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Unprecedented material compatibility and unusual optoelectronic properties of single-atom thick monolayer
materials have generated strong interest in building devices with them in the recent years. The full potential
of such materials can, however, be realized if one stacks such materials, and integrates them with nanoscale resonators to increase the light-matter interaction. However, for this process to be effective with such
monolayer heterostructures, specifically the interlayer excitons observed in previous results, the resonator must
be able to support a transverse magnetic (TM) mode in order to possess a strong electric field in the direction
perpendicular to the monolayer material stack, or the surface of the cavity. This requirement is fundamentally
different from resonators designed for single monolayers, where light only with polarization parallel to the
surface is effective. In this report, we present a design methodology to build photonic crystal resonators to
support TM modes. Previous results used a much thicker geometry for the resonator, which poses a problem
for fabrication due to long etching time. Using those as starting designs, using finite-difference-time-domain
simulation, we design a cavity with only 250 nm thickness exhibiting TM resonances at 900-950 nm range,
the typical wavelength range for the tungsten diselenide (WSe2)-molybdenum diselenide (MoSe2) interlayer
excitons. Additionally, we present a doubly resonant ring resonator that will be used to enhance the nonlinear
properties of monolayer heterostructures.

Introduction:
Current research involves optical resonators integrated
with single two-dimensional (2D) material monolayers
[1]. These resonators are stimulated using a transverse
electric (TE) mode with light polarization parallel to the
cavity surface and in-plane with the single-atom thick
monolayer. However, when these monolayers are stacked
together into 2D material heterostructures, interesting
properties arise [2]. Of these properties, the presence
of interlayer excitons [3] and applications to nonlinear
optics are particularly noteworthy. In order to interact

with interlayer excitons, it is necessary to use light with
a polarization perpendicular to the cavity surface and
therefore in the direction of the interlayer excitons, or a
TM mode. For our purposes, we are interested in WSe2MoSe2 heterostructures that require a TM resonance at
900-950 nm wavelength range. We report on two designs
for optical resonators, scaled to have a TM resonance in this
wavelength range. To explore the use of heterostructures
in nonlinear optics a doubly resonant ring resonator was
designed for future experiments.

Simulation Procedure:

Figure 1: (a) Nanobeam schematic. (b) Fishbone schematic. (c) Nanobeam taper.
(d) Fishbone taper.

124

The first design was based on the photonic
crystal nanobeam by Zhang, et al. [4].
However, when this design was scaled to
have a resonance within 900-950 nm, it
was 595.5 nm thick. Such a thick structure
is difficult to etch, and in our design, the
thickness was reduced to 250 nm and the
periodicity was increased by 101.5 nm to
be 300 nm, while the width was increased
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by 75 nm to become 273.5 nm. The
cavity periodicity and radii tapers,
respectively, are described by the
formulas: P(k) = 42(a+101.5 nm)/
(42+k) and R(k) = 0.34(42a/(42+k))
where “a” is the original periodicity
and {k: 1 ≤ k ≤ 8} (see Figure 1).
Note that the original periodicity was
not increased for the radii formula
as the radius parameter remained
unchanged.

modes have the same effective index,
giving the modes significant overlap
which allows the creation of higher
frequency photons. The waveguide
was separated by a gap of 100 nm
from a 10 µm radius ring with a
coupling section length of 3 µm.

Results and Conclusions:

In summary, three optical resonators
The second design was based on the
were designed to be integrated
Figure 2: Ring resonator schematic.
“Fishbone” version of the photonic
with 2D material heterostructures.
crystal nanobeam by Lu, et al. [5].
As evident from the Ez fields of
However, this design also faced similar challenges and was
the nanobeam and fishbone designs in Figure 3, both
adjusted from a thickness of 370 nm to 250 nm; while the
resonators support a TM mode that will interact with the
periodicity was increased by 30 nm to become 400 nm
interlayer excitons in WSe2-MoSe2 heterostructures. The
and width was increased by 50 nm to become 420 nm.
ring resonator’s electric field profile exhibits coupling for
The cavity periodicity and radii tapers, respectively, are
both modes (see Figure 4).
described by the formulas: P(k) = (1-0.02k)(a+30 nm) and
R(k) = 0.34((1-0.02k)a) where, again, “a” is the original
periodicity and {k: 1 ≤ k ≤ 8}.
The doubly resonant ring resonator was designed for
two modes, one at twice the frequency of the other to
enhance both the fundamental and the second harmonic
frequency. This resonator will be used to explore the
application of heterostructures to nonlinear optics. The
330 nm thick silicon nitride (SiN) ring resonator on a
silicon dioxide (SiO2) base consists of a waveguide with a
width set to 1193 nm such that the 1550 nm and 775 nm

