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Abstract and Introduction:
Photonic biosensors allow for precise, real-time, and 
label-free detection of biomolecules by using micro-ring 
resonators, which are ring-shaped waveguides that permit 
different frequencies of light to resonate, as a function of the 
concentration of target molecules near the biosensor surface 
[1, 2]. The localization of target molecules to the surface 
occurs through a biochemical bond; in this case, that bond 
was between target toxin proteins and carbohydrate glycans, 
which were attached to the surface using a glutaraldeyde-
based surface treatment [3].

The focus of this project was to optimize the delivery of glycans 
and toxins to the surface of the biosensor with high resolution 
and high throughput, while fabricating the biosensor to be 
reusable and have the ability to multiplex, or detect multiple 
toxins at the same time. In order to fabricate a multiplexing 
biosensor, different glycans needed to be dispensed on the 
various micro-ring resonators on the biosensor surface. 
Therefore, a system of microfluidic channels was printed, 
allowing users to dispense solutions with high throughput. 
In order to increase resolution and reduce droplet size, an 
intermediate layer of 15-micron parylene was deposited 
above the microfluidic channels for delivering reagents, in a 
process known as “print-and-peel” [4]. It was shown that a 
system of channels to deliver glycans could be patterned on 
top of this parylene, and could be peeled off mechanically 
along with the parylene, making the biosensors reusable. 

Finally, contact angle measurement revealed the need 
for a pumping mechanism, so a cladding layer of poly-
dimethylsiloxane (PDMS) was activated with ultraviolet 
ozone treatment, bonded to the microfluidic channels, and 
tested for leaks. Successful demonstrations of these surface 
components have paved the way for the fabrication of a 
complete biosensor that can be effectively used to detect 
toxins.

Experimental Procedure:
In order create a system of microfluidic channels, 15-micron 
series 2000 SU-8 photoresist was spin-coated onto a test 
silicon wafer. The photoresist was then exposed at a dosage 
of 140 mJ/cm2. While this was sufficient to create channels 

Figure 1, top: In the print-and-peel method, parylene 
(patterned) is etched, solutions (hemispheres)  
are dispensed, and parylene is then peeled.

Figure 2, bottom: Schematic of the final surface  
layers on the biosensor.

in photoresist, in order to test the print-and-peel method, 
a 15-micron layer of parylene was deposited, using the 
Specialty Coating Systems Parylene Labcoater, on top of 
the photoresist. In some samples, a release agent (2% micro-
clean) was first lightly swabbed to facilitate the eventual 
parylene peeling. 

The parylene was then coated with another layer of the same 
SU-8, which, however, needed to be exposed at 210 mJ/cm2. 
This created successive layers of SU-8, separated by parylene, 
which could be mechanically peeled off, allowing reusability 
and even higher resolution (see Figure 1). 
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In addition, after the wafer was treated with glutaraldehyde (in 
order to bind glycans to the surface), the surface wettability 
was characterized using a contact angle goniometer. The need 
for a pumping mechanism was realized, and, in order to pump 
into the SU-8 channel, a layer of 2% hydrogen silsesquioxane 
(HSQ) was spin-coated on the parylene. 

Then, on some samples, the HSQ surface and the layer of 
PDMS were activated with an ultraviolet ozone treatment for 
two minutes, and then, the two surfaces were mechanically 
bonded. The PDMS served as a cladding layer through which 
solutions could be pumped into the microfluidic channels (see 
Figure 2).

Results and Conclusions:
After the system of SU-8 microfluidic channels had been 
created and coated with parylene, which was itself coated 

with SU-8, the peeling-off of parylene was attempted. In 
order to facilitate this peeling-off, some SU-8-coated samples 
had been swabbed with 2% micro-clean. It was found that 
100% of the samples swabbed with the micro-clean peeled off 
(see Figure 3), while only 50% of the non-swabbed samples 
peeled off, and in the latter case, the peeling often resulted in 
lower-quality channels in the lower layer of SU-8. 

At the same time, it was found that the glutaraldehyde-based 
protocol for binding glycans increased the contact angle 
of water on the wafer from 52.0° to 68.1°. This increase in 
hydrophobicity suggested that treated microfluidic channels 
would be unable to carry solutions on their own; thus, a 
pumping mechanism was created by cladding the channels 
with PDMS (with a thin layer of HSQ in between to facilitate 
bonding), permitting a syringe to pump solutions through the 
microfluidic channels. Because this resulted in significant 
leakage, in some samples, the HSQ-coated channels and 
PDMS were both activated. It was empirically found that a 
two-minute ozone activation resulted in the strongest bond 
and the least leakage (see Figure 4).

Several aspects of reagent delivery have been demonstrated 
and optimized over the course of this project. As these 
components are perfected, the fabrication of a toxin-detecting 
photonic biosensor becomes more possible, allowing for 
efficient detection of glycan-binding toxins, such as ricin and 
the cholera toxin B, which endanger many human populations.
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Abstract and Introduction:
A key advantage of silicon heterojunction 
photovoltaic cells over conventional cells is that 
they have potentially higher efficiencies [1]. 
They can be made using remote plasma chemical 
vapor deposition (RPCVD), a low temperature 
process that prevents carrier lifetime degradation 
and thus improves open-circuit voltage (Voc) [2]. 
Both single (SHJ) and dual (DHJ) heterojunction 
cells were fabricated by depositing a-Si:H onto 
n-type silicon wafers using RPCVD. SHJ cells 
were fabricated with and without intrinsic silicon 
“i-layers,” and with different thicknesses of 
p-doped a-Si:H at the front. 

According to I-V testing, the SHJ cells with an 
i-layer produced a higher Voc than those without 
one, suggesting the i-layer aids in passivation. 
Thicker p-doped layers resulted in lower short-
circuit current density (Jsc), due to absorption in 
the p-doped layer reducing quantum efficiency 
at short wavelengths. DHJ cells were fabricated 
with varying back surface field (BSF) layer 
thicknesses. A 30 nm BSF layer produced a 
similar Voc and Jsc to one of 20 nm, indicating that 
thicker BSF layers do not significantly reduce 
back surface recombination. The SHJ and DHJ 
cells showed similar efficiencies (~15%). This 
may be due to non-optimized doping of the BSF 
layer in the DHJ cells, or their lack of an i-layer 
leading to lower quantum efficiency.

Experimental Procedure:
Three SHJ and two DHJ cells were fabricated using RPCVD. 
Schematic diagrams of these cells are given in Figure 1. The 
SHJ cells were constructed with and without intrinsic a-Si:H 
i-layers, and with different thicknesses of p+doped a-Si:H at 
the front. The DHJ cells were fabricated with varying back 
surface field (BSF) n+doped a-Si:H layer thicknesses. The 
doping concentration of the p-doped and n-doped a-Si:H 
layers was held constant for all cells through constancy of the 

Figure 1: Schematic diagram for SHJ (left) and DHJ (right) cells.

Figure 2: Physical and electrical measurements of fabricated cells.

relevant RPCVD parameters. I-layers were not incorporated 
into the DHJ cells due to time constraints; the effect of the 
i-layer on PV cell characteristics was studied solely through 
the SHJ cells. Physical characteristics of the five cells are 
shown in Figure 2. All cells were metalized with nickel at 
the back and screen printed with silver paste at the front to 
improve electrical contact.
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Results and Discussion:
I-V and effective quantum efficiency testing was conducted 
on the cells. The I-V data for all the cells is shown in Figure 
2. The effective quantum efficiency (EQE) between the 
wavelengths of 300 and 1200 nm is plotted in Figure 3 for 
SHJ cells and Figure 4 for DHJ. One notable result of this data 
is that both DHJ cells performed similarly in the EQE tests. 
The Voc and Jsc of both cells were comparable as well (Figure 
2). It can thus be concluded that having a thicker BSF than  
20 nm does not significantly reduce back surface recombin-
ation in DHJ cells.

In SHJ cells, the Voc of the cells with an i-layer was slightly 
higher (~ 5 mV) than that of the cell without it. This shows 
that the presence of an i-layer aids in the prevention of front 
surface recombination. However, the Voc of the sample with 
the 7 nm i-layer had the same Voc as the one with the 6 nm 
i-layer, possibly indicating that 6 nm of a-Si:H provides 
sufficient passivation. 

In terms of current, the cell with the thinnest front p+doped 
layer clearly displayed the best Jsc. The explanation for this 
becomes clearer upon viewing Figure 3 and comparing the 
EQE curves for 718-2 and 719-2. The cell with the thinner 
front p-layer (718-2) exhibits significantly higher quantum 
efficiency at the lower wavelengths (< 700 nm). Thus, it seems 
that the thicker front p-layer of 719-2 was absorbing more 
light at short wavelengths, which leads to lower generation of 
effective charge carriers. It can be concluded that an overly 
thick a-Si:H layer at the front junction leads to reduced EQE 
at short wavelengths, and therefore adversely affects current.

Future Work:
When comparing SHJ and DHJ cells, the efficiency for both 
types is around 15%, depending on the various parameters. At 
first glance, it does not seem like the DHJ cells perform any 
better than the SHJ. However, it is worth noting that the DHJ 
cells were done without i-layers, which could have increased 
Voc and efficiency like they did for the SHJ cells. Also, the 
doping concentration of the BSF layer in the DHJ cells may 
not be optimal. Future experiments with DHJ cells will be 
conducted with the i-layer thickness and BSF layer doping 
concentration as variables. Finally, texturing the surface of 
PV cells helps efficiency by reducing surface reflections and 
trapping light inside the cells for longer, leading to more 
generated carriers and higher current [3]. Texturing was 
omitted for the sake of time in this brief study, but can be 
performed to achieve higher efficiencies on future cells.
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Figure 4: Quantum efficiency graph of DHJ cells.

