickness. 
More data needs to be collected for the middle phase in bulk 
to confirm a correlation between concentrations of cross 
linker, temperatures, and thermo-response.

Figure 3: Average volume change of middle phase over time 
at varying cross linker concentrations and temperature.
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Abstract:
Inert nanoparticles of titanium 
dioxide and ultra-fine limestone 
are used as fillers in Portland 
cement, because of their potential 
to reduce the amount of required 
cement without compromising 
early age properties. The 
effect of these fillers on early 
age hydration of cement was 
investigated using isothermal calorimetry and specific surface 
area analysis. Isothermal calorimetry measurements, in the 
presence of different concentrations of nanoparticles and at 
different temperatures, were used to determine the apparent 
activation energy of cement hydration according to the 
Arrhenius equation. Inert nanoparticles of titanium dioxide 
and limestone were shown to alter the apparent activation 
energy and specific surface area of the cement depending on 
their size and rate of use.

Introduction:
Cement is one of the most common materials used throughout 
the world. However, cement production is energy intensive 
and produces significant amounts of carbon dioxide [1]. The 
use of fillers in cement is an effective method for reducing 
cement consumption. The introduction of fillers such as 
titanium dioxide and limestone could also improve concrete 
properties including increased workability, strength, or 
durability. Photocatalytic nanoparticulate itanium dioxide in 
particular is known to have self-cleaning, pollution reducing, 
and biocidal capabilities that make it desirable for use as a 
cement replacement.

The complex series of simultaneous chemical reactions that 
occur when cement reacts with water is known as cement 
hydration. Cement hydration results in the formation of 
calcium silicate hydrate (C-S-H), the main strength-giving 
phase of hydrated cement, as well as other hydration products. 
The presence of fine fillers acts as sites for heterogeneous 
nucleation for hydration that could increase the rate of 
product formation [2]. The cement hydration reaction follows 
the Arrhenius equation with the apparent activation energy 
of cement hydration representing the overall temperature 

dependence of the reactions [3]. The specific surface area can 
be used as an indication of the progress of hydration, as the 
addition of fillers could increase the surface area over time 
due to increased product formation.

Experimental Procedure:
In order to calculate the apparent activation energy of the 
cement-filler mixtures, the heat of hydration was measured 
using an isothermal calorimeter at 15, 25, 35, 45, and 55°C. 
The water to solids ratio (w/s) was kept constant at 0.5, and 
the fillers were added at 5 and 10% mass replacement of 
cement. Samples were run at least in duplicate to measure 
the effect of the following fillers: PC50, PC105, P25 titanium 
dioxide, and ultrafine limestone (UFLS). Table 1 lists the 
crystal and agglomerate size of the fillers compared to 
cement. Measurements were obtained from 44 to 84 hours 
depending on the sample temperature. A specific surface area 
analyzer was used to measure the 1-day and 3-day sample 
surface areas.

Results and Conclusions:
From the heat of hydration data, it was observed that the 
addition of fine fillers increased both the total energy released 
as well as the rate of heat released compared to the control. 
P25, the finest filler used in these experiments, exaggerated 
the effects the most. When comparing the cumulative heat of 
hydration data, it was observed that the fillers also increased 
the total heat released. The increase in heat release could be 
attributed to the fillers acting as heterogeneous nucleation 
sites and increasing the rate of C-S-H formation.

Table 1: Size and specific surface area of raw materials.



MATERIALS

972012 NNIN REU RESEARCH ACCOMPLISHMENTS

Heterogeneous nucleation 
and the increased rate of 
hydration in the presence of 
fillers also altered the degree 
of hydration. The degree of 
hydration is the fraction of 
cement that has reacted with 
the water to form hydration products. Because the cement 
hydration is temperature sensitive, the degree of hydration 
could dramatically increase at higher temperatures.

The degree of hydration curve was modeled according to 
Equation 1 [4] and the apparent activation energy of each 
sample was calculated. Table 2 lists the apparent activation 
energy of each sample mixture up to 50% degree of hydration. 
All additions of fillers increased the apparent activation energy 
compared to the control. Yet again, the finest filler P25 had the 
most prominent effect on the activation energy. The change 
in apparent activation energy represents the temperature 
sensitivity of the overall reaction with an increase in activation 
energy corresponding to a decrease in temperature sensitivity.

The BET surface area and corresponding degree of hydration 
are listed in Table 3. The specific surface area is a quantitative 
measure of C-S-H formation and microstructure development. 
As hydration proceeds, the C-S-H formation continues and 
the surface area increases. The specific surface area for all 
filler-cement samples was higher than the control after both 
one and three days.

Table 3: Specific surface area for early age samples.

Eq. 1: Three-parameter model 
for degree of hydration [3].

This data correlates well with the degree of cement hydration 
that increased when fillers were added.

In conclusion, it was observed that the different fine filler 
cement replacements increase all of the measured properties 
of cement paste. The increase in rate of heat release, total 
heat of hydration, surface area evolution, and decrease in 
temperature sensitivity, suggests that inert fine fillers have the 
potential to replace cement without compromising the early 
age properties.
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Abstract:
To meet the growing demands of thinner and larger display 
panels, an improved and reliable semiconducting channel 
material must be used. Indium-gallium-zinc oxide (IGZO)-
based thin-film transistors (TFTs) have presented themselves 
as a viable option to achieve better carrier mobility, optical 
transparency and robustness under optical stress conditions. 
However, the instability of IGZO TFTs remains a problem 
that must be resolved. In particular, there is deterioration in the 
threshold voltage (Vth) during continued operation because of 
continuous optical stress. In this investigation, we performed 
illumination stress on TFTs in an attempt to elucidate the root 
cause of the Vth shift, and several post fabrication anneals to 
reduce defects due to low temperature fabrication process. 
The as-fabricated TFTs displayed a Vth shift of -17 V under 
optical stress, but demonstrated high stability with post-
fabrication anneals in different ambients.

Introduction:
As the ability to scale the dimensions of transistors down to 
nanometers has improved, the computing powers relative to 
the sizes of the devices have increased substantially. Thus, 
consumers have come to expect a level of sophistication and 
proficiency in everyday electronics that seemed unattainable 
until a decade ago. From high-resolution smartphones to liquid 

Figure 1: The structure of an IGZO TFT.

crystal and light emitting diode displays, the vast majority of 
electronic devices all rely on circuitry that is implemented 
in silicon. Although it is the most effective technology 
available, single-crystal silicon lacks optical transparency and 
flexibility. In addition, single-crystal silicon-based fabrication 
is expensive and unobtainable for large area electronics. 
Amorphous oxide semiconductors (e.g., IGZO) present a 
potential solution for applications that require transparency 
or flexibility.

Experimental Procedure:
The structure of the IGZO TFT is shown in Figure 1. The 
gate metal was 150 nm thick molybdenum deposited using 
DC sputtering. After patterning the gate layer, a stack of 
silicon oxide (SiOx), IGZO, and SiOx was deposited through 
a series of steps. A 200 nm silicon oxide formed the gate 
dielectric. The 50 nm thick channel material IGZO, with 
99.99% pure InGaZnO4, was deposited at an RF power of  
100 W and a chamber pressure of 10 mTorr at 80°C, and a 
100 nm intermetal dielectric SiOx is deposited at 180°C. The 
IGZO was patterned and the source-drain metal (Mo) was 
sputtered to form the source and drain contacts of the TFT. A 
final step involved deposition of silicon nitride to serve as a 
passivation layer.

The IGZO TFT samples were annealed in one of four 
ambients (oxygen, vacuum, forming gas, and air) for 12 hours 
at 150°C to improve optical and electrical characteristics. 
Current-voltage characteristics were acquired using a HP 
4155B semiconductor parameter analyzer. The TFTs were 
illumination-stressed for 25,000 seconds in a dark, light-
tight setup, and the transfer characteristics were obtained by 
sweeping the gate voltage, with the drain biased at 10 V and 
the source grounded. To perform illumination testing, a Dolan 
Jenner Fiber Lite Illuminator with a light source of intensity 
0.5 W/cm2 and a dual gooseneck optical cable attachment was 
used. A 410 nm wavelength filter allowed violet light from the 
source to be used for the illumination tests, and was chosen 
due to previous reports on illumination stress testing [1] that 
revealed increasing amounts of photo-induced defects with 
decreasing wavelengths of light.



MATERIALS

992012 NNIN REU RESEARCH ACCOMPLISHMENTS

Results and Conclusions:
In Figure 2, during as-fabrication stress testing there was a 
considerable threshold voltage shift, making the turn-on 
voltage smaller, and leakage and off currents higher, along 
with a slight increase in mobility. The Vth change was -17 V 
during the seven hours of light stressing. In post-fabrication 
annealed testing, there was great improvement in the 
transistor performance seen as reduced Vth shift as Figure 
3 demonstrates. In Figure 3, the oxygen-annealed sample 
showed the least deterioration with low off current and steep 
subthreshold swing. This can be explained by the annihilation 
of oxygen vacancies by annealing, which otherwise ionize 

to contribute as excess carriers due to photonic stresses [2]. 
Figure 4 displays the Vth shift of each sample after seven hours 
of light stress with respect to each device’s own unstressed 
condition (e.g., ΔVth for oxygen-annealed TFT is calculated 
by finding the difference between Vth after seven hours and 
Vth unstressed, but annealed in oxygen).

In conclusion, the results obtained emphasize the importance 
of post-fabrication annealing of IGZO TFTs whilst the as-
fabricated TFT device was driven to near failure under stand-
alone illumination stress. Annealing reduces the Vth shift due 
to annihilation of defects created during low temperature 
fabrication. The TFTs demonstrate highest stability after 
annealing in oxygen ambient due to annihilation of oxygen 
vacancies that contribute most towards excess carriers.

Future Work:
Future work will involve investigating the effects of electro-
mechanical and mechanical strain on IGZO TFTs fabricated 
on flexible substrates. In addition, the findings of the current 
report will be presented at the TMS 2013 Conference.
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Figure 4: Vth shift of unannealed along with air, vacuum, oxygen, 
and forming gas annealed IGZO TFTs under illumination stress.