Future Work:

Once these optical resonators are fabricated they will be
integrated with 2D material heterostructures. Then these
devices will be characterized in a confocal microscopy
setup to be used in future experimentation.
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Moth-eye structures are emerging as an anti-reflection surface capable of enhancing broadband transmission
and functioning at off-normal incidence, providing an alternative to interference based thin-film coatings. A
procedure has been developed by the Gordon group to produce moth-eye structures on cadmium telluride
(CdTe) for infrared detection applications. Photoresist was spun onto a CdTe wafer, which was then coated
with colloidal silica nanoparticles to form a mask. A CF4/O2 inductively coupled plasma etch was used to
reduce the size of the nanoparticles, after which the photoresist was etched by O2. This allows for a CH4/H2/
Ar etch of the CdTe, followed by an additional O2 clean and an acetone rinse to strip the mask. The result was
a set of CdTe columns retaining the order of the colloidal mask. This has been shown to increase transmission
through the interface between the air and CdTe by 10% over a range of wavelengths from 3 to 8 µm.

Introduction:

Experimental Procedure:

There is a constant need for improvement in infrared
detectors for military, medical, or astronomic applications.
Mercury-cadmium-telluride devices with interference
based thin-film coatings form the current state of the
art for infrared sensing devices in the range of 1-25 µm.
These antireflective coatings function only for normal
incidence, and require deposition of many materials to
perform across a broad wavelength range. Moth eyes
have a structure of nanoscale protrusions, causing a
gradient index of refraction that decreases reflection.
Biomimetic moth-eye structures provide antireflective
properties superior to those of interference based thin
films on silicon and germanium, functioning over broad
wavelength ranges and at off-normal incidence, and can
be fabricated using a one mask, one etch process [1]. By
adapting this process to CdTe, a superior antireflective
coating (Figure 1) for infrared detectors
can be fabricated. Additionally, this
geometric pattern decreases the area of the
surface, which will reduce dark current.
The combination of higher transmission
and lower dark current will allow for more
sensitive devices. This work adjusted the
process for etching a moth-eye pattern into
silicon by the addition of both a protective
photoresist layer and an additional etch
to reduce the mask size. This resulted in
successful pattern transfer into CdTe and
improvement in transmission in the near
infrared.

The two-step process used in silicon was found to be
ineffective for CdTe, as the etch angle was too shallow. A
mask reduction step was added to allow plasma to reach
the surface, then a protective photoresist layer was needed
to prevent surface damage to the CdTe during the mask

Figure 1: (a) SEM of a moth’s eye [2]. (b) SEM of fabricated motheye nanostructure on CdTe.

Figure 2: Moth-eye structure process flow and etch parameters.
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mask (Figure 3e). The optical properties of
the sample were analyzed using a custom
Fourier-transform infrared spectrometer
with integrating sphere.