Figure 3: Quantum efficiency graph of SHJ cells.
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Abstract and Introduction:
There are currently no electrically-pumped semiconductor 
lasers that can operate in the 1-5 terahertz (THz) spectral range 
at room temperature. An alternative method of producing 
room temperature THz light is based on intra-cavity difference 
frequency generation (DFG) in dual wavelength mid-infrared 
quantum cascade lasers. Our THz DFG sources can provide 
tunable output of over 20 microwatts in the 1-5 THz range at 
room temperature. However, for these devices an estimated 
30% of the THz radiation is reflected back into the laser 
from the emission surface. A schematic is shown in Figure 1. 
Single-layer anti-reflective (AR) coatings were investigated 
as a method for improving the power output by reducing these 
reflection losses.

Experimental Procedure:
Mathematica was used to simulate the transmission of 
several different AR coatings using Equation 1 [1]. For a 
single coating, the appropriate layer thickness is given as  

Equation 1:
n = refractive index of AR coating d = coating thickness
ns = refractive index of substrate T = transmitted intensity

d = lTHz/4nAR, where nAR is the refractive index of the AR 
coating materials and is also the geometric mean of the 
substrate and air refractive indices. 

For our devices, the THz emission was traveling from an 
indium phosphide (InP) substrate (n ≈ 3.6) into air (n ≈ 1), 
yielding an ideal refractive index of 1.91 for an AR coating 
in the 1-5 THz range. Silicon dioxide (SiO2) was used for 
AR coatings because of its near-ideal refractive index (nSiO2

 = 
2.00) and low absorption losses in the THz [2]. Parylene and 
Pyrex® were also considered, but discarded due to equipment 
constraints. 

To test the coating, SiO2 was applied to bare high-resistivity 
InP (HR-InP) and high-resistivity silicon (HR-Si) wafers. 
High-resistivity wafers were chosen to reduce the THz 
transmission loss due to free carrier absorption. Silicon wafers 
were used because of their availability and ideal dielectric 
properties (low absorption loss and a refractive index close to 
that of InP, nSi = 3.50.)

Two methods were used to deposit SiO2. The primary 
deposition method used was electron beam (e-beam) 
evaporation. The e-beam system allowed for precise layer 
thickness control. A 6.9 µm layer of SiO2 was deposited at 
70°C and a maximum rate of 6 Å/s onto both HR-Si and 
HR-InP wafers. The layer thickness was monitored during 
deposition with a crystal quartz oscillator and confirmed 
using a Veeco Dektak 150 profilometer. SiO2 began flaking 
off of the InP sample immediately after deposition, making 
accurate measurement impossible. A Bruker Vertex 70 Fourier 
transform infrared spectrometer (FTIR) was used to measure 
the transmission spectrum of the samples before and after the 
application of AR coatings. The results for HR-Si samples are 
shown in Figure 2.

Plasma-enhanced chemical vapor deposition (PECVD) was 
another technique used to deposit SiO2. PECVD can achieve 
very high growth rates (~ 1 µm/hr) at the expense of lower 
thickness uniformity. A 5.9 µm layer of SiO2 was deposited at 
200°C onto both HR-InP and HR-Si wafers. Post-deposition 
profilometry was used to measure the film thickness. 
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As in the case with e-beam deposition, the SiO2 film did 
not adhere well to the InP sample and flaked off easily. A 
substantial amount (~ 500 nm) of bowing was also observed 
in the coated HR-Si wafers. FTIR spectrometry was used to 
compare the transmission spectra of the Si wafer before and 
after deposition. The results are compared to the simulated 
transmission in Figure 3.

Results and Conclusions:
For both PECVD and e-beam evaporation, the actual 
transmission of THz light was significantly less than theory 
predicted. In each case, the addition of an SiO2 AR coating 
did not increase the transmission of THz light for any of the 
measured frequencies. The absorption losses of the e-beam 
deposition were consistently 5% higher than those of the 
PECVD samples. We suspect that the high absorption of 
the AR coating overcompensated for any improvement in 
the transmission. The trend in the post-coating transmission 
spectrum for both cases suggests that the AR coating improved 
transmission for some frequencies relative to others. However, 
without knowing exactly the absorption characteristics of 

SiO2 in these frequencies, we cannot conclude that the AR 
coating truly decreased the amount of light reflected.

For both deposition methods, the poor adhesion of SiO2 to the 
InP samples and the observed bowing on the Si samples could 
be due to the difference in the thermal expansion between 
the SiO2 and InP. A large difference would cause a buildup of 
stress in the SiO2 film and cracks could form if the stress goes 
beyond a critical threshold. To account for the discrepancy 
between the two methods, we suspect several factors. 

First, the higher temperature deposition via PECVD likely 
produced a more uniform layer than the lower temperature 
e-beam deposition. Second, the e-beam deposition took place 
over several sessions, which might have created several 
distinct layers, leading to losses between each layer. It is also 
possible that contaminants from the deposition chamber or 
other samples might have been in the SiO2 target used for 
E-beam deposition. 

We also suspect that the literature values of the real and 
imaginary parts of the refractive index for SiO2 were 
significantly different from those in our materials. The 
dielectric properties of SiO2 depend heavily on the deposition 
methods used; it is likely that the literature values for 
amorphous material were not accurate for E-beam and 
PECVD deposited material. This error would likely have 
shifted the predicted peak in transmission, possibly even 
beyond the measurement range of our FTIR spectrometer.

Future Work:
For future progress, Parylene-C will be investigated as an 
alternative to SiO2. Parylene has a well-developed deposition 
process and would eliminate much of the variability present in 
working with SiO2. An ion source assisted e-beam deposition 
might also give a lower-absorption AR coating.
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Introduction:
Light has three main components—intensity, wavelength, 
and polarization. Intensity and wavelength can be detected by 
the human eye; however, polarization cannot. This is because 
polarization is the orientation at which the wave travels 
forwards in space. Polarization can be manipulated using 
optical filters, such as using aluminum nanowires (Al NWs) 
oriented in 45° angles to each other. When polarized light is 
shown on these filters, areas of the filters appear dark and 
others appear bright. This is because the angle of polarization 
at the dark areas is perpendicular to the angle of the array; 

Table: Photoresist recipes using contact photolithography to produce squares.

therefore, the light is blocked. The array in the light areas is 
parallel to the angle of the light’s polarization.

Our lab this summer was fabricating arrays of micron squares 
using contact photolithography in order to further study the 
crosstalk effect between pixels. Contact photolithography is 
achieved by printing an image on a substrate by the use of a 
photomask and ultraviolet light. After the array is complete, 
photos are taken using an optical microscope. The samples 
are then subjected to a reactive ion etch using various gases 
to etch through the photoresist, silicon dioxide, aluminum 

oxide layers and partially through an 
aluminum layer. More pictures are 
taken to verify the shape. 

We attained squares from 3 × 3 µm to 
7 × 7 µm. These arrays will further be 
used to measure the crosstalk effect 
between a pixel and the neighboring 
pixels.

Experimental Procedure:
The process used was contact 
photolithography, which re-
quired many different steps. The 
ob jective was to optimize each  
photoresist’s recipe to pro duce 
the most replicable and accurate 
square results. First, the sample was 
coated with a photoresist—a UV 
light sensitive material [1]. Next the 
sample followed the processes listed 
in Table 1, depending on the type of 
photoresist being used.

Results and Conclusions:
The photoresists used during contact 
photolithography each gave a 
significantly dif ferent result even 
after try ing to optimize exposure, 
baking, and development times.
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The AZ 5214, as a negative photoresist, produced the least effective 
results. In Figure 1, it is evident that the 7 × 7 µm square is a four-
pointed star. We speculate that perhaps the photoresist was over-
developed because a small square is seen within the center of the star 
with the points radiating from the sides of the square figure.

The next photoresist was SU-8 2, which produced diamond figures for 
all squares ranging from 3 × 3 to 7 × 7 µm, as seen in Figure 2. This 
photoresist was optimized up to a 50 minute pre- and post-bake time 
combined. This, however, did not improve the efficiency as projected. 
We assume that this photoresist cannot achieve such features on a 
micron or nano scale.

The photoresist that was the most successful was the positive S1805. 
This still fabricated a failed result of octagons as seen in Figure 3. 
Changing the bake time, as in the past two photoresists, did not affect 
the outcome we achieved, leading us to conclude that this photoresist 
cannot perfectly attain the squares we require.

Electron beam lithography obtained the most successful squares as 
seen in Figure 4. This process had the greatest success and precision, 
but it increased the cost of the mask produced.

Our lab concluded that the photoresists may be causing the shape 
formation; however, after more study we deduced that the samples we 
were creating contained a thicker layer of photoresist around the edges; 
edge beads. This phenomenon caused problems in the subsequent steps 
and was probably the reason our shapes were not squares.

Future Work:
The next process for the experiment is to attach the pixel mask array 
to a photodiode. This will allow the team to block a pixel and measure 
the overall crosstalk effect by quantifying how many photons have 
left neighboring pixels to enter the blocked pixel. When the crosstalk 
effect is fully understood, the lab will be able to correct for this shift in 
photons when using the polarization camera. This camera will then be 
used further in the imaging of cancerous cells which emit a polarized 
light versus normal non-cancerous cells that emit no polarization 
characteristics.
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Figure 1: AZ 5214, a negative photoresist, produced a four-pointed star.
Figure 2: SU-8 2 produced diamond figures for all squares ranging  
from 3 × 3 to 7 × 7 µm.
Figure 3: Positive S1805 photoresist was the most successful,  
but still fabricated a failed result of octagons.
Figure 4: Electron beam lithography obtained the most  
successful squares with the greatest success and precision.
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Abstract and Introduction:
The rapid development of telecommunications infrastructure 
in developing nations, the advent of high-speed cellular data 
networks and the recent popularization of cloud computing 
continue to drive demand for more robust and energy efficient 
data networks. The dominant source of power utilization 
in these networks is the electrical interconnect due to the 
high energy cost of moving data between the computing 
and communication blocks. Losses inherent in electrical 
interconnections between computing and telecommunications 
infrastructure may be mitigated by utilizing optical inter-
connects instead. 