Figure 2: As-fabricated IGZO TFTs unannealed 
stressed under 410 nm light for seven hours.

Figure 3: Illumination stress (l = 410 nm for 7H) on 
post-fabrication annealed IGZO TFTs for 12 h at 150°C.
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Abstract:
Field-induced domain wall motion through the free magnetic 
layer of a spin valve nanowire has been observed both 
electrically and with Bitter Method on a scanning electron 
microscope. The giant magnetoresistance effect was used 
to determine the position of the domain wall. Change in 
depinning field strength due to the presence of magnetic 
nanoparticles (MNPs) was observed. This work served as 
preparation to extend to the sensing of biological molecules 
tagged with MNPs.

Introduction:
Some diseases increase the concentration of certain proteins in 
the blood, while others release proteins that would otherwise 
not be present. Giant magnetoresistive (GMR) sensors have 
shown the ability to detect target proteins with high sensitivity 
using MNPs as tags [1]. The device is sensitive to the presence 
of the MNP stray field, which shields the free layer of the 
sensor from an externally applied field, requiring more field 
strength to coerce the free layer magnetization in regions with 
MNPs present. GMR devices have been observed to detect 
proteins with a limit of detection in the hundreds of MNPs (< 
100 nm diameter), which may miss a very low concentration 
detection.

To increase detection resolution, investigations were 
performed in order to manipulate and study the usefulness 
of magnetic domain walls (DW), which are native 
to the free layer of sensors with larger detection 
areas. The advantages of using magnetic DWs 
in this study were that GMR measurements have 
shown the location of DWs in the free layer of a 
GMR nanowire [2], and DWs have been shown to 
attract MNPs [3]. A smaller, curved sensor area has 
been studied here and has shown the possibility for 
increasing resolution to tens of particles.

Experimental Procedure:
Fabrication. The substrate consisted of a silicon 
<100> wafer with 100 nm of silicon dioxide (SiO2) 
coating. The GMR metal stack was placed using a 
Shamrock RF sputtering device, placing thicknesses 

Ta 30Å / IrMn 80Å / CoFe 25Å / Cu 40Å / CoFe 20Å /  
NiFe 55Å / Ta 50Å.

Sensor areas were designed to have curved shapes in order to 
easily place magnetic domain walls [4].

Devices were patterned using electron beam lithography with 
negative resist. The developed resist pattern shielded the 
sensors from ion-milling employed to remove surrounding 
metals. Removal of the patterned resist left only the devices 
on the substrate. Contacts were placed using electron beam 
lithography followed by an electron beam evaporated metal 
deposition of 800Å Cu.

Testing. A constant current of 10 µA was passed through 
a device and the voltage across the device measured to 
calculate device resistance. Data from each device was 
actively recorded using LabVIEW software reading from a 
Keithley 2400 SourceMeter during various external magnetic 
field conditions.

DW depinning strengths were observed multiple times for 
several nanowires in order to confirm repeatability. Nanowire 
depinning measurements for the forward and reverse 
directions were recorded. Domain walls were induced near the 
center of a device by applying and then removing a magnetic 
field as shown in Figure 1A. During this step, the free layer 
aligned to the external field, and, when the field was removed, 

Figure 1: A) Device top view showing domain wall pinning schematic. 
B) and C) Top and side view of device in three resistance stages. 

White is parallel, and dark is antiparallel.
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the magnetic direction of the free layer relaxed and aligned 
with the shape-anisotropic direction of the device — leaving 
a head-to-head domain wall near the middle of the sensing 
area. The nanowires were then exposed to a diluted solution 
of 35 nm superparamagnetic iron oxide particles and allowed 
to incubate for three hours before washing.

Results and Conclusions:
Resistance measurements before and after DW creation 
showed an intermediate state, approximately half way 
between the high and low states. DW depinning field strengths 
were measured from the central pinning site.

DW depinning field strength was measured by placing a DW 
near the center of a device using the previously stated method 
and monitoring resistance as the field was slowly increased 
from zero in a horizontal direction. DW pinning sites result 
from fabrication roughness at edges and defects in the wire 
(contaminant particles, layer unevenness, etc.). Depinning 
strengths were measured for 200 nm wide nanostripes with 
and without designed notches of 60 nm. The depinning 
strengths were ~ 50 Oe, noticeably higher than those with 
no obvious fabrication roughness < 40 Oe. Also, there were 
no observable secondary pinning sites for the sensors with 
notches.

MNP presence was verified using scanning electron microscopy 
(SEM) before depinning field strength measurements were 
retaken. By observing the field depinning strength of a device 
before and after particle application, one could see a shift in 
the field. A sensor with 8 MNPs on its sensing surface showed 
a depinning field strength increase of approximately 8 ± 2 Oe, 
see Figure 4. This is a promising result for progressing the 
diagnostic capability of GMR biosensors to include detection 
of target molecules with low concentrations.
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Figure 4: Graph showing the change in resistance from the central 
pinning site of a device both before (solid) and after (dashed) MNP 
placement.

Figure 2: A) SEM image of device without MNPs. 
B) SEM image of device with MNPs.

Figure 3: Graph showing the change in resistance by applied field.
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Abstract:
Atomic layer deposition (ALD) of tantalum nitride (TaNx) 
has been performed on copper (Cu) and silicon dioxide (SiO2) 
substrates with the goal of selective area deposition using self-
assembled monolayers (SAMs) as an ALD blocking layer. 
The films have been analyzed using spectroscopic ellips-
ometry (SE), contact angle, x-ray photoelectron spectroscopy 
(XPS), and low energy ion scattering spectroscopy (LEISS). 
The molecules (heptadecafluro -1,1,2,2-tetrahydrodecyl) 
triethoxysilane (HDFTEOS) and 1H,1H,2H,2H-perfluoro-
octyltrichlorosilane (FOTS) were deposited onto both 
substrates before ALD. We found that both molecules 
impeded growth on SiO2 for the first 20 ALD cycles, shown 
with SE as well as XPS. After the initial growth impedance, 
TaNx appears to grow on itself with a growth rate similar to 
the surfaces without SAMs.

Introduction:
Atomic layer deposition (ALD) is a method for depositing 
thin films characterized by precision thickness control through 
a series of self-terminating reactions. The technique is similar 
to chemical vapor deposition (CVD), except that ALD breaks 
the reaction down into half cycles. In addition to the ability to 
lay thin films accurately by varying the number of cycles, the 
gas phase and self-limiting nature of ALD makes it ideal for 
high aspect ratio depositions. The goal of this project was to 
study methods for selectively depositing the desired material, 
tantalum nitride, only onto one substrate and not another.

The ability to deposit material only where it is wanted would 
be a powerful tool. One place where selective ALD could be 
beneficial is in the semiconductor industry. Currently copper 
(Cu) is used as the interconnect metal in devices. However, 
copper has been shown to diffuse into the dielectric layers 
creating shorts and heat dissipation problems, limiting the 
effectiveness of the device [1]. One fix would be to use a thin 
layer of TaNx between the Cu and dielectric as a diffusion 
barrier layer [2]. Depositing the film would require a method 
of selectively depositing TaNx on different areas.

Experimental Procedure:
Two different substrates were studied: copper and chemical 
oxide (silicon dioxide, or chem ox). Three different scenarios 
were examined: 1) plain substrates (no SAMs), 2) with 
HDFTEOS, or 3) with FOTS. The SAMs were deposited onto 
both surfaces using a molecular vapor deposition method 
before the ALD depositions. The large number of fluorine 
atoms on the SAM molecules could create an unreactive 
surface that would stop ALD growth. ALD of TaNx at a heater 
temperature of 300°C was subsequently performed on the 
samples. The ALD precursors used for this procedure were 
pentakis(dimethlyamino) tantalum (PDMAT) and ammonia 
(NH3). 

After depositions, the surfaces were then analyzed using 
contact angle, spectroscopic elipsometry, XPS, and LEISS.

Results:
From contact angle measurements, information was 
determined about the samples. Figure 1 shows that changes 
in contact angle occurred after depositing HDFTEOS and 
after heating the sample to an ALD temperature of 300°C. 
This seems to indicate that HDFTEOS was deposited onto 
the surface, but was not thermally stable on Cu. The change 
in angle after heating was not observed on chem ox. From 
spectroscopic ellipsometry, we saw that the long term growth 
rate of TaNx is 0.4Å per cycle with no SAMs and 0.38Å per 
cycle with HDFTEOS. This corroborated theoretical TaNx 
growth rates as well. Figure 2 is a close up of ultrathin film 
thickness from spectroscopic ellipsometry. Here we saw 
that for low ALD cycles, the HDFTEOS made a significant 
difference in the film thickness. Figure 3 shows XPS areas 
of the tantalum (4d5/2) peak corroborating the difference in 
tantalum deposition for low TaNx ALD cycles on chem ox. 
There did not appear to be a difference in the amount of Ta 
on Cu, as shown in Figure 4. FOTS results were also included 
in the XPS data, which followed a similar trend as the 
HDTFEOS surfaces. 
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LEISS is a surface sensitive technique and is helpful in obtaining 
information in regards to what is on the topmost layer of our films. 
Although we predicted that the SAMs formed a uniform monolayer right 
above the substrate, fluorine was observed with LEISS after as many as 
80 TaNx ALD cycles on copper with HDFTEOS.

Conclusions and Future Work:
The SAMs HDFTEOS and FOTS have been demonstrated to act as a 
blocking layer for ultrathin films. Both impeded growth on SiO2, but 
on copper, the HDFTEOS was not thermally stable and FOTS did not 
significantly affect TaNx growth. As the number of cycles increased, the 
blocking layer was less effective because the film began to grow on itself. 