Results and Conclusions:
A 10% increase in transmission was
observed though the sample in the near
IR, bringing the absolute transmission to
the theoretical maximum of ~ 70% for
wavelengths below 4 µm (Figure 4). This
increase did not continue into the mid IR,
likely due to shallow etch depths. At no
wavelength of interest did transmission fall
below the initial sample.
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Figure 4: (a) CdTe moth-eye transmission improvement; (b) CdTe
moth-eye transmission comparison to theory.
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The final procedure developed consisted
of spinning photoresist on the wafer,
Figure 3: (a) Lack of pillar separation; (b) Micromasking; (c) Successful mask
depositing the colloidal silica mask,
reduction; (d) Vertical photoresist etch; and (e) Isotropic photoresist etch.
reducing the size of the silica nanospheres,
etching through the photoresist, etching
the CdTe, and striping the photoresist.
reduction (Figure 2). The initial attempt without a mask
This process successfully etched a moth-eye structure
reduction technique consisted of Langmuir-Blodgett
into CdTe. Nanosphere size controls pillar spacing, and
deposition of 310, 540, and 960 nm colloidal silica
mask reduction controls pillar width. The mask pattern
nanospheres onto the 8 µm CdTe layer grown epitaxially on
was reliably transferred onto the surface, and the expected
<211> silicon by collaborators at the U.S. Army Research
increase in transmission was observed in the near infrared.
Laboratory. Next, a reactive ion etch (CH4/H2/Ar) was
performed with clean steps (O2). The mask was stripped
Future Work:
with an inductively coupled plasma silica etch (CHF3/O2).
Mask and etch procedures will be adjusted for better
The resulting structure did not result in distinct pillars
control over pillar geometry, with a focus on controlling
(Figure 3a), so a mask reduction step was introduced.
the shape of the pillar edges and increasing the aspect
First attempts at mask reduction involved adding a silica
ratio. Theory suggests this will increase transmission in
etch (CHF3/O2) before the CdTe etch. Crystal growth
the mid IR. Additionally, this process will be applied to
was observed, and energy-dispersive x-ray spectroscopy
HgCdTe devices so that changes in dark current can be
indicated fluorine on the sample’s surface, suggesting
measured.
a CdF2 precipitate. The presence of this growth led
to micromasking (Figure 3b). A layer of protective
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Tip-enhanced Raman spectroscopy (TERS) is a fastgrowing branch of spectroscopy using inelastic light
scattering to characterize and analyze materials with
nanoscale spatial resolution. By placing a metal coated
tip or probe in close proximity to a sample, incident laser
radiation creates a surface plasmon on the surface of the
probe, which generates a high intensity localized electric
field that produces greater signal strength when compared
to conventional Raman spectroscopy as well as achieving
resolutions below the diffraction limit.
The goals of this project are to; (1) realistically model and
simulate the TERS set-up for gold-coated AFM tips, and
(2) explore the use of nanosphere lithography (NSL) to
fabricate periodic plasmonic gold nanotriangles (AuNTs).
Much effort was placed into creating realistic tip models
and simulations that are lacking in the literature. This was
achieved using RSoft’s DiffractMod software package and
agreed with both theoretical intuition and experimental
results. NSL techniques were then used to create AuNTs
that can be used for TERS experiments in the future.

The simple-sphere was also 50 nm in radius and both tip
models were modeled as pure gold with the tip at a distance of
3 nm from the sample surface. As with previous work, the
quantity of interest is the Electric Field Density, U, which
was calculated for each of the three set-ups [1,2].
The nanofabrication portion of this project focused on the
creation of AuNTs using nanosphere lithography (NSL),
which is a quickly emerging technique due to its low cost,
quick production time and the quality of the structures
formed. This method offers a more flexible in-house
alternative to commercially produced AuNTs.
The first step in the NSL process is to deposit a monolayer
of polystyrene (PS) nanospheres onto a glass substrate.
This was achieved by pipetting a 1:1 nanosphere:ethanol
solution into a shallow water bath. After adding the
nanospheres, the substrate was used to scoop up the
nanospheres. After drying, the substrate was then coated
with 300Å gold on a 50Å adhesion layer of titanium using
electron beam physical vapor deposition (EBPVD). After
depositing the gold, the nanospheres were lifted off by
sonicating the substrate in a toluene bath.