In recent decades, many electronic-photonic integration 
techniques have been explored, however, a process that is truly 
compatible with complementary metal-oxide-semiconductor 
(CMOS) technology has yet to be developed.

In this work, a novel integration technique that circumvents 
most of the difficulties faced by existing methods is presented. 
It allows for the integration of CMOS dies into silicon 
photonic substrates. The process is based on the creation 
of a chip-specific imprinted hard mask utilizing localized 
polymerization of a heat-curable poly(dimethylsiloxane) 
(PDMS) elastomer, which allows for the embedment of 
multiple dies into a single mask. Localized polymerization 
around individual dies is performed by the independent 
temperature control of the arm and stage of a flip-chip bonder. 
The masked substrate is then subjected to a series of reactive 
ion etching steps in order to create chip-specific cavities with 
length and width dimensional tolerances of less than 10 µm, 
enabling close integration of the CMOS die and photonics 
substrate.

Experimental Procedure:
In order to examine potential changes in the electrical 
characteristics of integrated dies, dies patterned with series 
and parallel RLC oscillator circuit designs were created via 
traditional contact photolithography, metallization, lift-off, 
and dicing techniques. Each die measured 1.5 mm long by 
1.5 mm wide.

The procedure for the integration technique executed was as 
follows:

A passive silicon photonics substrate (optical substrate) 
containing silicon waveguides cladded by layers of silicon 
dioxide (SiO2) was bonded to a Si carrier substrate using 
photoresist as an adhesive. Dow Corning Sylgard® 184 
PDMS elastomer was mixed in a 6:1 base-to-curing agent 
weight ratio and spin-coated onto the optical substrate. The 
optical substrate was then placed onto the stage of a flip-chip 
bonder, which was kept cool to prevent polymerization of the 
entire surface coating. A die was picked up by the arm and tip 
of the flip-chip bonder, properly positioned over the optical 
substrate, and pressed into the prepolymer. Heating of the die 
by the arm initiated polymerization in the area immediately 
surrounding the die. Following the heating period, the arm 
was allowed to cool. Prior to liftoff of the arm, air was 
discharged through the tip for 800 µs to aid in the release 
of the die. Detailed flip-chip bonder temperature and applied 
force parameters are shown in Figure 1.

Figure 1: Flip-chip bonder temperature and applied force profile.
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Following die embedment, the optical substrate was baked 
at 110°C for 10 minutes to cure the entirety of the elastomer 
mix atop the substrate. Afterwards, the die was removed 
from the mask, and residual PDMS that remained underneath 
it was removed via reactive ion etching (RIE). Inductively 
coupled plasma (ICP) RIE was used to remove the waveguide 
cladding layers. Bosch process deep RIE was employed 
to etch through the silicon waveguide core and the optical 
substrate base. The bulk of the remaining PDMS hard mask 
was removed manually, and the optical substrate was freed 
from the carrier. Residual PDMS was removed via reaction 
with tetra-n-butylammonium fluoride in a solution prepared 
as described by Balakrisnan, et al. [1].

The optical substrate was bonded upside down to a carrier 
substrate, and the die was fitted into the etched cavity. 
Backside planarization and filling of the gaps between the 
integrated die and the cavity walls was accomplished by spin-
coating Filmtronics Incorporated 500F spin-on glass (SOG) 
onto the backside of the optical substrate. The SOG was 
soft-baked sequentially at 95°C, 175°C, and 200°C for two 
minutes per temperature. A total of three layers of SOG were 
applied in this manner.

Results and Conclusions:
Two optical substrates are shown in Figure 2. For a sense of 
scale, the die measures approximately 1550 µm by 1550 µm. 
The largest die-to-wall gap is approximately 15 µm wide, 
significantly larger than the smallest gap achieved in other 
samples created via the employed integration technique and 
similar methods [2]. This discrepancy is likely the result 
of distortion of the mask upon removal of the die prior to 
the etching procedure, and can be easily minimized with 
increased caution during die removal.

Future Work:
Planarization of the upper surface of the optical substrate could 
not to be carried out due to time constraints. However, this can 
be achieved by plasma-enhanced chemical vapor deposition 
of a layer of SiO2, which can then be polished flat via chemical 
mechanical polishing. Traditional photolithographic and ICP 
RIE processes can then be employed to pattern and etch through 
the upper SiO2 layer to uncover metal contacts atop integrated 
dies and the optical substrate. Standard metallization and lift-
off techniques can then be used to deposit a top metallization 
layer to establish electrical connections between integrated 
CMOS dies and optoelectronic devices, thus enabling the 
creation of electronic-photonic integrated circuits.
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Figure 2: Vacant through-substrate cavity (left) and integrated RLC circuit die (right).
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Abstract:
Microring resonators in silicon photonic circuits 
have, for the first time, been fabricated using 
equipment at the University of Colorado, 
Boulder. The fabricated rings have a free spectral 
range of 2.8 THz, and a quality (Q) factor of up 
to 31,000 has been observed.

Introduction:
Silicon (Si) photonics is an emerging technology 
that promises to allow for control of light on a 
compact chip analogously to how silicon micro-
electronics manipulates electricity. Si photonics 
may save the continued Moore’s Law scaling 
of microelectronics by providing a solution to 
the energy efficiency problem faced by today’s 
microelectronics. It will also potentially allow 
many table-top optical systems to be condensed 
onto a single chip. Microring resonators are 
ring-shaped, closed-loop optical waveguides 
with a radius on the order of a micron, which 
are capable of selecting a narrow frequency 
band of light from a spectrum. They work by 
being placed near a waveguide and coupling to 
the evanescent field. The light travels around the ring, and 
if an integer multiple of the wavelength is the same as the 
circumference of the ring, constructive interference occurs, 
while other wavelengths destructively interfere. The narrow 
resonant band is either transferred to another waveguide 
or lost to absorption and scattering while the remaining 
spectrum continues on the original path. This selectivity 
property causes microring resonators to be of interest to 
the telecom industry, where resonant microrings can be 
used as filters in wavelength-division multiplexed (WDM) 
communication systems. The project focus was to fabricate 
devices that incorporate microring resonators via electron 
beam lithography, and to characterize their optical frequency 
response, including bandwidth, quality factor (Q) and free 
spectral range (FSR).

Experimental Procedure:
The fabrication process of the devices began by spinning an  
~ 150 nm thick layer of the polymer poly(methyl methacrylate) 
(PMMA) onto a silicon-on-oxide chip. The chip was placed 
inside a scanning electron microscope (SEM) that interfaces 
with the pattern layout program DesignCAD to cause the 
beam of electrons to write any desired shape using any dose 
of charge per area. 

PMMA is normally used as a positive electron beam resist in 
the 100s of µC/cm2 regime, but when the dose is increased to 
10,000 or more µC/cm2, the polymer cross-links where the 
pattern is written, causing the resist to become negative, which 
was desirable for the relatively long and narrow structures we 
were interested in fabricating (see Figure 1). 

Figure 1: Scanning electron microscope image of the devices that were 
fabricated and tested. Light enters through the grating on the left side and 
comes out through one of the two gratings on the right side. From left to right, 
the three rings have coupling distances of 200, 350, and 500 nm. The rings have 
an outer radius of 5 µm and an inner radius of 2 µm.
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We then developed the sample in acetone for 40 seconds and 
used a reactive ion etching (RIE) process to etch all the way 
through the 220 nm thick Si layer to the oxide layer below.

Results and Conclusions:
A fiber laser was coupled into the left grating and out from 
the bottom right grating. The light coupled back into the laser 
was measured against the total power output of the laser to 
provide a measurement of the power extinction. The laser was 
swept from 1500 to 1620 nm in increments of 5 pm to obtain 
the plot shown in Figure 2. Each downward spike happened 
at a resonance where the rings removed light from the original 
waveguide and either transmitted it to another waveguide or 
lost it to radiation or absorption. The spectrum was fairly 
complicated by virtue of having three rings of differing 
coupling distances and also due to the fact that the rings 
were 3 µm wide and therefore capable of supporting multiple 
modes. There appeared to be two separate sets of resonances 
that each had a free spectral range of 2.8 THz.

A close-up view (Figure 3) revealed an additional structure 
present in the resonances. Namely, it was apparent that there 
were secondary and tertiary resonances that occurred in the 
vicinity of the central spike and that the central spike seemed 
to be made up of two closely-spaced resonances. It was likely 
that the secondary and tertiary resonances were higher-radial-
order modes allowed by the large width of the rings.

The two closely spaced resonances are called doublets and are 
due to the breaking of degeneracy of clockwise and counter-
clockwise propagating modes caused by imperfections in the 
rings, which break the rotational symmetry. However, there 
was not sufficient time for complete characterization of all 
modes in the spectrum. We did however measure the width 
of the central peak at the 3 dB point to be 50 pm and since 
it was centered at 1571.9 nm, it had a Q factor of 31,000, 
which was not much larger than the Q factor found in the 
other resonances.

In summary, fabrication of silicon photonic devices is now 
possible at the University of Colorado Boulder, and these 
devices have demonstrated a Q factor of 31,000. 
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Figure 3: Zoomed in view of the resonance centered near 1572 nm. 
Secondary and tertiary resonances can be seen on either side of 
the central spike, which itself seems to be made up of two closely-
spaced resonances.

Figure 2: Spectrum sweep from 1500 to 1620 nm showing the 
resonance spikes due to the rings. Note that the y-axis is a dB scale.
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Abstract:
Silicon photonic devices have a broad 
range of uses, from chemical sensors 
to filters and modulators integrated 
with complementary metal oxide semi-
conductor (CMOS) microelectronics. As 
a result, these devices have applications 
that include future microprocessors, 
signal processing, biomedical devices, 
tele communications, and more. A major 
drawback of silicon (Si) photonics is 
the sensitivity to device dimensions. 
Changing the width of a ring resonator 
by as little as a single atomic lattice will 
shift the resonant frequency by several 
gigahertz (GHz). This level of dimensional 
control is impossible in fabrication, so it 
is necessary to actively tune devices for 
operation. Because Si has a high thermo-
optic coefficient, microheaters can be used 
to efficiently tune Si photonic devices and 
change their behavior. In this work, chromium microheaters 
were fabricated on top of a 1 µm-thick oxide cladding layer 
above microring resonators using photolithography and lift-
off. Using a proportional-integral-derivative (PID) con  troller, 
the heaters were programmed to dissipate constant power 
over the rings and change their resonant frequencies. Robust 
heaters were demonstrated with a tuning ability of a full free 
spectral range and up to 60 GHz/mW.