The first molecules on the surface likely bound to defects in the SAMs 
and grew upwards from those points. A more uniform SAM layer could 
increase the effectiveness of the blocking layer. If tantalum nitride 
was binding to defects, it would mean that some FOTS or HDFTEOS 
should still be on the surface until the TaNx completely covered it. This 
hypothesis was supported by the fact that fluorine was observed with 
LEISS after 80 ALD cycles. Another possible explanation is that fluorine 
atoms diffused through the film and were being observed on the surface. 
In the future, we will conduct angle resolved XPS to determine where in 
the film the fluorine is. 

A similar method of applying SAMs to different surfaces and testing 
the effectiveness as blocking layer could be applied to other films and 
substrates.
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Introduction:
In recent years, the environmental impact of petroleum-
based transportation has led to greater interest in alternatively 
powered transportation. Electric vehicles (EVs) and plug-
in hybrid electric vehicles (PHEVs) are fast becoming a 
viable alternative, because they are capable of being fueled 
by electricity from sustainable power sources. In order for 
EVs to compete with current gas-powered cars, they must 
provide comparable performance, so their batteries need 
large capacity and good capacity retention. In our study, we 
used spray pyrolysis to synthesize cathode materials. The 
desired product is a layered-layered composite material of 
the form xLi2MnO3(1-x)Li(MnNiCo)1/3O2, where x = 0.5.  
We focused on identifying the optimal spray pyrolysis 
furnace temperatures that yielded the best electrochemical 
performance.

Experimental Procedure:
Precursor Preparation. In order to obtain the desired powder, 
a precursor solution was prepared by dissolving specific 
amounts of metal nitrates to obtain the 
correct stoichiometry. The product is 
a layered-layered material of the form 
xLi2MnO3(1-x)Li(MnNiCo)1/3O2, where 
x = 0.5, or Li1.2Mn0.53Ni0.13Co0.13O2.

Spray Pyrolysis. Spray pyrolysis is the 
process by which precursor droplets 
thermally decompose to create solid 
particles. The precursor solution, 
containing the aqueous metal nitrates, 
was aerosolized with an ultrasonic 
nebulizer. The aerosolized droplets were 
then introduced to a carrier gas, saturated 
with air. The air carried the droplet 
towards the preheater, which was heated 
to 200°C. The preheater dried the layer 
of water surrounding the droplets before 
they entered the furnace. The furnace 
temperature was set at 350°C, 450°C, 

550°C, 575°C, and 650°C, respectively. The dry precursor 
droplets thermally decomposed, removing the aqueous 
portion of the precursor droplet, leaving a dry metal oxide. 
The powder was collected downstream via vacuum filtration.

Battery Fabrication and Testing. The powder obtained 
from the spray pyrolysis process was annealed at 900°C for 
two hours in a box furnace, to improve crystalline structure 
and remove any residual moisture. A slurry was prepared by 
mixing the annealed powder with a 7% binder solution, and 
then cast upon an aluminum current collector to create our 
film. The binder solution consisted of 3.5% carbon black, 
3.5% polyvinylidene fluoride (PVDF), and 93% N-Methyl-
2-pyrrolidone (NMP). The carbon black assisted in electron 
transportation from the metal oxides to the aluminum current 
collector, the PVDF adhered the powder to the aluminum, and 
the NMP was the solvent. 

After the film was made, it was allowed to dry overnight at 
room temperature and then another night in a vacuum oven 
to allow the NMP to evaporate. After drying, cathode disks, 

13 mm in diameter, were prepared for 
battery fabrication. The batteries were 
assembled in an argon-filled glove box. 
Pure lithium disks were used as the anode 
to study the performance of the cathode 
material without side effects arising from 
the anode. The batteries were subjected 
to cycle and rate tests on MTI battery 
testers.

Results and Discussion:
We recorded x-ray diffraction (XRD) 
spectra of the products synthesized at 
different temperatures (Figure 1). The 
exact distances separating the peaks and 
the ratios of peak intensities indicated 
a lack of contaminants, and showed the 
superlattice layered-layered structure 

Figure 1: XRD spectra.
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characteristic of xLi2MnO3(1-x)Li(MnNiCo)1/3O2. We pro-
duced exclusively our desired product at all temperatures.

The cycle test results (Figure 2) indicated that the battery 
produced at 575°C yielded the highest reversible charge and 
discharge capacity. In Figure 2, the x-axis is the cycle number 
and the y-axis is specific capacity in mAh/g. C/10 and C/3 are 
the current densities of charge and discharge of each cycle, 
where C = 200 mA/g. Since the practical capacity of batteries 
made from layered-layered materials is 200 mAh/g, a battery 
would be fully charged if charged at a rate of 1C for one hour. 

We ran the majority of the cycle test at a rate of C/3 
considering that three hours was a reasonable amount of time 
to recharge a PHEV battery. Each cycle consisted of charging 
and discharging the battery; and the 575°C battery displayed 
slightly higher capacity than the other batteries, remaining 
above 200 mAh/g after 100 cycles.

Rate capability tests (Figure 3) determined how flexibly the 
material may be discharged at various current rates. The 
battery began by charging and discharging at a rate of C/10. 

We then began charging and discharging at higher rates, to 
simulate acceleration and deceleration of EVs. As expected, 
the capacity of the battery diminished as it was cycled at 
a higher rate. The 450°C and 575°C batteries had the best 
performance with capacities above 170 mAh/g at a rate of 1C.

Figure 4 shows voltage profile evolution over time. We 
observed that with increasing synthesis temperatures, the 
change in the voltage plateau indicated by the arrows became 
smaller, showing better voltage profile retention. The x-axis 
displays specific capacity, while the y-axis displays voltage. 
The 650°C battery had a much lower voltage drop when 
compared to the 575°C battery. This is favorable because the 
voltage output from a certain specific capacity diminishes 
less over time for the 650°C battery, suggesting higher 
performance. Not only is it important to have high specific 
capacity, it is also important to have high output voltages 
corresponding to those capacities.

Conclusions and Future Research:
Layered-layered materials deliver very high reversible 
capacities. The highest capacity was achieved when the 
reactor temperature was 575°C. Increasing the reactor 
synthesis temperature improved the voltage profile without 
compromising the electrochemical performance. The 
relationship between increased reactor temperature and 
decreased voltage decay must still be studied. Future work 
will continue with higher synthesis temperatures as well as 
doping and variation of lithium concentration. The results 
will be discussed in an upcoming publication of the group.
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Figure 2: Cycle tests.
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Abstract and Introduction:
Quantum dots (QD) are three-dimensional structures that 
have electronic properties between those of molecules and 
bulk materials. They can be self-assembled through molecular 
beam epitaxial growth or fabricated using lithography. In this 
work, QDs were self-assembled by molecular beam epitaxy 
(MBE). Growth rates for gallium arsenide (GaAs) and 
indium arsenide (InAs) were calibrated by reflection high-
energy electron diffraction (RHEED). Doping profiles were 
determined for GaAs using silicon (Si) as the n-type dopant. 
QD devices were fabricated and compared to quantum well 
(QW) and quantum free devices. 

Quantum dot devices had ideality factors and series resistance 
values of 1.34 and 61 Ω, respectively, and had enhanced 
currents at higher voltages when compared to quantum well 
and quantum free devices.

Methodology:
To characterize the MBE tool, growth rates for GaAs and InAs 
were calibrated, followed by doping profiles for Si. RHEED 

Figure 1: InAs quantum dot structure.

oscillations were taken at various Ga furnace temperatures. 
The oscillations were used to calculate the growth rate 
in monolayers/sec by dividing the number of oscillations 
(monolayers) by the elapsed time. A semi logarithmic graph 
was used to plot growth rates versus furnace temperature.

The doping profiles for Si were acquired by first growing 
a GaAs buffer layer followed by an Si-doped GaAs layer 
at a particular silicon furnace temperature. The process 
was repeated for other samples at different silicon furnace 
temperatures. Hall measurements were taken to calculate the 
carrier concentrations of the Si. A semi-logarithmic graph was 
used to plot carrier concentrations versus furnace temperature.

Three devices were fabricated to examine current changes 
versus voltage: one with only GaAs, one with a monolayer 
of InAs (QW device), and one with three monolayers of InAs 
(QD device, see Figure 1). The samples were grown on n+ 
GaAs. The GaAs was grown at 580°C and at 400°C while 
the InAs was grown at 460°C. The Schottky contacts used in 
the measurements had an effective diameter of diameter of 
237 µm. An I-V curve trace was used to measure the ideality 

Figure 2: RHEED pattern of three 
monolayers of InAs on GaAs.

Figure 3: AFM image of InAs 
quantum dots on GaAs.
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factor and the series resistance. A curve trace was also used to 
acquire current versus voltage data for the three different device 
structures.

Results:
RHEED images verified that the InAs structures were not two 
dimensional and AFM images verified that InAs QD were grown 
(see Figures 2 and 3, respectively). The ideality factor values for 
the reference, QW, and QD samples were 1.85, 2.439, and 1.134, 
respectively. The series resistance values were 77, 145.5, and 61 Ω, 
respectively. 

Testing revealed that the current in the QD sample was greater than 
the reference sample (see Figure 4). This result was consistent with 
what others have found [5]. The current in the QW sample was 
also less than the QD sample at higher voltages. However at lower 
voltages the current in the QW device was higher.

Conclusions:
Growth rates for GaAs and InAs were calibrated up to 1 ML/s 
and 0.2 ML/s, respectively. Doping profiles for Si in GaAs were 
obtained up to 1e18cm-3. Quantum dot and well samples were 
grown and devices were tested which revealed excess current in 
the QD sample relative to the QW and reference samples.
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Abstract:
Near-surface two-dimensional (2D) electron gases are 
enabling platforms for controlling single electrons in quantum 
dots and using electron spin as a quantum bit in quantum 
computation. The requirements for the material system that 
forms the 2D electron gas are low levels of disorder to reduce 
scattering, the 2D electron gas be as close to the surface as 
possible to lead to abrupt confinement potentials created 
by depletion top gates, and spacer layers between the 2D 
electron gas and surface have low leakage currents under an 
applied gate bias. The design of a sub-50 nm deep modulation 
doped AlGaAs/GaAs heterostructure that forms a 2D electron 
gas at the AlGaAs/GaAs interface is presented. Magneto-
transport measurements in a sub-50 nm deep 2D electron 
gas formed at the interface of a modulation doped AlGaAs/
GaAs heterostructure grown by molecular beam epitaxy 
are presented. The addition of a high-k dielectric layer was 
implemented with the purpose of decreasing gate leakage. 
Characterization of the dielectric and processing techniques 
are presented and discussed.