Experimental Procedure:
Rsoft and DiffractMod were used to build and perform
computational electrodynamics simulations for TERs
experiments. Due to RSoft’s limited drawing capabilities
it was decided that as a first approach in realistic TERs
simulations to model the gold-coated AFM tip as a cone
with a rounded tip. Though AFM tips are generally much
more complicated and angular the additions made to the
typical simple-sphere model are suspected to be a valid
first approximation.
Three simulations were performed including; (1) notip, (2) a simple-sphere tip, and (3) a realistic tip. Using
parameters previously optimized by Dr. Edward Yu’s
group, the simulations were set up using incident light
polarized perpendicular to the samples (Ge-Si0.5Ge0.5
core-shell nanowires, CSNWs) at a wavelength of 633
nm and an incidence angle of 30°. All simulations were
performed for a CSNW with a core radius of 40 nm and a
shell thickness of 5 nm. The realistic tip was modeled as a
cone 125 nm in height with a rounded tip of radius 50 nm.
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Results:
The electric field density (EFD) for each of the three
simulations is shown in Figures 1-3. Immediately obviously
is the drastic difference in the EFD produced by adding
a tip — roughly a 500% increase in intensity. This serves
to show that the modeling software correctly predicts
intensity changes found in TERS experiments. The more
interesting difference is that between Figures 3 and 4.
Here it is noted that though the simple-sphere model has
a greater maximum intensity the realistic tip model has
a greater overall sample penetration with slightly more
localization near the tip. This suggests that the simplesphere model is not appropriate for TERS simulations
and that more realistic tip modeling is necessary to ensure
accurate results.
An AFM image of the AuNTs created through NSL is
presented in Figure 4. Though there appears to be a
somewhat periodic array of AuNTs, there are very clearly
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Figure 1: EFD for a CSNW sample without tip.

Figure 3: EFD for a CSNW with a realistic tip.

Future Work:
In future simulations it may prove fruitful to model a
more angular tip. Electric fields concentrate around edges
and thus more accurate results may be obtained from an
angular tip model [3]. Similarly in the simulations for
this project, the tips were modelled as solid gold even
though the tips were actually gold-coated Si tips. Future
simulations should incorporate this material layering
(though it is believed that with a ~ 120 nm Au coating the
effects of this addition would be minor).
In future AuNT fabrication using NSL, it will be necessary
to perfect the NS monolayer deposition as this is the step
that determines the quality of the structures. One way this
can be achieved is through evaporating the water from the
bath allowing the monolayer of NS to deposit uniformly
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Figure 4: AFM of AuNTs deposited onto glass
substrate.

instead of using the scoop technique. Also other substrates
should be explored to determine the best fit for the process.
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defects and imperfections. There also appears to be debris
or other substances on the substrate. Though AuNTs were
created using them in tip- and surface-enhanced Raman
spectroscopy (SERS) experiments is required to verify the
viability of this procedure.

Figure 2: EFD for a CSNW with a simple-sphere tip.
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Improved techniques to efficiently image (at optical wavelengths) objects embedded in or obscured by highly
scattering media are desirable due to the large number of potential applications, most notably in the arena
of biomedical imaging. In this experiment, we tested the performance of an image reconstruction technique
utilizing Hadamard analysis and single-pixel photodetection of both forward and backscattered light.
Resolution targets were fabricated and obscured by scattering media, and subsequently illuminated with
structured light patterns projected by a digital micromirror device. Outgoing scattered light was collected
and focused onto a photodiode, and the resulting signal analyzed in order to reconstruct an image. We tested
imaging of reflective targets illuminated with incoherent white light, and are currently doing the same with
fluorescent targets illuminated by a supercontinuum laser source tuned to the proper excitation frequency.

the multiply scattered photons, and it is very difficult
to retrieve any useful information about the embedded
object. However, some photons will travel in effectively
a straight line towards the object, either through forward
scattering or avoiding scattering altogether. These ballistic
photons will subsequently interact with the object, and
their subsequent behavior will depend on the object’s
optical properties along the photon’s initial trajectory. The
technique we test for imaging through scattering media
depends on the collection of these ballistic photons.
Figure 1: Incident light is scattered due to impurities in a medium.
The bold rays represent the few “ballistic photons” that make it to
an obscured target without scattering.