Introduction:
Microring resonators are Si photonic devices that act as filters. 
These devices drop light of a certain frequency, the resonant 
frequency of the ring, from a waveguide. The resonant 
frequency of the rings depends on the geometry of the rings as 
well as the index of refraction of Si. Because silicon’s index of 
refraction depends on temperature, microheaters can actively 
change the resonant frequency of microring resonators. It is 
of interest to produce power-efficient tuning, i.e. produce as 
large a wavelength tuning as possible with a given amount of 

dissipated power, which is possible in Si photonics because 
of the large thermo-optic coefficient of Si, and the micron-
scale size of the devices that need to be heated to a high temp-
erature. 

The goal of this project was to fabricate microheaters and 
demonstrate thermal tuning of microring resonators.

Methods:
A metal had to be chosen before the dimensions of the heaters 
were determined. The candidates were titanium and chromium 
because they are affordable metals with high resistivity. 

Figure 1, above: Cross section of the 
fabricated chip (left) and fabrication 
process (right).

Figure 2, right: Chromium microheater 
on top of a microring resonator.
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Out of both metals, titanium has the highest resistivity (4.2 × 
10-7 Ωm at 20°C), but it also oxidizes quickly. Thus, we chose 
chromium because it would yield more robust heaters. Figure 
1 shows the cross section of the fabricated chip as well as the 
fabrication process of the heaters. 

We started with chips that had the rings, waveguides, and the 
1 µm SiO2 cladding, which protected the waveguides from 
metal contamination [2]. Optical photolithography and lift-
off were then used to fabricate the heaters on top of the SiO2 
cladding. The desirable resistance of the heaters was 500 Ω 
to 10 kΩ. Devices with a wire thickness of 50 nm and widths 
from 1.5 µm to 3 µm were fabricated in order to get heaters 
with desirable resistance that covered the area of the rings. 
Figure 2 shows one of the fabricated devices.

To test the heaters, a probe station and a PID controller, 
written in LabVIEW, were used. The PID controller measured 
the current going through the heater and the voltage drop. 
With this feedback, the PID controller changed the voltage 
across the heater so that it reached the desired steady state. 
Light was then coupled into the chip and a sweep of 1500 nm 
to 1590 nm wavelength was taken to determine the resonance 
of the ring. 

A sweep was taken while dissipating constant power over the 
heater and the shift in resonance was measured.

Results and Conclusions:
First, an optical transmission wavelength sweep was 
taken while dissipating power from zero milliwatts 
(mW) to 17 mW across the heater with a step size 
of 1 mW. Since the resonant frequency of this ring 
changed by ~ 10.7663 GHz/K and the thermo-
optic coefficient of silicon was nearly constant 
over this range (23°C-123°C), the temperature of 
the ring could be determined as a function of power 
dissipated [1]. 

Furthermore, a linear relationship between the 
change in temperature of the ring and the power 
dissipated by the heater is shown in Figure 4. This 
was expected because of the near-constant thermo-
optic coefficient with temperature, and the fact that 
thermal diffusion itself was a linear process (like an 
RC electrical circuit), the heater covers the whole 
top area of the ring. Thus, the temperature should 
drop linearly across the 1 µm SiO2 cladding.

It was important for the heaters to be efficient 
and be able to tune the rings over a large range of 
frequencies. Figure 3 shows the tuning of a ring past 
its free spectral range, FSR, the difference between 
adjacent resonant frequencies. This was all the 
tuning necessary for this ring since tuning past the 
FSR was not necessary — one could simply use the 

adjacent resonance’s passband beyond a one-FSR detuning. 
Also, a 50 GHz/mW to 60 GHz/mW tuning efficiency was 
measured. 

Considering the desired resonant frequency of a microring 
can be off by a few hundred gigahertz after it is fabricated, 
the microring can be tuned to its desired response with a few 
milliwatts dissipated by the heater. Furthermore, complex 
multiple-ring devices, like higher order filters, typically have 
slight (a few gigahertz) mismatches between ring frequencies. 
These can be compensated with sub-milliwatt power in the 
microheaters.
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Figure 4: Change of temperature at the ring as a 
function of the power dissipated by the heater. 
Power was incremented by 1 mW from 0-17 mW.

Figure 3, above: Tuning 
past a full FSR of a 
microring. The resonant 
frequency at ~ 197.5 THz 
is the resonant frequency 
of the ring at room 
temperature.
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Abstract:
Multi-junction solar cells are the current leaders in efficiency  
since they reduce thermal losses by employing series-
connected sub-cells with different bandgap energies. 
However, they are costly to produce and limited by current 
matching, because each solar cell is connected in series with 
one another. One alternative is to simply split light into ideal 
bandwidths and tailor separate photovoltaic modules to each 
bandwidth. Conventional dichroic mirrors can selectively 
split light by reflecting certain bandwidths while transmitting 
others. However, these mirrors do not operate well under 
different angles of incidence, which is critical for concentrated 
photovoltaics. Simulations show that metasurface structures 
can achieve similar characteristics to those of conventional 
dichroic mirrors while remaining resilient to the angle of 
incidence (AoI). Two such structures were created using 
electron beam lithography and were subject to transmittance 
testing. We proposed a low-loss, AoI-resilient single-
layer metasurface dichroic mirror that could split light into 
ideal bandwidths for such a solar module. Simulation and 
experimental data show promising results, however, a multi-
layer structure may be more ideal.

Figure 1: Possible solar concentrator apparatus that 
depicts both the concentration and splitting of light.

Introduction:
Multi-junction solar cells are highly efficient (max around 
43.5%), but they are quite costly and limited by current 
matching since each sub-cell is connected in series. 
Alternatively, dichroic mirrors could be used to split light 
into different bandwidths and separate photovoltaic modules 
could collect energy specific to each bandwidth. Figure 1 
shows a sample apparatus that could be used to split incoming 
light into separate bandwidths for concentrated solar energy 
collection.

Conventional dichroic mirrors can split light into separate 
bandwidths. However, these mirrors do not operate well 
under non-normal incident angles. When using concentrated 
photovoltaics, the AoI of light constantly varies due to the high 
concentration. Simulations show that metasurface dichroic 
mirrors have characteristics similar to those of conventional 
dichroic mirrors while remaining resistant to the AoI.

Figure 2: Idealized periodic section of the metasurfaces 
that were simulated and constructed.

Experimental Procedure:
After extensive simulations of a single-layer structure using 
RSoft DiffractMOD, as depicted in Figure 2, we decided to 
create two structures. Structure 1 was defined by W = 100 
nanometers (nm), L = 200 nm, and H = 40 nm. Structure 2 by 
W = 200 nm, L = 400 nm, and H = 40 nm. The structures were 
created in four steps: (1) Coating the substrate (1 mm SiO2 
with 15 nm ITO on top) with positive resist, (2) Using electron 
beam lithography to design the patterns and developing the 
sample, (3) Using electron beam evaporation to deposit 2 nm 
of Ge (adhesion layer) and then 40 nm of Ag on the sample, 
and (4) Lift-off of the excess deposition.
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The structures were then tested using a device that consisted 
of a light source, a diffraction grating, a monochromator to 
select a specific wavelength of light, and a detector. The light 
was first shone (under TM polarization) through an empty 
hole to the detector. This calibration data was recorded, and 
then the sample was placed on the sample holder such that 
light could shine through it. By comparing the initial light 
that passed through empty space to that which passed through 
the sample, we calculated the transmittance of our samples. 
Additionally, the sample holder could rotate, allowing for 
calculations at different AoI.

Future Work:
Multi-layer structures may be more ideal for such a spectral 
splitting apparatus. In [2], the double-layer structure 
studied has a transmittance dip with a wider bandwidth dip, 
which is more similar to the conventional dichroic mirror. 
Furthermore, this structure was resistant to the AoI up to 
about 40°. By using metasurface dichroic mirrors, according 
to [3], a concentrated solar module with four mirrors and five 
photovoltaic collectors may have an estimated efficiency 
around 43%.
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Figure 4: Graph of the 100 nm experiment structure depicting 
the resilience of the transmittance dip to the AoI.

Figure 3: SEM image of the 200 nm structure.

Results and Conclusions:
Both samples were successfully fabricated. Figure 3 shows 
a close up of the 200 nm structure, with measurement 
bars. However, after thorough testing, the samples became 
damaged, and the subsequent data collection began to 
deteriorate in accuracy. Regardless, useful data was collected.

Figure 4 depicts the transmittance graphs for the experiments 
using the 100 nm structure. All data was collected under TM 
polarization. Dichroic mirrors were relatively sensitive to the 
AoI. Their transmittance dip (or reflectance peak) significantly 
shifted as the AoI increased. The simulations and experiments 
with the 100 nm structure showed a transmittance dip that 
was resilient to the AoI. However, the actual trend did redshift 
a bit more than predicted, and the dip was not as strong as 
predicted. This was probably due to sample damage, as this 
sample tended to somewhat rub off while testing. Regardless, 
the structure remained more resilient to the AoI than 
conventional dichroic mirrors.
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Abstract:

Figure 1: Plasmon ruler equation modeling 
for different particle diameters.

Current methods for measuring and quantifying strain are 
generally only applicable at the macro and upper micro scale. 
Consequently many disciplines that require small scale strain 
measurements rely on simulation-based data. A previous 
study of localized surface plasmon resonance (LSPR) of gold 
nanoparticles (AuNP) led to the development of a plasmon 
ruler equation that relates plasmon peak shift with interparticle 
separation and particle diameter. 