Background:
Our project had two primary goals and we approached these 
independently. First we wanted to grow and characterize a 
sub-50 nm deep two-dimensional electron gas or 2DEG. 
Second we wanted to explore deposition techniques for 
high-k dielectrics on top of III-V heterostructures. Motivation 
for this project included a previously successful qubit, created 
via a double quantum dot design in the same material system. 
This design by Weperen, et al., was at a depth of 110 nm. This 
deeper 2DEG functioned well, but needed to be shallower in 
order to improve scalability.

Experimental Procedures:
Samples were grown by molecular beam epitaxy. This process 
uses high purity elemental sources under ultrahigh vacuum to 
grow precise monolayers of material on a substrate. Reactive 
high energy electron diffraction or RHEED was used to 
calibrate the growth rate for each layer as RHEED can identify 
specific surface interaction effects which exist for the various 
surface states. This process works by real time analysis of the 
surface of the substrate as growth occurs.

Photolithography was then used to pattern the surface of the 
samples with our Hall bar design. This technique was effective 
as it is relatively easy to etch through the 40 nm of material 
above the 2DEG, thus controlling the conduction pathways in 
the sample. This type of experiment was useful as it told us 
how effectively and efficiently our 2DEG was functioning.

Transport Measurements on 40 nm Deep 2DEG:
We primarily measured 40 nm deep 2DEG’s and used a Hall 
bar setup in order to perform measurements. Measurements 
included basic transport such as sheet resistance and mobility 
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as well as an analysis of Shubnikov de Haas oscillations and 
Hall plateaus. The schematic above shows how the Hall bar 
design was used to take basic voltage measurements which 
can be used to calculate sheet resistance, carrier density, and 
mobility.

Before taking these measurements however, we used 
theoretical modeling with the purpose of improving the 
2DEG’s design, and recognizing likely problems within the 
system. We used a 1D self consistent Schrodinger-Poisson 
solver developed by Greg Snider. Results of this modeling 
indicated that a parallel conduction pathway might form in 
the delta-doping layer, hindering performance. However, 
further analysis showed that an applied gate voltage would 
quickly eliminate the problem.

Our first set of measurements was a sheet resistance vs. 
temperature analysis. This measurement showed that the 
2DEG had truly metallic character, with resistance falling 
close to 0 at low temperature (lowest of ~ 3K) as was expected 
in a functioning 2DEG. Further data analysis showed that 
low temperature carrier density and mobility were both in 
the ranges expected at 3.4 × 1011 (cm-2) and 239,000 (cm2/
V×s) respectively. These results matched with the previously 
mentioned theoretical modeling quite well and indicated a 
high quality 2DEG.

Lastly, an analysis of the measured voltages under a varying 
magnetic field from 0 up to 7 Tesla was performed at 1.8 K. As 
expected, our 2DEG showed Shubnikov de Haas oscillations 
and Hall plateaus. 

Results such as these further confirm the high quality of the 
system and its design.

Characterizing High-k Dielectric Deposition:
For the second part of the project, we needed to deposit a 
thin layer (~ 10 nm) layer of our chosen dielectric. We used 
aluminum oxide and deposited by atomic layer deposition. 
This technique was used due to its high precision in depth 
and high quality thin films. Using the trimethylaluminum 
precursor and H2O purge gas, we deposited our 10 nm layer. 
Characterization of this surface was done by ellipsometry and 

x-ray photoelectron spectroscopy (XPS). The ellipsometer 
showed that we had successfully deposited 10.5 nm. Ad-
ditionally XPS analysis showed that our surface was 64% 
oxygen and 36% aluminum. Obviously this was not the 3 to 
2 ratio that we would expect, so further work is necessary in 
this area.

Summary:
In conclusion, we successful grew a 40 nm deep 2DEG 
and characterized the transport properties. Additionally we 
developed and studied dielectric depositions over near surface 
2DEG’s in III-V heterostructures.

Short term future work will include exploring an anneal step 
as a solution to the oxygen rich dielectric layer, taking low 
temperature gated magneto-transport measurements, and 
comparing hafnium oxide over aluminum oxide in place of 
the aluminum oxide alone.

Long term efforts will include measuring leakage and noise 
using a quantum point contact and measuring the level of 
screening caused by the dielectric using a quantum point 
contact in proximity to a quantum dot.
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Abstract:
Silicon (Si) and germanium (Ge) semiconductor nanowires 
can be utilized in next generation electronic, photonic, and 
energy conversion devices. Si, Ge, and Si1-xGex materials 
are also well studied and currently used in industry. 
Optoelectronic properties, such as the band gap, can be 
tuned by modulating the alloy composition, thus allowing 
for a wider range of uses. The focus of this project was to 
create arrays of Si1-xGexalloy nanowires with varying, but 
simultaneously uniform, compositions. This goal has been 
difficult to achieve to date. Nanowires were grown with the 
gold catalyzed, bottom-up, vapor-liquid-solid mechanism 
throughout the compositional range. Using scanning electron 
microscopy (SEM), energy-dispersive x-ray spectroscopy 
(EDX), and Raman spectroscopy, we demonstrated control 
of Si1-xGex alloy composition, but struggled to achieve highly 
aligned arrays. Nanowires frequently kinked to the <112> 
directions and underwent conformal deposition, which 
resulted in tapered structures. Therefore, we employed a side-
wall species, methylgermane, in an attempt to overcome this.

Introduction:
Semiconductor nanowires have many promising applications 
in next generation electronic, photonic, and energy conversion 
devices. Silicon (Si) and germanium (Ge) are superb choices 
for these semiconductor devices because there is already an 

extensive knowledge base of Si and Ge materials. By growing 
different concentrations of Si1-xGex nanowires, it was possible 
to tune optoelectronic properties such as the band gap [1]. 
While alloy nanowire growth has been achieved, growing 
highly uniform arrays of Si1-xGex nanowires with varying, 
but simultaneously uniform compositions has been difficult 
to date [2, 3].

Experimental Procedure:
Si1-xGex nanowires were grown using the gold catalyzed, 
bottom-up, vapor-liquid-solid growth method as seen in 
Figure 1. Fifty nanometer (nm) gold nanoparticles were 
deposited on a Si <111> wafer. The sample was heated in a 
cold-wall vapor deposition furnace to 375°C and GeH4 partial 
pressure was raised to 0.44 Torr to grow short Ge stubs. 
Finally, GeH4 partial pressure was dropped to 0.025 Torr 
and SiH4 partial pressure was raised to 0.050-1.000 Torr. By 
varying the partial pressure of SiH4, the concentration of the 
wires could be varied.

To determine the growth conditions, we used the Arrhenius 
equation, which allowed us to calculate the theoretical Ge 
concentration of the nanowires from the ratio of GeH4 partial 
pressure to SiH4 [4]. The nanowires were characterized using 
an SEM, leading to discovery of issues in the nanowire arrays 
such as kinking or tapering of wires. 

Uncontrollably kinking and compositional gradients caused 
by tapering limits the usability of nanowire arrays in device 
applications. In order to increase the uniformity of the arrays, 
GeH3CH3 was used in place of GeH4 during the growth step 
in order to introduce a methyl group as a sidewall species. 
As a result, the temperature of the growth step had to be 
raised to 475°C to prevent kinking caused by GeH3CH3 [5]. 
The concentrations of the wires were measured using EDX. 
Because the Si substrate would affect the EDX measurement, 
the nanowires were transferred to carbon tape.

Results and Conclusions:
Raman spectroscopy was used to confirm the nanowires 
were alloys and not another type of superstructure. As seen 
in Figure 2, the Raman spectrum of the nanowires showed a 

Figure 1: (a) Schematic of the VLS growth method and 
schematic of wire growth (b) with and (c) without GeH3CH3.
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distinct shift in the Si-Si peak and the Ge-Ge peak as well as a 
strong intensity Si-Ge peak, which confirmed the existence of  
Si1-xGex alloys [6]. EDX was used to determine the 
concentration of the nanowires. As the fraction of GeH3CH3 
increased, the Ge concentration in the nanowires also 
increased, as seen in Figure3. By comparing SEM images 
of nanowires grown with and without GeH3CH3 (Figure 4), 
it can be seen that GeH3CH3 eliminated tapering at high Ge 
concentrations; however, kinking remains an issue at lower 
Ge, higher Si concentrations.

Future Work:
By tuning process conditions, it will be possible to grow 
nanowires over a wider range of Ge concentrations. Further 
research into surface chemistry will result in better control of 
nanowire sidewalls and increase the uniformity of nanowire 

Figure 4: SEM images of Si1-xGex nanowires. 

(a) Wires grown with GeH4 (375°C, PSiH4
 = 0.214 Torr, PGeH4

 = 0.105 Torr). 

(b) Wires grown with GeH3CH3 (475°C, PSiH4
 = 0.025 Torr, PGeH3CH3

 = 0.050 Torr).

Figure 2: Raman spectrum of Si1-xGex nanowires and 
pure Ge and Si wafers. Intensity scale is adjusted.

Figure 3: Percent Ge concentration as 
determined by EDX vs. the fraction of 

the GeH3CH3 partial pressure.

arrays. Finally, once uniform arrays of Si1-xGex nanowires 
are perfected, they can be used in many next generation 
electronic, photonic, and energy conversion devices.
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Introduction:
Electron leakage and heat generation due to the increasingly 
small scale and dense packing of device components are 
major limitations to further downscaling modern electronics. 
Optoelectronics, devices that utilize a combination of optical 
and electronic components, represent a potential solution to 
these problems by taking advantage of the fact that optical 
signals do not suffer from the issues of tunneling or Joule 
heating while also being more energy efficient and faster than 
electronic signals. In pursuit of these ideal characteristics, the 
goal of this project was to produce a suitable light source for 
optoelectronic applications. 

Specifically, our goal was to produce a laser using indium 
arsenide (InAs) quantum dots (QDs) as the active region. InAs 
QDs are excellent candidates for data transfer applications 
due to their three-dimensional confinement, which leads to 
discrete energy levels dependent on the quantum dot size. 
This means not only that the emission wavelength of the 
laser can be tuned by changing the dot size, but also that the 
necessary threshold current densities are lower than those 
of quantum wells and bulk material because fewer carriers 
are needed for population inversion. Additionally, the large 
gap between energy levels gives quantum dot lasers (QDLs) 
essentially temperature invariant operation. 

Material Design and Growth:
Molecular beam epitaxy (MBE) was used as the method 
of growing the laser materials. MBE is a technique that 
uses ultrahigh vacuum and careful control of material flux 
during deposition to ensure that materials form epitaxially 
on the surface. Due to the extreme vacuum, MBE is able 
to grow materials with remarkably low contamination 
levels. Meanwhile, the slow, epitaxial deposition means that 
the thickness of a deposited layer can be controlled with 
monolayer precision while—through controlling the flux of 
multiple materials at a time—the composition of a single 
layer can also be controlled with extreme precision. 

The structure of our QDL is shown in Figure 1, while the 
band diagram for the material is shown in Figure 2. From the 
band structure, it can be seen that under an applied voltage 
conduction electrons will travel down the conduction band 
and be confined in the potential wells of the quantum dots, 

Figure 1: A schematic of the laser material. 

while holes will travel up the valence band and do the same. 
The result of this process was a large number of holes and 
electrons confined in the low bandgap region, where they 
could easily recombine producing photons, which in turn 
stimulate further radiative recombination. 

Material Characterization:
Before actual laser devices were grown, the MBE growth 
conditions had to be calibrated. For this purpose, special 
calibration samples were grown that were similar to the 
actual laser structure, but with greatly thinned waveguiding 

Figure 2: The band diagram of the laser material. 
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regions and an additional layer of QDs grown on the top 
surface at identical growth conditions to the centrally located 
QDs. These samples were characterized using atomic force 
microscopy (AFM) and photoluminescence (PL) to determine 
the morphological and optical properties of the quantum dots. 

Atomic force microscopy was used to obtain an image of the 
quantum dots on the top surface of the material. These images 
were used to assess the uniformity and density of quantum 
dots on the surface, which were assumed to be similar to those 
that would be found in the identically grown active region. 
Calibration samples corresponding to the growth conditions 
of successful laser devices had estimated dot densities of 
3.2*1010 cm-2. Higher dot densities were considered better 
because it meant there were more recombination centers to 
generate photons. 

Photoluminescence was used to characterize the optical 
properties of the calibration sample. This technique uses a laser 
to optically excite the quantum dots and then measures the 
light produced upon relaxation. PL measurements indicated 
that optical emissions occurred at a wavelength of 1220 nm 
in the central region of the sample, which corresponds to 
the region used in device production. The full width at half 
maximum was found to be very uniform across the sample 
surface with a value of 40 nm. 

Device Processing:
Once the laser material was grown, a series of processing steps 
had to be performed to create a functioning laser. The process 
is summarized in Figure 3. A combination of photolithography 
and electron beam (e-beam) metal deposition was used to 
deposit the top electrode for the device in a series of bars. 
Reactive ion etching was then used to turn the bulk laser 
material into a series of laser bars by etching through the 

Figure 3: Laser processing procedure. 

laser active region. Next, e-beam metal deposition was used 
to deposit the bottom electrode. To complete the process, 
a section of the sample was cleaved from the rest with the 
cleaved edges, becoming the laser facets. 

Results:
InAs QDLs were successfully fabricated and found to lase at 
threshold current densities as low as 260 A/cm2. The photo-
luminescence measurements suggest that this lasing occurs at 
a wavelength of 1220 nm, but the actual spectral profile of the 
light output has not yet been measured. 

Future Work:
Future work is planned to refine the laser growth and 
processing procedures to achieve lower threshold currents. 
Once satisfactory devices are being produced, attempts will 
be made to grow the laser material on a silicon substrate—a 
necessary step to be able to integrate the lasers in current 
technology. 
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Abstract:
Use of amorphous tantalum tungsten silicon carbide 
(TaWSiC) metal gates has the potential to reduce gate work 
function variation, but for application in integrated circuits, 
their work function should also be tunable. In this work, the 
ratio of W/Ta in TaWSiC gates was varied in order to tune 
the work function. While the results indicate a partial trend 
of increasing work function as the ratio of W/Ta is increased, 
data inconsistencies suggest that oxygen contamination 
during processing may have caused unreliable work function 
measurements.

Introduction:
As transistors continue to scale down in size to allow faster, 
denser, and more efficient integrated circuits, polycrystalline 
silicon, traditionally used as the transistor gate material, has 
been replaced by polycrystalline metal. For optimal circuit and 
device performance, the work function of this gate material 
should exhibit minimal variation and be tunable to specific 
values for different applications. However, the work function 
of polycrystalline metal has been shown to vary with grain 
orientation [1]. As gates are scaled down to sizes comparable 
to those of individual grains, the gate work function can vary 
significantly between devices, as illustrated in Figure 1 [2]. 
An amorphous metal, in contrast, avoids this work function 
variation because it lacks grains (Figure 1). 

Figure 1: Illustration of gates on polycrystalline vs. amorphous 
metal. Different shades represent different grain orientations.

Tantalum tungsten silicon carbide (TaWSiC) is an amorphous 
alloy that is thermally stable, making it potentially compatible 
with integrated circuit processing [3]. However, additional 
work is needed to determine whether the work function of 
amorphous TaWSiC gates can be tuned to desired values for 
integrated circuit applications. The work function of an alloy 
depends on the work functions of the constituent metals. Thus, 
it is expected that varying the ratio of W/Ta in TaWSiC would 
allow tuning of its work function. A previous (unpublished) 
investigation by Ouyang suggested a trend of increasing work 
function with increasing tungsten percentage. Here, we report 
on a reinvestigation and extension of that previous study of 
work function tuning in TaWSiC.

Experimental Procedure:
Metal-oxide-semiconductor capacitors were fabricated to 
determine the work function of amorphous TaWSiC gates 
with various W/Ta ratios. Silicon oxide was thermally grown 
on n-doped silicon wafers and wet-etched to form a terrace of 
oxide with thicknesses ranging from 2 nm to 10 nm, followed 
by a 2 nm deposition of hafnium oxide using atomic layer 
deposition. TaWSiC gates 30 nm thick were deposited by co-
sputtering with tantalum, tungsten and silicon carbide targets, 
and the ratio of W/Ta was varied by varying the power to the 
tungsten and tantalum targets. Capacitors 200 µm in diameter 
were patterned using photolithography and annealed in 
forming gas for 30 minutes at 300°C.

The effective work functions of the different gate compositions 
were extracted using the simplified equation in Figure 2, where 
VFB is the flatband voltage, Φms is the difference between the 
work functions of the metal gate and silicon, Q is the fixed 
charge in the oxide, ε is the permittivity of the oxide, and EOT 
is the effective oxide thickness. In order to model a linear 
relationship between VFB and EOT, charges in the oxide were 
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Figure 4: Work functions for various compositions of TaWSiC 
in this work compared with work function values found in 
the previous investigation by Ouyang.

Figure 3: Example plot of VFB vs. EOT; the y-intercept is Φms.

assumed to be constant and evenly distributed. The flatband 
voltages for capacitors of various effective oxide thicknesses 
were determined from capacitance-voltage measurements. 

A graph of VFB vs. EOT was plotted for each composition, 
and a linear fit was used to extract Φms from the y-intercept 
for each graph (Figure 3). The gate work function was then 
calculated from Φms and the work function of the silicon wafer.

Results and Discussion:
Figure 4 displays the work functions for various compositions 
of TaWSiC in this work as well as a comparison with the 
previous investigation by Ouyang. We note that data was 
unable to be obtained for some of the compositions in this 
work due to time constraints.

Both data sets exhibited a partial trend of increasing work 
function as the ratio of W/Ta increased, but this trend was 

inconclusive due to inconsistencies in the data. Both data sets 
contained points that deviated from the trend. Additionally, 
the work function values of this work were shifted down 
from those found in the previous investigation for the same 
compositions. An examination of the calculations behind this 
data suggests that oxygen contamination in the metal gate 
may have contributed to these inconsistencies. Because Q and 
ε from the equation in Figure 2 were held to be constant, we 
expected the slopes of the VFB vs. EOT graphs to be similar for 
all samples, but instead observed significant variation. Work 
by Grubbs has shown that oxygen contamination in tungsten 
gates shifts both the slope of the VFB vs. EOT graph and the 
work function value, suggesting that oxygen contamination 
may explain similar shifts in this work [4].

Future Work:
Future work will focus on the development of simpler 
amorphous gate metals. Amorphous metal gates with fewer 
component elements would potentially be less susceptible 
to the inconsistent work function measurements discussed 
above and more compatible with other integrated circuit 
processing techniques, facilitating eventual implementation 
of amorphous metal gates to reduce work function variation 
in integrated circuits.
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Abstract:
Nanometer sized semiconductors, or quantum dots (QDs) 
are sought after for their size-dependent photoluminescent 
properties. The synthesis of QDs in the past has been by the 
hot solvent injection approach. An alternative to hot solvent 
injection is aerosol route formation, which has the potential 
to be a continuous and large scale QD production method. 
This study focused on; (a) the aerosol route formation of QDs, 
and (b) examination of the effects of the ratio between the 
cadmium (Cd) and selenium (Se) precursors. The first part of 
the study was primarily to create QDs of various sizes with 
emission wavelengths ranging from blue (465 nm) to red (608 
nm) using an aerosol-based synthesis. The second part of the 
study explored the effects of the molar ratio of cadmium 
acetate to Se on particle growing rate and the photoluminescent 
properties. Various molar ratios were tested, 1:5, 1:2, 1:1, 2:1, 
and 5:1, of cadmium acetate to selenium.