The current project optimizes this methodology to develop 
a novel technique involving AuNP that could potentially be 
used for lower micro and nano scale strain measurements. 
AuNP were deposited onto polydimethylsiloxane (PDMS) 
using thermal evaporation. Strain was systematically applied 
to the coated PDMS and the plasmon shift was measured using 
ultraviolet-visible (UV-Vis) spectroscopy. Six different AuNP 
depositions were investigated to determine the effect of AuNP 
size and distribution on the sensitivity of strain measurements: 
2, 5, 9, 12, 17, and 20 nm. The 9 nm deposition sample 
allowed for sensitive measurements between 0.2 and 16.5 
percent strain. If this method was applied to a smaller scale, 

it would allow for sensitive nano scale strain measurements. 
This novel approach could lead to the development of a new 
style of strain gauge that could quantify deformation over 
extremely small distances.

Introduction:
Strain is a unit-less quantification of localized deformation 
as a material is stretched or compressed. Current devices 
used to measure strain are extremely useful and accurate for 
measuring macro and upper micro level strain. However, 
size constraints, temperature dependence, single directional 
capabilities, and adhesion interference makes it difficult to 
apply these methods for use at the micro and nano scale.

LSPR is a phenomenon that occurs as the electrons of metal 
nanoparticles resonate with respect to one another resulting 
in the absorption of the light with a frequency equal to that of 
the respective plasmonic resonance [1]. Jain, et al., modeled 
this interaction with the development of the plasmon ruler 
equation which allows for the calculation of interparticle 
separation based on plasmonic shift as modeled in Figure 1 
[2]. The current project optimized this interaction in order to 
show that LSPR could be used in order to quantify micro and 
nano strain.

Figure 2: SEM image of thermally 
evaporated AuNP on glass.
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Experimental Procedure:
PDMS was prepared using a Slygard 184 Elastomer kit in a 
9:1 ratio of elastomer to hardener. The PDMS mixture was 
first placed in vacuum below and brought back to atmospheric 
pressure multiple times to ensure that all bubbles were 
voided, and then allowed to cure at 100°C for 35 minutes until 
thoroughly hardened.

Each cured PDMS sheet was cut into dog-bone structures 
typically used for strain testing. Next, AuNP were deposited 
on the samples using thermal evaporation. Figure 2 shows 
two scanning electron microscope (SEM) images of thermally 
evaporated AuNP on glass, demonstrating the uniformity 
of distribution achieved. Six samples, each with increasing 
depositions, were produced; 2, 5, 9, 12, 17, 20 nm. The samples 
were mounted onto a designed strain holder and multiple 
strains were systematically applied. The absorbance spectrum 
during each stretch was observed and recorded using UV-Vis. 
A stationary camera was used to record an angle of rotation 
of the cylindrical piece of the holder during each stretch. 
The angle was then measured using ImageJ photo software 
and used to calculate the applied strain as is demonstrated 
in Figure 3. Four samples of each deposition, each placed in 
slightly different orientations within the thermal evaporator, 
were produced in order to determine reproducibility and 
sensitivity.

Results and Conclusions:
Each sample was analyzed through observation of the 
changing plasmon peak with respect to the applied strain 
allowing for the following conclusions. A comparison of 
the unstretched samples showed increasing absorbance as 
well as a red-shift of the plasmon peak for each increasing 
deposition. Figure 4 shows the plasmonic shift data of one of  
the 5, 9, and 12 nm samples, which show conclusive evidence 
that the method was successful in measuring strain with blue-
shifts of the plasmon peak for each increasing strain. The 17 
and 20 nm samples yielded no apparent trends. It was first 

concluded that there is an optimal range of deposition of 
AuNP for strain testing purposes. Second, the sample B of 
the 9 nm deposition was determined to be the most sensitive, 
allowing for deformation quantification between 0.2 and 16.5 
percent strain. In our particular setup, this allowed for strain 
measurements between 200 µm and 1 mm, however, if applied 
to a smaller scale, this method could allow for sensitive nano 
scale strain measurements.

Future Work:
Further characterization of the procedure is necessary 
to determine the effects of deposition on sensitivity and 
repeatability. Continued experimentation needs to be 
conducted with attempts to control particle size and separation. 
This would theoretically allow for narrower plasmon peaks 
and thus more accurate readings of plasmon peak shifts. Last, 
using polarized light to perform absorption testing would 
allow for plasmon measurement along a single direction.
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Figure 4: One of the 5, 9, and 12 nm AuNP deposition 
samples showing plasmon peak shift vs. strain applied.

Figure 3: Strain holder setup and demonstration of strain calculation.
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Abstract:
Infrared spectral filtering based on Fabry-Perot etalons 
requires high reflectance, low loss mirrors to enable next 
generation infrared imaging and spectroscopy. A silicon on 
air (Si/air) diffraction grating was investigated as a broadband 
mirror in the long wavelength infrared (8-12 µm) based on 
the concept of high refractive index contrast sub-wavelength 
grating (HCG). Conventional and Bosch process reactive ion 
etches (RIE) were optimized and optical responses compared. 
The sidewall profiles obtained from the conventional RIE 
were non-vertical while those from the Bosch process were 
vertical but scalloped. Fourier transform infrared (FTIR) 
spectroscopy was used to characterize the gratings and the 
results compared to the COMSOL Multiphysics simulations. 
The grating reflectance was found to be insensitive to etch 
method differences and the suspended structure shows 
agreement with simulations despite bowing caused by design 
and fabrication processes.

Figure 1: a) Diagram of a Fabry-Perot etalon. b) A two layer 
system consisting of high refractive index grating (nhigh) on 
top of a low refractive index material (nlow). By changing 
the heights (thigh and tlow), period (Λ) and width (w) of the 
grating, the response can be tuned.

Introduction:
Thermal and long wavelength infrared (8-12 µm) imaging is 
used for surveillance and targeting when visibility is limited. 
Current imaging systems are restricted due to their intensity-
based imaging method. Better object distinguishability of 
future systems requires spectral filtering capabilities of 
the long wavelength infrared (LWIR), which has further 
applications in spectroscopy. Fabry-Perot (FP) etalons use 
two low-loss high reflectance mirrors separated by a multiple 
of a half wavelength of the desired frequency to filter light, 
as seen in Figure 1a. The resonant wavelength transmits, 
while the other wavelengths destructively interfere. Higher 
mirror reflectance yields a narrower transmittance band and 
correspondingly a more selective filter. Distributed Bragg 
reflectors (DBRs) are conventionally used as low loss mirrors 
for lasers and spectral filters, however, fabrication of layer 
thicknesses required for the LWIR is difficult to reliably 
achieve due to wafer uniformity and curvature issues. 

High refractive index contrast sub-wavelength gratings 
(HCGs) can be used as alternative broadband low loss 
mirrors in FP etalons requiring only two dielectric layers. 
HCGs consist of a high refractive index grating on top of a 
low refractive index layer. The grating dimensions are smaller 
than the wavelengths of the LWIR spectrum. HCGs are 
attractive candidates for broadband high reflectance mirrors 
required for effective FP etalon filtering.

Experimental Procedure:
Figure 1b depicts the silicon on air (Si/air) HCG investigated. 
These materials have minimal loss in the LWIR and have a 
high index contrast (3.4/1.0). The gratings were fabricated 
on a silicon on insulator (SOI) wafer using standard 
photolithography, two methods of reactive ion etches (RIEs), 
a hydrofluoric (HF) etch, and critical point drying. The 
conventional RIE used a hydrogen bromide (HBr) plasma 
etch and an oxygen plasma clean to remove the photoresist. 
The second RIE used the Bosch process based on sulfur 
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hexafluoride (SF6) as the etch gas, octafluorocyclobutane 
(C4F8) as the passivation gas, and an oxygen plasma clean. 

The HF etch was used to remove the sacrificial silicon dioxide 
(SiO2) from the SOI providing the suspended structure. 
A critical point dryer was subsequently used to minimize 
adhesion affects between the grating and the substrate. 

Using a scanning electron microscope (SEM), cross-
sectional images allowed for sidewall profile comparisons 
for etch optimization. The reflectance and transmittance 
of each grating were measured using Fourier transform 
infrared (FTIR) spectroscopy before and after the HF etch. 
Measurements were taken from three different locations on 
each sample.

Results:
The SEM images show smooth, but beveled, sidewall 
profiles for the conventional RIE, whereas scalloped, but 
vertical, sidewalls for the Bosch process, as seen in Figure 
2. The optical responses of the two gratings showed little 
difference before the sacrificial layer was removed. After the 
HF etch, the gratings bowed and touched the substrate 150 
µm from the edge of the grating due to gravity and adhesion. 
By reducing the suspension length, this problem can likely 
be mitigated. Figure 3 shows the similar optical responses 
of the two etch processes with the Bosch process response 
red shifted, possibly as a result of different heights of the air 
gap. The reflectance measurements at the edges gave good 
agreement with COMSOL Multiphysics simulated responses, 
as seen in Figure 4.

Conclusions:
Si/Air HCGs were fabricated using conventional and Bosch 
process RIEs. The measured IR response seems insensitive 
to etch process differences and shows agreement with the 
simulated response. By further optimizing the suspended 
length, it is likely the bowing that was witnessed will be 
resolved.
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Figure 4: Experimental and simulated structure 
responses with peak agreement.

Figure 2: Cross-sectional SEM images showing; a) smooth but 
beveled conventional RIE sidewall profiles, and b) straight but 
scalloped Bosch process RIE sidewall profiles.