Introduction:
Quantum dots (QDs) are desired for their photoluminescent 
properties. By tuning the size of the QDs, the band gap can 
be altered. The specific size of the band gap contributes to a 
certain wavelength of emission. Researches have been able 
to use the very specific emission wavelengths in devices 
such a light emitting diodes as well as in bio-imaging. QDs 
have been attached to certain proteins that attach to tumors 
and then fluoresce under ultra-violet light, which makes the 
tumors visible. 

The most common method used to produce QDs is hot-
solvent injection method. This method injects hot solvent into 
a heated precursor and the amount of time the solvents are 
left in the reaction mixture determines the size of the QD. 
This method is difficult to operate on a large scale. Another 
method for producing QDs is aerosol furnace formation. In 
this method, the precursors are combined into an atomizer 
and sprayed into a tube furnace, which cooks the QDs at a 
specific temperature. The QDs are then collected in a bubbler. 
This method allows for continuous QD production as well as 
scaled-up production. The purpose of this study is to further 
explore the aerosol furnace formation of QDs as well as the 
effect of the molar ratio of Cd to Se.

Experimental Procedure: 
Our procedure was modified from Didenko, et al. [1]. All 
reagents were used as received from Sigma Aldrich. We 
weighed 0.104 grams cadmium acetate dihydrate (Cd(Ac)2) 
reagent grade 98% assay and placed it into 1.92 ml oleic acid 
technical grade 90% assay. Then we heated the solution with 
a heater set to 140°C until the Cd(Ac)2 totally dissolved. A  
10 mL toluene chromasolv reagent 99.9% assay was added 
into the solution, which was then cooled to 40°C with the 
heater set to 30°C. In another container, we weighed 0.192 g  
Se 100 mesh 99.5+% into 1.6 ml trioctylphosphine (TOP) 
technical grade 90% assay. The solution was mixed until the 
Se totally dissolved. 

Once the oleic acid and Cd(Ac)2 solution was cooled, the 
second solution containing Se and TOP was added. The solution 
was shaken well to mix and was added to the atomizer, which 
had a spray with a mean diameter size of ≈ 0.33 µm. Finally,  
15 ml toluene was placed into each bubbler. The temperature 
of the Lindberg/Blue tube furnace was set (see Figure 1). Once 
the furnace reached the desired temperature, the nitrogen gas 
tank was turned on. The pressure before the atomizer was 
set to 40 psi. The vacuum was turned on, and the valve was 
adjusted on the Magnahelic laminar flow meter so the flow 
rate was 0.75 lpm. The reaction was allowed to take place for 
two hours. The vacuum was turned off and then the nitrogen 
gas tank was turned off also. The sample was then collected 
from the bubblers. 

For the second part of the study, the same procedure was 
followed, but the molar ratio of the precursors was altered. 
Four different molar ratios of Cd(Ac) to Se were tested: 1:2, 
1:1, 2:1, and 5:1.

Results and Conclusions: 
From our testing, various-sized QDs were produced by  
aerosol reactor; see Figure 2 (note the full color version on the 
cover). The emission wavelengths of these dots ranged from 
450-608 nm (see Figure 3). QDs with the Cd-to-Se ratio of  
1:1 had minimum reduction in emission intensity and 
wavelength as compared to those with the ratio of 1:5 (see 
Figure 4). 
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The 1:1 ratio may prove to be a viable option for future 
synthesis. The reduced amount of precursor could eliminate 
the need for “washing” of product, which would reduce waste.

Future Work: 
More development is needed to test and improve the QD 
collection efficiency of the system. Further testing is also 
needed to find environmental-friendly solvent(s) for the 
synthesis. At last, testing is necessary to improve the 
purification process to remove excess un-reacted precursors.
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Figure 4: Normalized emission spectra of molar ratio testing.

Figure 1: Experimental set-up as modified from Didenko [1].

Figure 2: Samples ranging in temperature from 220-350 
under UV light (note the full color version on the cover).

Figure 3: Normalized emission spectra of temperature testing.
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Abstract:
As feature sizes continue to decrease, the need for high 
etch-resistance photoresist becomes more apparent. Using 
thin films creates lower aspect ratio patterns and effectively 
prevents pattern collapse. However, due to poor etch-
resistance, achieving deep trenches on thin films can be 
difficult, as one will often etch through the photoresist before 
etching the substrate as desired. A promising potential solution 
lies in inorganic resists. This study looked at one such resist, 
a zirconium oxide (ZrO2) nanoparticle-based resist. These 
zirconium oxide nanoparticles are surrounded by methacrylic 
acid ligands, where the inorganic core has high etch-resistance 
and the photochemical reactions can occur at the organic 
ligands. This project looked at the effects of different lengths 
of oxygen plasma cleaning before etching to see its effects 
on etch-resistance of the nanoparticles in tetraflouromethane 
(CF4) and sulfur hexafluoride (SF6) gases. The oxygen clean 
appears to have little effect on the etch-resistance of the film.

Introduction:
Many processes today implement photolithography to create 
features. This process involves exposing a photo-active 
coating to light in order to create a pattern [1]. The coating 
acts as a protective layer, allowing for etching of the pattern 
into the substrate. These photo-active compounds are the 
source of much research as they can continue to be improved.

One such material is an inorganic complex consisting of 
zirconium-based nanoparticles. These nanoparticles have high 
etch-resistance, a desirable trait when making small features. 
High etch-resistance allows for one to use thinner films, as 
one needs less photoresist (the photoactive compound) during 
the etch phase [2]. Thinner films prevent the patterns from 
failing by avoiding tall and narrow structures that would be 
prone to defects.

This study examined the properties of this complex process. 
In particular, it sought to optimize the etch step of the resist 
by looking at the effects of various oxygen plasma clean times 
on the etch properties of thin films of the particles in CF4 or 
SF6 plasma etches.

Procedure:
The nanoparticles were synthesized and processed according 
to literature [2]. The wafer was exposed to light using the 
ABM contact aligner at the Cornell NanoScale Science and 
Technology Facility (CNF). The wafer was exposed under 
254 nm light using contact lithography.

The wafer was then cut into fragments and exposed to either 
CF4 or SF6 plasmas in the Oxford 81 and PlasmaTherm PT72 
respectively (also at the CNF). The samples were exposed 
for thirty second intervals, up to two and a half minutes. The 
thickness of the remaining films was then measured using 
spectroscopic ellipsometry.

Results and Conclusions:
Figure 1 shows the change in thickness due to the oxygen 
clean. The thickness decreased at an exponential rate. The 
decrease in etch time could represent the oxygen consuming 
all of the organic compounds on the surface of the film and 
then its inability to etch into the zirconium oxide. Further 
study should be done to confirm this theory, looking at the 
composition of the film before and after the etch.

Figure 1: The change in thickness 
as a result of the oxygen clean.
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Figure 2 shows the effects on the film in a CF4 plasma etch. 
Overall, other than a thickness decrease, not much change 
was seen in the etch resistance of the film. Figure 3 shows 
the effects on the film in a SF6 plasma etch. Although, the 
30s etch appeared to have a much faster etch rate, this could 
just be due to artifacts in the data. It does not appear that the 
oxygen clean step had a significant effect on the etch rate. In 
the end, further study should be done to confirm these results 
and help further optimize etching.

Overall, the research proved that the photoresist is for the 
most part unaffected by the oxygen clean in these processes. 
In neither process was a noticeable difference apparent in the 
etch step. The photoresist held up well in both plasma etches, 
giving fairly consistent etch rates. These positive results lend 
evidence to the durability and strength of the resist.
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Figure 2: The results of etch study performed 
in CF4 gas with various O2 clean times.

Figure 3: The results of etch study performed 
in SF6 gas with various O2 clean times.
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Abstract:
Anatase-type titanium dioxide (TiO2) thin films were 
investigated for their application in three dimensional (3D) 
integrated circuit (IC) designs. The TiO2 films were deposited 
using atomic layer deposition (ALD) over other types of 
deposition because it offers both angstrom-order thickness 
resolution and the unique conformal deposition required for 
3D fabrication. TiO2 was deposited with four differing cycles 
resulting in four different thicknesses ranging from 3-7 nm. 
These samples were separately annealed at 300, 400, and 
500°C. Electrical characterization revealed that only the 
500°C fabrication process produced TiO2 usable for effective 
3D integrated circuits.

Introduction:
The nominal feature size of components in integrated circuit 
(IC) technology has decreased drastically over the last several 
decades producing electronics that are increasingly more 
advanced. However, scientists have come to realize that this 
nominal feature size of the components is quickly approaching 
both physical and quantum mechanical limits. The quantum 
mechanical limits arise from electrons tunneling through the 
thin silicon dioxide (SiO2) insulator layer resulting in low 
current. The physical limits arise because the technology 
is approaching thin films that are a single molecule thick. 
To circumvent these limitations, scientists have begun 
researching both materials with a higher dielectric constant 
than SiO2 to limit quantum tunneling, and new IC designs 
involving 3D fabrication of the 
IC components.

One promising 3D fabrication 
technique is the Gate-Last 
process which, as the name 
indicates, deposits the gate on the 
IC component last. This process 
requires that the fabrication 
temperature be less than 500°C 
and have an insulating layer with 
dielectric constant, k, greater than 
30. One material that has been 
investigated by many researchers 

for applications in future IC technology is TiO2, because in its 
rutile phase its dielectric constant is over 20 times larger than 
SiO2. However rutile-type TiO2 only forms at temperatures 
higher than 600°C [1]. The other major polymorph of TiO2 
is the anatase structure, which forms at lower temperatures 
and has a dielectric constant of approximately 30 — making 
it an ideal material for the insulating layer of the Gate-Last 
process. We investigated anatase-type TiO2 as a possible 
high-k insulator for the Gate-Last process by determining its 
dielectric constant at three fabrication temperatures; 300, 400, 
and 500°C. The 500°C case was carried out previously by M. 
Kimura, but the results will be shown here.

We prepared TiO2 films on SiO2/Si samples by ALD, using 
tetrakis(dimethylamino)titanium (TDMAT) and water gas. 
These films were used to construct capacitors with structure 
TaC/TiO2/SiO2/Si with fabrication temperatures of 300, 400, 
and 500°C. Using these capacitors, we studied the relationship 
between TiO2 thickness and fabrication temperature to 
determine how the fabrication temperature affected the 
dielectric constant of TiO2.

Experimental:
TiO2 thin films were deposited onto a SiO2/Si substrate 
using ALD. The ALD process consisted of 50, 66, 83, and 
100 cycles, where one cycle consisted of inflow of TDMAT, 
then argon (Ar) gas, then H2O, and again Ar gas to purge the 

Figure 1: Fabrication specifications and thickness results.
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system before the next cycle. The substrate temperature was 200°C 
and the TDMAT precursor was kept at 100°C for the deposition. Post 
deposition annealing was done under O2 atmosphere with flow rate of 
50 sccm. The temperature was ramped at 10°C up to 300, or 400°C 
and held there for 30 s. The top TaC electrode of the capacitor was 
deposited by sputtering to a thickness of 150 nm. The samples were 
then annealed in a 3%H2/N2 gas to rectify any oxide ion charge.

The film thicknesses were determined by ellipsometry, and the results 
are shown in Figure 1. The electrical properties of the TaC/TiO2/SiO2/
Si capacitors were investigated using high-frequency capacitance-
voltage (C-V) and leakage current-voltage (I-V) measurements. 
High-frequency C-V measurements were executed at 500 kHz 
and the oscillation amplitude was 30 mV. I-V measurements were 
performed using a step voltage sweep with a voltage step of 0.05 V.  
The structure of the TiO2 films was determined previously using 
XRD, by M. Kimura, and is shown in Figure 2.

Results and Discussion:
The XRD data shows how that only the anatase-type TiO2 was 
deposited for all three fabrication temperature. The C-V data in Figure 
3 shows that with a 500°C fabrication temperature, the dielectric 
constant was 34.8, at 400°C the dielectric constant was 22.8, and 
at 300°C the data was too inconsistent for a dielectric constant to 
be determined. Thus, only the 500°C fabrication process produced a 
TiO2 thin film suitable for the 3D Gate-Last process.

We believe that the 300°C and 400°C fabrication temperatures were 
not high enough to reduce the film defects. Further research is needed 
to confirm this hypothesis by characterizing the film quality. We also 
attribute the inconsistent electrical properties of the 300°C fabrication 
process to poor TiO2 film quality.

Conclusions:
TiO2 thin films deposited at 500°C show promise as effective 
insulators for 3D fabrications, whereas the films deposited at 400°C 
and 300°C need to be investigated further, because of their low 
dielectric constant and inconsistent electrical properties. Further 
research is also needed to both characterize the films boundary 
conditions and to determine the film quality before any concrete 
conclusions can be made.
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Abstract:
Since the discovery of carbon nanotubes (CNTs) by Sumio 
Iijima in 1991 [1], they have been of great interest to the 
nanotechnology community. In this work, we explored 
microfluidic drop generators to fabricate CNT microdrops 
with a controlled geometry and fast throughput. On the one 
hand, CNT microdrops were assembled using CNTs water 
suspensions in oil. On the other hand, we explored the 
fabrication of CNT shells according to the Pickering emulsion 
principle. These CNT microdrops were first validated using 
shear mixing in vials and then transferred to microfluidic drop 
generators.

Introduction:
Graphene is a planar sheet of sp2-hybridized carbon atoms in 
a honeycomb structure; and CNTs are essentially graphene 
sheets rolled into cylindrical structures. There are two 
types of CNTs. First, single sheet of graphene rolled in to 
a cylinder is referred to as single-walled carbon nanotubes 
(SWNT), and multiple layers of graphene rolled are known 
as multi-walled carbon nanotubes (MWNT). The diameter of 
CNTs can range from less than 1 nm to more than 100 nm 
depending on the size and number of graphene shells; and 
the length of the nanotubes varies from tens of nanometers up 
to several centimeters, hereby truly bridging nanometer and 
macroscopic length scales [2]. 

CNTs attract interest in the nanotechnology 
community due to their unique characteristics. For 
instance, their mechanical properties include high 
tensile strength (~ 37 GPa), and Young’s modulus 
(1 TPa). The electrical conductivity can be as high 
as 109 A/cm2, and the measured room temperature 
thermal conductivity for an individual MWNT is 
around 3000 W/m•K, which is greater than that of 
natural diamond [3]. 

In this work, we looked into new shaping methods 
of these nanomaterials.

Experimental Procedure:
Materials. CNTs used in this work were MWNTs with the 
diameter of nine nanometers and length of approximately 
0.5 to 3 µm. These were acquired from NanoCyl, product 
type NC7000. Carboxyl functionalized CNT were fabricated 
by hot nitric acid treatment while refluxing at 60°C. CNT-
water suspensions were made by sonication and subsequent 
centrifugation of carboxylic CNTs as well as CNT-surfactant. 
Typically, suspensions of a few weight percent Span 80, SDBS, 
SDS, Tween, and F127, and ABIL were sonicated for a few 
hours at low energy, followed by a one hour centrifugation 
at 5000 g. Also for the continuous phase, various fluids were 
tested including water, mineral oils, and kerosene.

Droplet Formation by Shear Mixing. CNT suspension was 
inserted to a vial containing an oil phase and the vial was 
shaken to generate CNT microdrops. Calibrated microscopes, 
as well as scanning electron microscopy (SEM) was used to 
characterize the droplets.

Droplet Formation by Microfluidic Devices. Glass capillary 
microfluidic devices were fabricated as follows. First, two 
round capillaries were tapered by a micropipette puller. The 
capillary surfaces were treated with n-octadecyltrimethoxyl 
silane, making them hydrophobic, thereby preventing the 
water-based drops to collapse to the glass. Then as shown in 
Figure 1, the tapered capillaries are aligned co-axially and 

Figure 1: A) Microfluidic glass capillary device. 
B) Close up schematic diagram of the device.
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inserted into a square capillary. Epoxy was used to glue them 
together.

Next, plastic syringes containing CNT suspension and the 
continuous oil phase were connected to syringe pumps. The 
pump flowed liquids to the microfluidic device at a constant 
flow rate and therefore, the device made monodispersed CNT 
microdrops. The device was also connected to a hydrophobic 
collection vial for further research. SEM was used to take 
images.

Pickering Emulsions. CNT shells were fabricated based 
on the Pickering emulsion principle. This principle relies 
on particles that sit astride the oil-water interface, to reduce 
the total surface energy. The particle refers to a solid object 
or a small liquid droplet with a size ranging anywhere from 
two nanometers to a few millimeters. In this work, we 
formed hollow particles using carboxyl functionalized CNTs 
adsorbed in a water-cyclohexane interface. This process was 
in accordance with prior work found in literature. Chen, et al., 
prepared CNT microcapsules by using plasma treated CNTs 
and cyclohexane [4].

Results and Conclusions:
As shown in Figure 3, stable CNT microdrops were generated 
using both the shaking and the microfluidic device. Using 
image analysis, the diameter of the drops was determined. 
The diameter distribution of solid CNT microdrops from 
the microfluidic device was concentrated around 100 µm. 
However, the diameter distribution from the shaking method 
ranged from 10 µm to 120 µm. Also, changing the flow rates, 
the diameter of the drops made by the microfluidic device can 
be controlled.

Future Work:
Coalescence was a problem throughout the project. Especially 
the fact that the Pickering emulsion CNT microdrops coalesced 
inside the plastic tubing while traveling to the collection vial. 
Also, the other CNT microdrops coalesced, particularly when 
their diameter exceeded 100 µm. Some approaches to the 
problem this summer were the following; to provide more 
time for stabilization, longer plastic tubing was used in the 
microfluidic device, and also, the tubing was sonicated for 
Pickering emulsions, in accordance to a procedure found in 
literature. Further work is needed in order to stabilize these 
drops.
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Abstract:
Diamond’s high carrier mobility, thermal conductivity, 
and breakdown voltage allow for faster and higher power 
electronic devices than those made of silicon. Growth of thin, 
high quality diamond films has been consistently achievable 
since the 1980’s by chemical vapor deposition (CVD) and 
works best on diamond substrates. However, as diamond 
substrates are expensive and cannot be commercially grown 
large enough for mass production, this project explores silicon 
carbide as an alternative growth substrate. Diamond films 
were grown using hot filament chemical vapor deposition 
(HFCVD) under two filament configurations, with differing 
growth times and carbon-to-hydrogen ratios to determine 
optimal growth conditions. Quality of the diamond films 
was characterized by Raman spectroscopy, scanning electron 
microscopy (SEM), and energy-dispersive x-ray spectroscopy 
(EDS). Hall measurements were performed on selected 
samples to determine the electrical properties of the films. 
Fabrication of Schottky diodes was attempted, but samples 
were too conductive for electronic device applications.

Introduction:
Diamond’s superior carrier mobility, high thermal 
conductivity and high breakdown voltage make it ideal for 
high-speed power transistors. Silicon carbide (SiC) makes 
a good growth substrate for diamond because it also has a 
high thermal conductivity and breakdown voltage, making 
it suitable for use under the same high-power conditions. 
Additionally, SiC wafers can be grown large enough for mass 
production, while diamond substrates cannot [1]. Our project 
focused on growing unintentionally doped layers of diamond 
on semi-insulating SiC.