Figure 3: Optical responses of gratings produced 
by conventional and Bosch process RIEs are 
similar with the response from the Bosch 
process red shifted.
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Abstract:
Graphene’s universal linear optical absorption, extraordinary 
carrier mobility, and zero-gap band structure motivate its 
use as an electro-optic modulator. The optical absorption 
of graphene can be altered via electrostatic doping. This 
electrostatic doping is achieved by applying a gate voltage 
between graphene and a gate electrode in a thin film structure. 
Improving on a previously achieved back-gated model, 
a top-gated geometry was investigated due to its ability to 
accommodate applications requiring both transmissive 
and reflective modulators, including utilization in low-loss 
Bragg reflectors and monolithic fiber lasers. In return for 
this enhanced versatility, the top-gated device required direct 
deposition of the dielectric material on graphene, which 
can lead to destruction of the graphene. Dielectric media 
that can be deposited on graphene with minimal damage 
were explored, including alumina and silicon monoxide. In 
this work, a top-gated modulator using alumina as a gate 
dielectric was successfully fabricated. Alumina was effective 
in preserving graphene while also exhibiting strong dielectric 
properties. 

Introduction: 
Electro-optic modulators are a fundamental component of 
most modern opto-electronic systems, ranging from tele-
communications to solid-state lasers. The operating principle 

Figure 1: Major fabrication steps. 

of these modulators is the electro-optic effect, which is a 
change of a material’s optical properties under the presence 
of an electric field. While many materials exhibit this effect, 
graphene is of particular interest due to its electrical properties, 
including extraordinary electron mobility. These properties 
mean that the electro-optic effect occurs at very high speeds 
in graphene, resulting in ultra-fast modulation. These 
extraordinary modulation speeds, coupled with the absence of 
phase distortion due to graphene’s two-dimensional structure 
are in essence the motivation for graphene’s use in electro-
optic modulators. 

Experimental Procedure: 
The fabrication process is outlined in Figure 1. Monolayer 
graphene grown by chemical vapor deposition (CVD) was 
transferred onto glass microscope slides by a wet transfer 
process. Metal electrodes were then deposited by thermal 
evaporation (20 nm Ti and 80 nm Al), and patterned using 
a positive photoresist and lift-off method. Titanium (Ti) was 
used to assist the adhesion of the aluminum (Al) layer on 
graphene and to reduce the contact resistance of the electrode 
on graphene. The graphene outside the ring-electrodes was 
removed by reactive-ion etching to minimize the device 
capacitance. A 220 nm thick aluminum oxide (Al2O3) 
dielectric layer was deposited onto the graphene by electron-

beam evaporation. A 200 nm silver layer was then 
grown by thermal evaporation, giving the device a 
reflective geometry. The silver film acted as both 

Figure 2: Typical behavior for the dependence of 
leakage current density on applied electric field 
for top-gated Al2O3 devices. 
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a mirror and top-gate electrode. An additional Al layer was 
deposited to serve as a protective layer. 

Results: 
The breakdown voltage of the devices was characterized by 
a two-point probe setup. Figure 2 shows the results from a 
fabricated device, which was durable under fields up to  
4.5 MV/cm. Combined with the measured dielectric constant 
of ε ≈ 10.9 of our Al2O3 films, which was in agreement with 
earlier studies [1], this high breakdown field strength enabled 
substantial electrostatic doping, and hence, strong optical 
modulation. Devices fabricated using silicon monoxide 
(SiO) as a dielectric layer showed breakdown under fields of  
0.5 MV/cm and a measured dielectric constant of ε ≈ 5.5. The 
superior dielectric properties of Al2O3 over SiO made it clear 
that Al2O3 was a more favorable dielectric for this device. 

The setup used to characterize the modulation depth is 
shown in Figure 3: A continuous-wave laser at 1.55 µm 
wavelength was reflected off the sample, which was placed on 
a translational XY-stage. For each location on the sample the 
reflectivity change versus applied AC voltage was recorded. A 
resulting 2D modulation map is shown in Figure 4. 

We observed uniform modulation across the active area, 
besides small processing defects that likely originated from the 
transfer of the graphene to the substrate. These defects were 
small enough so that they did not have a significant impact 
on the performance of the device. The consistent modulation 
depth across the graphene verified that the fabrication process 
did not substantially alter the electronic and optical properties 
of the graphene layer. 

Conclusions: 
We have fabricated a top-gated graphene-based modulator. 
We found that Al2O3 was a suitable dielectric due to its 
transmissivity, benign interaction with graphene during 
deposition, and strong dielectric properties. Most notably of 
these dielectric properties was the high breakdown voltage, 
which allowed for a considerable shift of graphene’s Fermi 
level and large achievable modulation depths. We also saw 
uniform modulation across the active area, which confirmed 
that graphene remained intact during the fabrication process. 

Future Work: 
More characterization, including a measurement of the 
modulation speed, is needed to further understand the 
effectiveness of this device. In addition, more work needs to 
be done to allow this device to be transmissive. This could be 
achieved by replacing the silver mirror with another layer of 
graphene, for example. A transmissive geometry has exciting 
applications including use in low-loss Bragg reflectors and 
monolithic fiber lasers. 
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Figure 4: Top: SEM of several modulators on a chip. Bottom: 
2D scan of modulation depth across one ring electrode.

Figure 3: Setup used to measure modulation depth. 
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Abstract and Introduction:
Superresolution microscopy is an imaging technique capable 
of resolution beyond the diffraction limit [1]. One way 
to overcome the diffraction limit is by imaging a sparse 
group of fluorescent molecules so that none or only a few 
of the neighboring molecules emit photons simultaneously. 
By repeating this process, an image can then be generated 
by precisely localizing all the molecules seen up to a given 
instant [2-4].

Superresolution is now limited by the ability to localize a 
single molecule. In this paper, we present a phase mask that 
can be inserted in the Fourier plane of a microscope between 
the object and the camera. The phase mask modifies the 
transfer function of the imaging system in such a way that 
information about a molecule’s position can be extracted 
more effectively than with a clear aperture. The phase mask 
was etched into quartz using four binary masks to achieve 
sixteen distinct heights. An accelerated image template-
matching algorithm is described to retrieve the molecules’ 
location from the captured images.

Fabrication:
The choice material for the phase mask was quartz because 
it is transparent and sturdy. We started by cleaning a 1″ × 1″ 
quartz slide in nanostrip bath. Then a 40 nm thick layer of 
chrome was thermo-evaporated onto one side of the slide. 
Circular apertures were inserted into the chrome using 
photolithography and chemical etching. The chrome side 
was now considered the bottom for the following reactive ion 
etching (RIE) steps, to physically separate the two different 
processes.

The optical path length, and therefore the phase of light, is 
changed depending on the thickness of the quartz slide at any 
particular point. We selected certain depths with a technique 
known as binary masks: using N masks, we could select a 
location on our phase mask to a certain depth with N bits of 
precision. Each mask patterned an area in the phase mask 
to be depressed by a certain depth by photolithography. 
The following RIE step extruded vertically downward any 
exposed quartz. Thus N masks yield up to 2N distinct heights, 
but requires N-1 precise alignments, a nontrivial task.

Figure 1: 2D optical profilometry of a phase mask fabricated at 
the CNL. This is a computer generated model of the mask based off 
height map measurements. (See cover for full color version.)

Figure 2: PSF of the phase mask a) in focus, and b) out of focus.
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Increasing the number of distinct heights increases the 
diffraction efficiency. For example, 16 levels via four phase 
masks can potentially achieve 99% diffraction efficiency 
[5]. Figure 1 shows a 16-level phase mask fabricated at the 
Colorado Nanofabrication Laboratory (CNL) causing a phase 
shift from 0 to 2π.

Algorithm:
An accelerated image template-matching algorithm is 
described to retrieve a molecule’s location from the captured 
images. The parameters for 3D superresolution imaging are 
X, Y, and, Z, where X and Y are the transverse coordinates 
of the captured image, and Z is depth along the optical axis. 
The centroids of the sparse blurs in the captured image set the 
X and Y coordinates. The Z coordinate is quickly found after 
normalizing for image size and intensity, in the following way. 
Rather than searching for the maximally matching template, 
the algorithm finds the highest matching weighted average of 
all the templates. If the Z-resolution of the templates is high 
enough, the algorithm should report a weighting vector with 
nonzero entries for only two neighboring templates. This is 
implemented by solving the following optimization problem:

where V is a library matrix in which every column is one of the 
template images reshaped into a vector, w is the free variable 
representing the weights of the templates, v0 is the measured 
image reshaped into a vector, and Vimp is a diagonal matrix 
allowing the pixels located nearer the center to be considered 
more important to match.

The best choice of objective function is not yet determined; 
both the l1- and the l2-norms seem promising in preliminary 
simulations but other convex functions may work too. The 
nonzero entries in the vector w correspond to certain distances 
with different weights. To solve the problem, we used CVX, 
a package for specifying and solving convex programs [6].

Another advantage this approach has over brute force 
template-matching is that sub template Z-resolution can be 
achieved.

Results and Conclusions:
The phase mask was successfully fabricated and characterized 
by optical analysis and white light profilometry, showing that 
the measured 2D profile was close to the intended shape. In 
a photon-limited environment, such as molecular imaging, it 
is critical that the phase mask have high power transmission 
efficiency. The measured power transmission efficiency of 
the fabricated phase mask at the designed frequency was 
92.0 ± 0.5%. The point spread function (PSF) was confirmed 
to have a ring shape, as the various phase shifts should all 
destructively interfere at the center, shown in Figure 2. We 
have confirmed that our algorithm can match a template with 
simulated noise successfully.

Future Work:
As future work, the optimization algorithm could be finalized, 
such as determining the objective function and the Vimp term. 
An antireflection coating could enhance the power trans-
mission efficiency even further, increasing the signal-to-
noise ratio. In addition, superresolution experiments could be 
performed, and the data could be processed.
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Abstract:
Films of copper indium diselenide (CuInSe2 or CIS) 
nanocrystals capped with inorganic ligands were studied 
for use in photovoltaic devices (PVs). CIS nanocrystals 
were synthesized by colloidal arrested precipitation with 
oleylamine capping ligands. Oleylamine was exchanged for 
inorganic metal chalcogenide complex (MCC) ligands. These 
nanocrystals were dispersed in dimethyl sulfoxide, enabling 
the formulation of a “solar ink” that was spray-coated onto 
molybdenum (Mo)-coated glass substrates. The nanocrystal 
films were thermally annealed under argon and limited 
sintering was observed. Typically, grain growth of CIS films 
requires high temperature (> 500°C) and Se-rich atmosphere.

Introduction:
As energy demand continues to increase, technologies that 
can harness and convert sunlight to electricity efficiently 
and economically are becoming more and more needed. 
Photovoltaic (PV) devices convert light directly into 
electricity. Silicon solar cells currently dominate the PV 
market, but silicon-based PVs are still too expensive. New 
PV technology is needed to make PV solar energy cost-
competitive with fossil fuels. Copper indium selenide (CIS) is 
one promising thin film semiconductor material for lower-cost 
PVs. One approach to CIS deposition with potentially very 
low cost is to generate solar inks of nanocrystals that can be 
deposited from solution under ambient conditions. Using this 
approach, CIS nanocrystal-based PVs have achieved power 
conversion efficiencies up to 3% without high temperature 
processing of the absorber layer [1, 2].

The relatively low device efficiencies have been due to organic 
ligands on the nanocrytsals, which prevent agglomeration 
and allows solution processing but create an electrically 
insulating barrier between nanocrystals. Organic ligands can 
be replaced with inorganic metal chalcogenide complexes 
(MCCs) to improve electrical conductivity of nanocrystal 
films. Recently, PV devices have been made with inorganic 
ligand-capped nanocrystals, but with low efficiency [3]. 

One additional limitation was the need to process with 
hydrazine, which is environmentally unfriendly. We have been 
able to develop inorganic ligand-capped CIS nanocrystals 
that disperse in dimethyl sulfoxide (DMSO), a polar organic 

solvent that is environmentally friendly and easier to handle 
than hydrazine, in the nanocrystal film processing and have 
used MCC ligands to cause grain growth in CIS nanocrystals 
without selenization. 

We also examined the films after a high temperature heat 
treatment. One approach to obtaining higher efficiencies from 
nanocrystal absorber layers is to sinter them into crystalline 
films. Usually sintering requires Se vapor in addition to 
high temperature. Annealing the nanocrystal films at high 
temperature under Ar did lead to a small amount of crystal 
grain growth, presumably enabled by the inorganic Se-
containing capping ligands.

Methodology:
Colloidal oleylamine-capped CIS nanocrystals were 
synthesized by arrested precipitation as previously described 
[3, 4]. Ligand exchange was performed in a nitrogen-filled 
glove box by adding the nanocrystals to 0.5 ml of 0.25 M 
In2Se4-MCC ligand, and 3 ml of hydrazine. After stirring for 
two days, the nanocrystals were transferred from the toluene 
to the hydrazine phase and the toluene was decanted. The 
nanocrystals were precipitated by adding 8 ml acetonitrile, 
followed by centrifugation. The particles were redispersed in 
1.5 ml of dimethyl sulfoxide (DMSO).

CIS nanocrystals dispersed in DMSO were spray-cast onto 
Mo-coated glass substrates heated to 150°C. The nanocrystal 
films were annealed in an argon atmosphere at 500°C-600°C 
for 20 minutes. PV devices were then fabricated and tested 
as described in the literature [2]. Nanocrystal films were also 
characterized by scanning electron microscopy (SEM) and 
x-ray diffraction (XRD).

Results and Discussion:
CIS Nanocrystals Before Sintering. Figures 1 and 2 
show transmission electron microscopy (TEM) images 
of oleylamine-capped CIS nanocrystals before and after 
exchanging with inorganic ligands. The nanocrystals are 
approximately 15 nm in diameter and do not change size after 
ligand exchange, but do appear to be slightly more prone to 
aggregation.



OPTICS & OPTO-ELECTRONICS

1652012 NNIN REU RESEARCH ACCOMPLISHMENTS

CIS nanocrystal films were deposited onto Mo-coated glass 
substrates and were annealed under Ar at temperatures 
between 500°C-600°C. Figure 3 shows an SEM image of the 
annealed nanocrystal film at 575°C and Figure 4 shows XRD 
data for nanocrystal films annealed at various temperatures. 
There was a small, yet noticeable, amount of sintering and 
crystal grain growth. The <112> peak in the XRD patterns 
in Figure 4 became slightly sharper as well after annealing, 
consistent with grain growth. PV devices fabricated from 
these films showed only a small PV response with a very low 
device efficiency of only 0.2%. More device tests are required 
to determine whether these materials will be suitable for PVs.

Conclusions:
CIS nanocrystal films capped with inorganic In2Se4-MCC 
ligands and dispersed in DMSO, which is not toxic like 
hydrazine, can be deposited safely under ambient conditions. 
These inorganic-capped CIS nanocrystals appear to exhibit 
sintering and crystal grain growth with high temperature 
annealing without Se vapor. The preliminary device tests 
using these nanocrystal films gave low efficiencies, but the 
materials require further study.
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Figure 1, top left: A TEM of oleylamine-capped CIS NCs.

Figure 2, top right: After exchange, aggregated MCC-capped CIS NCs.

Figure 3, middle: SEM of MCC-capped CIS NCs annealed at 575°C.

Figure 4, bottom: FWHM of the 112 peak of MCC-capped  
CIS NCs annealed from 500°C-600°C.
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Abstract:
Optical coherence tomography (OCT) is a high resolution, non-invasive 
technique for imaging scattering media (e.g., biological tissue). Similar 
to ultrasound, OCT nominally produces one-dimensional cross-sectional 
images called A-scans. The number of data points acquirable in an A-scan, 
and consequently imaging depth, is related to the spectral resolution of the 
detector being used. To increase the spectral resolution, we fabricated a low-
cost cross-dispersing spectrometer based on an air-spaced virtually imaged 
phased array (VIPA). A VIPA is a slightly tilted etalon that allows for high 
angular dispersion of broadband incident light. The performance of a VIPA 
depends heavily on surface reflectivity, as well as cavity dimensions and 
the index of refraction of the cavity medium. VIPAs of various reflectivities 
were constructed via metal deposition on glass slides and optical flats; the 
reflectivities were measured via the Hitachi 4001 Spectrophotometer. Their 
finesse, FSR, and spectral dispersion characteristics were measured via 
photodetector. We show that sufficiently capable VIPAs can be constructed 
far more cheaply than commercial varieties, and will enable the development 
of high performance, affordable OCT systems.

Introduction:
OCT is essentially a white light interferometer: in a Michelson configuration, 
polychromatic light travels different paths to a reference reflector (mirror) 
and multi-layered sample after passing through a beamsplitter. Reflected 
light from both paths interfere constructively at the detector for spatial 
frequencies corresponding to the position of layers in the sample. The 
resulting interferogram may be sampled in k-space either by using a 
spectrometer to collect wavelength information directly (spectral domain 
OCT), or as a function of time using a photodiode and swept-source laser 
(swept-source OCT). Similar to ultrasound, OCT nominally produces one-
dimensional cross-sectional images called A-scans; 2D (B-scans) and 3D 
(C-Scans) images can be generated by raster scanning the OCT beam. The 
primary signal that OCT measures is the intensity of light that is back-
scattered from various layers in the sample. Modern OCT systems offer 
resolutions of 1-10 µm and 5-15 µm in the axial and lateral dimensions, 
respectively.

In SDOCT, a range of wavelengths can encode depth information in your 
sample. Your imaging depth is dependent on the number of data points 
(pixels) that you can detect in the A-scan using a spectrometer. After the 

Figure 2: VIPA transmission peaks of 
1.1 MHz (top) and 2 MHz (bottom).

Figure 1: Schematic of VIPA 
operation in an SDOCT setup.
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beam passes through the VIPA it impinges on an ordinary 
diffraction grating. The product of this is a 2D dispersion 
pattern as seen in Figure 1; this allows more pixels on a 
detector to be utilized and thus increases the imaging depth 
of the OCT system.

A VIPA is a slightly tilted etalon that allows for high angular 
dispersion of light by wavelength. When a ray of light enters 
the VIPA, it undergoes multiple internal reflections between 
the partially reflecting plates. Each time a ray is reflected, 
it is partially transmitted, and the remaining reflected light 
undergoes a phase change. This leads to an important property 
of the VIPA, due to constructive and destructive interference: 
there is only a single angle at which a certain wavelength may 
propagate. Furthermore different wavelengths may overlap 
on the same position if the FSR of the cavity is sufficient.

Procedure:
We hoped to reduce the cost of obtaining a VIPA by cheaply 
fabricating one from readily available equipment. In order 
to control the reflectivity of each side of the VIPA and thus 
control the finesse of the VIPA, silver was deposited on glass 
slides and optical flats via metal sputtering. An Innotech metal 
deposition system was used. The thickness of the deposited 
metal film could be precisely controlled by modifying the 
beam power and exposure time. In total we produced four 
different thicknesses: 50 nm, 15 nm, 10 nm, and 8 nm. These 
should have corresponded to reflectivities of 92%, 82%, 70%, 
and 50%, respectively; however of the slides we measured, we 
found this was not the case. We tested the 50 nm and 15 nm 
slides on the Hitachi 4001 spectrophotometer and found they 
corresponded to reflectivites of 75% and 50%, respectively.

We built a holder for the VIPA in order to test it. A Santec 
broadband swept source laser centered at 1300 nm was line-
focused by a cylindrical lens; the beam then passed through 

the VIPA into a normal focusing lens, which focused the VIPA 
output into the fiber-coupled photodetector. Since we used a 
swept-source laser, the photodetector read out was a series of 
peaks from which we gathered the finesse and FSR data.