Experimental Procedure:
To prepare clean substrates, SiC wafers were brushed with soap 
and deionized water, and rinsed with acetone and methanol. 
The samples were then seeded for diamond growth by 
immersion in an equal volume mixture of 5 nm-size diamond 
particle slurry and methanol, and placed in an ultrasonic bath 
for ten minutes. The sonication process scratched up the SiC 
surface and deposited the nano-size diamond particles on the 
surface; both the scratches and particles acted as nucleation 
sites during growth. Six samples of SiC were prepared this 
way, five of the hexagonal 6H polytype and one of the cubic 
3C polytype.

Figure 1, left: Surface of best sample.

Figure 2, above: Raman spectrum of best sample.
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Growth of diamond was achieved in a hot filament chemical 
vapor deposition (HFCVD) reaction chamber. Diatomic 
hydrogen (H2) and methane (CH4) were passed over an 
electrically heated tungsten filament, causing them to react 
and deposit carbon on the surface of the SiC. One 6H sample 
was grown under a configuration of three straight filaments, 
while the remaining four 6H samples and the 3C sample were 
grown under a single, coiled filament configuration. Before 
growth, carburization was performed; a larger concentration 
of methane-to-hydrogen was passed through the chamber at a 
sub-growth temperature to bond carbon atoms to the outside 
of the tungsten filament and thereby prevent contamination 
of the substrate and diamond layer. The carbon ratio was then 
reduced and the filament current increased to achieve the 
desired growth temperature. The coiled filament setup had a 
shutter to protect the substrate from unintentional deposition 
of carbon during the carburization process.

The straight filament sample was grown for eight hours at 
a temperature of 2200°C and a pressure of 30 torr, with a 
1.5% concentration of methane-to-hydrogen. The samples in 
the coiled filament setup were all grown at a temperature of 
2600°C and pressure of 20 torr. Of the 6H samples, we grew 
in a 2% concentration of methane-to-hydrogen for 18 hours, a 
1.5% concentration of methane-to-hydrogen for 21 hours, and 
a 1% concentration of methane-to-hydrogen for 20.5 hours. 
Subsequently, a 6H sample and 3C sample were both grown 
at 2600°C and 20 torr in a 1.5% carbon concentration for a 
short run of 2.25 hours.

Results and Conclusions:
Scanning electron microscope (SEM) images revealed well-
faceted, polycrystalline diamond on all samples. All samples 
exhibited microcrystals of diamond except the 6H and 3C 
grown for 2.25 hours, which exhibited nanocrystals of 
diamond. The 6H 1.5% sample grown under the coil filament 
experienced the highest deposition rate (0.86 µm/hr) and the 
highest purity Raman spectrum; no graphite peak was visible. 
The 6H 2% and 1% samples both experienced film stress. The 
2% sample had almost as high a deposition rate, but with a 
significant graphite peak; the 1% sample had a small graphite 

peak but a low deposition rate. A concentration of 1.5% 
carbon under the coil filament was determined to be the best 
sample.

Hall measurements were performed on the 1.5% 6H sample 
under the straight filament, and the 1.5% and 1% 6H samples 
under the coil filament. Mobility of the straight filament 
sample was 112 cm2/V-s, while the coil filament 1.5% and 1% 
mobilities were 9.28 and 32.34 cm2/V-s, respectively. Carrier 
concentration for the straight filament sample was on the order 
of 1018 cm-3, while for the coil filament samples, it was on the 
order of 1015 cm-3. Schottky diodes were unsuccessful, as all 
metal-diamond contacts were ohmic even without annealing.

Future Work:
The high carrier concentrations indicate unintentional 
dopants; energy dispersive x-ray spectroscopy (EDS) on the 
back of free-standing diamond from the 2% sample revealed 
9% tungsten from the filament. Improving the carburization 
process to reduce the contamination of the substrate will 
decrease the conductivity. Annealing may also reduce bulk 
defects and decrease carrier concentration [2].
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Abstract:
Magnesium (Mg) is the most commonly used acceptor 
dopant in gallium nitride (GaN) devices. Acting as a 
deep acceptor with an activation energy of ~ 200 meV, 
Mg can introduce electrical and optical complications. 
Carbon has been demonstrated to be a possible alter-
native acceptor dopant atom with a lower activation 
energy [1]. Carbon-doped GaN (GaN:C) samples were 
homoepitaxially grown on <10-11> and <10-1-1> planes 
using plasma-assisted molecular beam epitaxy (PAMBE). 
A root mean square (RMS) surface roughness of 0.248 
nm was achieved as verified by atomic force microscopy 
(AFM). There was no apparent crystal degradation from 
carbon doping as demonstrated by full-width half-max 
calculations of x-ray diffraction (XRD) rocking curves. 
Hall Effect and current-voltage measurements were used 
to electrically characterize the samples.

Introduction:

Figure 1: Growth layer(s) on semi-polar GaN substrates. Not to scale.

source that has no significant impact on growth rate and 
crystal quality of GaN material grown by RF-plasma-assisted 
MBE.

Hikosaka, et al. [1], demonstrated p-type conduction in 
GaN:C grown on the <1-101> plane by metal-organic 
vapor phase epitaxy. The hole density within the GaN was 
controllable by varying the carbon precursor flow rates. To 
further investigate the physical and electrical properties of 
carbon-doped material, GaN:C was grown on the <10-11> 
plane using PAMBE in this study.

Experimental Procedure:
PAMBE was used to grow UID GaN, GaN:Mg, and GaN:C 
with CBr4 foreline pressures of 30, 55, and 80 mT on bulk 
semi-polar <10-11> GaN as well as GaN:C with CBr4 foreline 
pressures of 30 and 80 mT on bulk <10-1-1> GaN. Sample 
schematics are shown in Figure 1. 

All GaN samples were grown using a Varian GenII system 
with a substrate temperature of 710°C. “Active” nitrogen 
was provided by a Veeco Uni-bulb nitrogen plasma source 
using RF-plasma power of 300 W and a nitrogen flow rate of 
0.4 sccm. Elemental gallium was introduced via a standard 
SUMO effusion cell. These conditions correspond to a growth 
rate of ~ 8 nm/min.

GaN is a wide band-gap III/V semiconductor material that 
is used in many short-wavelength emitting devices. Through 
its alloys, GaN devices are able to function over the entire 
visible spectrum. GaN has a wurtzite crystal structure lacking 
inversion symmetry; therefore, polar, non-polar, and semi-
polar planes are available for growth. Much research has 
dealt with growth on the polar <0001> plane. This project 
examined growth on the semi-polar <10-11> plane.

To obtain electrically-conducting, extrinsic semiconductor 
material, impurities are placed into the semiconductor. When 
an acceptor atom takes an electron from a valence band shell, 
holes are produced. When holes are the majority carrier, the 
material is said to be p-type. Magnesium is commonly used 
as the acceptor dopant in GaN material. Because magnesium 
is a deep acceptor with a relatively high activation energy of ~ 
200 meV, only ~ 1% of the impurities are ionized. An increase 
in doping is necessary to obtain desirable hole concentrations; 
this increase leads to additional imperfections. Carbon has 
been predicted to be an alternative to magnesium [2]. Green, 
et al. [3], showed that, while being the primary dopant, carbon 
will incorporate and self-compensate on the <0001> plane 
[3]. It was also demonstrated that CBr4 is an effective carbon 
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AFM images were taken using a Veeco Dimension 
3000/3100 scanning probe microscope to measure surface 
morphology and roughness. XRD measurements were 
taken using a PANalytical X’Pert PRO MRD high-
resolution x-ray diffractometer to observe crystal quality. 
Hall effect measurements were taken on mesa-isolated 
photolithographically-defined metal contacts on a Van der 
Pauw pattern as shown in Figure 2. Al/Au contacts were 
deposited on UID GaN samples while Pd/Au contacts were 
deposited on all other samples.

Results and Conclusions:
Visible step-edges in the AFM images of all samples indicate 
good step-flow growth, as seen in Figure 3. As CBr4 foreline 
pressure increased, surface roughness decreased. The average 
RMS surface roughness of GaN:C samples was calculated to 
be 0.248 nm, indicating atomically smooth surfaces. Samples 
grown on <10-1-1> were 47% smoother than those grown on 
<10-11>. Full-width half-max (FWHM) calculations of the 
XRD rocking curves were all within one standard deviation 
of the average FWHM except one, suggesting no significant 
crystal degradation due to carbon incorporation, as shown in 
Figure 4. 

The single outlier was the sample grown on <10-1-1> with 
the highest CBr4 foreline pressure of 80 mT with a FWHM 
of more than one standard deviation smaller than the average. 
This result suggests that with increasing CBr4, there is 
improvement of crystal quality on <10-1-1>.

Hall effect measurements were inconclusive due to Schottky 
behavior of the metal contacts; however, current-voltage 
measurements taken from contacts on top of the mesa to the 
substrate at the base of the mesa suggest rectifying p-n diode 
type behavior. As the substrate is n-type material, the growth 
layer is subsequently suggested to have p-type behavior.

Future Work:
The growth layer should be better isolated from the substrate 
to avoid carrier leakage and help generate conclusive Hall 
effect measurements. Better electrical characterization will 
confirm that the <10-11> and <10-1-1> planes generates 
higher carrier ionization via carbon doping.
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Figure 4: Normalized Omega-2 Theta x-ray diffraction rocking 
curves. Pre-grown <10-11> GaN represented in bold. Second peak 
seen in <10-11> GaN:C 80 mT samples.

Figure 2: Four Hall probes on Van der Pauw patterned mesa-isolated 
photolithographically-defined contacts.

Figure 3: Approximately one micron AFM images. a,b,c. <10-11> 
GaN:C. d,f. <10-1-1> GaN:C. e. Evident step-flow growth of GaN:Mg. 
a,d / b / c,f. CBr4 foreline pressure of 30, 55, 80 mT, respectively.