Results:
The VIPA we tested had a finesse of 4.5, which exceeded the 
goal of 4. As well, we found we could tune the finesse of the 
VIPA with an acceptable degree of accuracy. Figure 2 shows 
the observed transmission data for an FSR of 1.1 MHz and 2 
MHz, respectively. This shows we were successful in meeting 
our design goals, having constructed a sufficiently capable 
VIPA for approximately $300, a significant improvement 
over the original $6000 price tag. 

Additionally we have shown fabrication is low-cost and 
simple, and the drawbacks due to the air-spaced nature of 
the VIPA can be overcome and turned into an advantage with 
proper construction of a holding apparatus.
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Abstract:
It has been shown that gallium antimonide (GaSb)-based 
dilute-nitrides display improved photoluminescence (PL) 
with in situ annealing in the molecular beam epitaxy (MBE) 
growth chamber under a Sb ambient. This improvement in 
luminescence efficiency translates into improved performance 
of optoelectronic devices, such as lasers, where this will lead 
to a reduction in threshold current densities. However, similar 
improvement in luminescence efficiency was not observed 
during ex situ annealing in a rapid thermal annealing (RTA) 
furnace. The ability to recreate similar annealing performance 
in the RTA would allow for increasingly efficient annealing. 
Upon further study, we determined that the degradation in PL 
resulted from over-annealing of the sample. Attributing this 
issue to the silicon (Si) carrier wafer, which has a higher band 
gap than the GaSb sample, infrared radiation was heating the 
sample more than indicated by the carrier wafer pyrometer 
measurement. 

We mitigated this issue by integrating a low bandgap 
indium arsenide (InAs) layer into the carrier wafer and were 
able to ensure that our sample was below the temperature 
indicated by the pyrometer. This 
optimization allowed us to pinpoint 
the optimal annealing temperature 
more accurately and achieve PL 
performance similar to that of in situ 
annealing.

Introduction:
Semiconductor lasers operating in the 
mid-infrared are highly sought after 
for their applications with infrared 
countermeasures, gas sensing, and free 
space optical communication. GaSb-
based dilute-nitrides are an attractive 
solution for these applications, but 
require optical quality enhancement. 
Similar materials, namely gallium 
arsenide (GaAs)-based dilute-nitrides, 
have shown significant improvement 

in optical quality by annealing [1]. Furthermore, it has been 
shown that in situ annealing in the molecular beam epitaxy 
(MBE) growth chamber has improved optical quality of GaSb-
based dilute-nitrides materials. While this method has proved 
effective, the process is time intensive. This project aimed 
to dramatically improve the time efficiency of annealing by 
employing a rapid thermal annealing (RTA) furnace.

Since the pyrometer in the RTA measures the temperature of 
the carrier wafer, the material of this carrier wafer significantly 
affects the annealing process. Also, the lamps in the RTA emit 
photons over a wide energy spectrum. Si, with a bandgap 
of 1.12 eV at 300 K, is less responsive to temperature than 
the GaSb-based sample at approximately 0.73 eV at 300 K. 
Photon energies between these two bandgaps (0.73 eV to  
1.12 eV) are absorbed by the sample and not the carrier, 
leading to overannealing. Overannealing has been shown 
to considerably degrade the optical quality of GaAs-based 
dilute-nitrides [2]. This underscores the need for a carrier 
wafer of equal or lower bandgap than the sample so that the 
carrier wafer is at the same temperature as the sample.

Experimental Procedure:
Figure 1 shows the sample structure 
that was used for the annealing studies. 
Annealing was carried out at varying 
temperatures for one minute in a AW 
610 RTA furnace under a nitrogen 
ambient. We used two different 
carrier wafers for the annealing 
studies: InAs (bandgap 0.354 eV) and 
Si (bandgap 1.12 eV). A Si proximity 
cap was utilized to prevent Sb loss 
from the sample surface. Optical 
quality was characterized by use of 
the photoluminescence (PL) lab with 
a diode pumped solid-state laser 
(DPSS) operating at 532 nm. The 
PL spectrum was obtained using a 
grating monochromator and an InSb 

Figure 1: Sample structure 
used for annealing studies.
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photodetector cooled to 77 K. All PL scans were scaled to a standard sample 
for comparison.

Results and Conclusions:
Figure 2 shows the increased responsiveness of the InAs carrier wafer from 
constant lamp intensity in the RTA than GaSb and Si. This indicates that 
when annealing with a Si carrier wafer, the sample temperature may be 
significantly higher than the temperature indicated by the RTA pyrometer 
leading to overannealing.

We were able to reproduce optical quality enhancement within 17% of in situ 
annealing with the InAs carrier wafer. Figure 3 illustrates this considerable 
improvement over the Si carrier wafer that was within 33% of in situ 
annealing. We believe that this improvement was due to the lower bandgap 
of the InAs carrier wafer. By ensuring that the sample temperature was equal 
to or lower than the carrier wafer, we were able to achieve better temperature 
feedback, and thus, avoid overannealing.

Future Work:
These studies should be continued by more precisely optimizing the 
annealing temperatures to more closely replicate or improve upon in situ 
annealing. Additional study would investigate various sample structure 
variations and their effects on annealing effectiveness.
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Figure 1: (a) Virus detection method [1]. (b) Chemical sensor [2]. 
(c) Device used in (d) an optomechanical experiment [3].

Abstract:
High-stress silicon nitride (SiN) membranes show extremely 
high mechanical quality factors (Q of up to 4 million) and 
are useful for applications in resonant sensors, oscillators 
and optomechanical experiments. Here we fabricated high 
Q stoichiometric SiN membranes by depositing SiN using 
a low pressure chemical vapor deposition (LPCVD) process 
followed by back etching of a pre-patterned Si wafer. 
Monolayer graphene and thin gold pads were deposited 
onto this suspended membrane so as to create a conductive 
region that would enable the capacitive readout of the 
resonant motion. Amplitude of motion in resonance is usually 
detected using interferometric means in a custom built laser 
setup. The optical readout is to be compared to the electrical 
readout where the amplitude of resonant motion is detected 
by passing a source-drain current through the graphene via 
wire-bonded gold pads. The resonant motion should modulate 
the resistance of the graphene. The readouts display Q factors 
of the composite resonator as high as 100,000. We concluded 
that electrically active SiN resonators maintained the ultra-
high Q and therefore are useful for the above-mentioned 
applications.

Introduction:
Microelectromechanical (MEMS) devices are 
well-suited for many applications. Because of high 
resonance frequencies, high quality factors (Q), 
and low masses, MEMS resonators can be used to 
probe the limits of quantum mechanics that larger 
resonators cannot. In addition, MEMS devices are 
more effective in terms of miniaturization, power 
conservation, and force sensitivity [1]. Future 
applications of these devices include usage as 
signal processors, oscillators, and improved sensors 
in pressure, temperature, charge, spin, and mass [2].

It has been previously reported that the Q of high 
stress SiN devices has reached up to 4 million, 
making them ideal for the aforementioned 
applications [4, 5]. High stress SiN devices are 
often studied in optomechanical experiments due to 
their high Q factors. However, we wanted to also 
perform electrical experiments on the high stress 
SiN devices so as to read them out electrically 
rather than optically.

Figure 2: An optical image of a 300 µm × 300 µm 
membrane device on a 60 nm thick nitride layer covered 
with 0.3 nm of monolayer graphene with 30 nm of gold.
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Fabrication Process and Methodology:
The first step in our fabrication process was to use a thermal 
oxidation process to grow 1 µm of silicon oxide (SiO2) 
followed by a deposition of 60 nm stoichiometric nitride 
(Si3N4), using a LPCVD process. We created our suspended 
membranes using plasma and KOH etches of the back side 
of the wafer. Then, graphene was transferred and patterned 
on these suspended membranes. Electrical contacts to the 
graphene were achieved by gold deposition, followed by lift 
off. The buffered oxide etch was used to remove the oxide 
layer to create the high stress nitride membrane.

We used an electrical drive to actuate the resonant motion 
of the membrane, and detected that resonance electrically 
and optically. The electrostatic drive was produced using a 
combination of DC and AC voltages. The piezo-controlled 
mirror was charged with both DC and AC voltage while the 
membrane was grounded. In the optical setup, the amplitude 
of this reflectance change at resonance depended directly on 
the physical motion of the membrane and the position of the 
membrane with respect to the mirror. In the electrical setup, a 
DC voltage source was used to cause a source-drain current to 
detect the resonant motion of the membrane.

Results:
The resonant frequency decreased as the gate voltage was 
swept from 0 V to 30 V (or 0 V to -30 V) due to capacitive 
softening. In capacitive softening, as the voltage increased, the 
membrane was attracted to the fixed electrode encountering 
a larger field gradient. The field gradient resulted in a force 
that opposed the device’s mechanical restoring force, leading 
to a decrease in resonant frequency. Motion of the piezo-
controlled mirror towards the device also caused the electric 
field gradient to increase, which decreased the resonant 
frequency. 

Oscillations in both resonant frequency and amplitude of 
the resonant motion are due to the absorption of the light by 
graphene membrane. Q factors of up to 100,000 were detected 
with our devices.

Conclusions:
We are certain that our optical and electrical experimental 
setups are fully operational. Now that we can optically 
detect resonant motion using an electrical drive, we will 
work on electrically detecting Q by passing current through 
gold contact pads that will act as the source and drain of the 
current. After successfully fabricating high-stress SiN devices 
using SiO2 as a protective layer, we were able to perform 
optomechanical experiments with our current optical setup. 
In these optical mechanical experiments, we have not only 
been able to obtain Q factors of up to 100,000, but we have 
also seen interesting phenomena such as capacitive softening 
and the photothermal effect in action.

Figure 4: The Lorentzian curve of the resonant frequency is 
used to determine the Q factor which, in this case, is 90,000.

Figure 3: Both graphs depict capacitive softening, but the image 
on the right illustrates the photothermal effect due to optical back 
action.

Future Work:
Long-term goals are to conduct Q measurements at near 
absolute zero temperatures (30-50 mK) so as to optimize Q for 
any sort of devices and to study other dissipation mechanisms 
caused by other factors such as clamping.
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