Introduction:
Certain types of materials scatter light in complex and
unpredictable fashions due to the presence of irregularities/
impurities, or “scattering centers,” suspended throughout
the otherwise regular medium. One example of this type
of material is biological tissue, and so a viable technique
to image objects obscured by or embedded in highly
scattering media is highly sought after for its potential
applications in biomedical fields.
If an object is embedded inside a highly scattering medium
and subsequently illuminated by light, the light that
propagates through and exits the system can be divided
into two classes. Assuming the object is embedded at a
depth greater than the transport mean free path of light,
the majority of photons will be scattered away from their
initial trajectory before reaching the object. These are
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To accomplish this, we “scan” our medium/object
ensemble by projecting light in a sequence of patterns, each
illuminating some particular fraction of the ensemble.
Formally, these Hadamard patterns are an orthonormal
basis of 2D Walsh functions, and thus completely sample
the ensemble. We collect the emergent light signal with a
photodiode (a “single-pixel camera”). This signal consists
of a noisy “blur” from the multiply scattered photons, as
well as important fluctuations resulting from the ballistic
photons, the intensity of which are related to the object’s
optical properties in the areas illuminated by a given
Hadamard pattern. Collecting this signal for a complete
set of patterns allows us to reconstruct an image of the
embedded object.

Experimental Procedure:
We fabricated high-contrast imaging targets using standard
deposition and lithography techniques, in general using
silver or aluminum resolution patterns on glass. We used a
variety of scattering materials throughout our experiments,
including commercial diffusers, polyester resin with TiO2
2015 NNIN REU Research Accomplishments

In each experiment, the spatially resolved cross-correlation
measurement between projection and response was
summed over for the full set of patterns and normalized to
a grayscale intensity value (0-255) in order to reconstruct
an image.

Figure 2: Projecting a light pattern on an obscured sample. The
emerging light consists of diffuse noise plus “ghost” fluctuations
related to the projected pattern and the properties of the target.

Figure 3: Simplified optical setup for transmission mode. Detector
is located behind the scattering layer/target.

impurities, and gelatin. In each experiment, the target
was obscured by the scattering layer and placed into our
optical setup. The Hadamard patterns were projected
in rapid succession using a Texas Instruments Digital
Micromirror Device, an FPGA-controlled array of twoorientation mirrors.

For our transmission mode experiment, we were able to
achieve submillimeter resolution through several types
of scattering media, each with thicknesses of several
millimeters. An example set of images from this setup
is shown in Figure 4. We subsequently demonstrated
limitations with this imaging technique in more
complicated optical setups. In reflection mode, the high
level of backscattered light coming from the very front
layer of our scattering media results in a high level of noise
that makes extracting a useful signal much more difficult
than in transmission. Our fluorescence experiment is
an attempt to address this problem, as we use a dichroic
mirror to filter out laser light coming off the front of the
medium. More advanced detection systems are necessary
for fluorescence imaging due to the very low amount of
light making it to the detector; thus, future work involves
combining a detection system such as a photomultiplier
tube with sophisticated computer algorithms to compen
sate for noise levels.
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Figure 4: Sample image set from transmission experiment.
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The single-pixel imaging technique was tested in
transmissive, reflective, and fluorescence experimental
configurations, using several types of objectives with
magnifications between 10× and 50×. In our transmissive
setup, we used a high-powered white LED source. The
photodetector was placed on the far side of the scattering
layer and target, so as to collect the light transmitted
through the ensemble. The second, “reflection mode”
configuration involved using a standard beam splitter to
capture the light scattered backwards from the ensemble
instead. Finally, we used imaging targets with fluorophoreheavy photoresist rather than reflective metal. For this
setup, we replaced our LED source with a supercontinuum
laser tuned to the excitation frequency, and the beam
splitter with an appropriate dichroic mirror.

Results and Future Work:
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In order to verify the performance of three-dimensional super-resolution microscopy systems, we used
nanofabrication techniques in non-traditional ways in order to generate sub-wavelength test samples. Such
samples allowed unprecedented control of the arrangement of fluorescent probes, and the resulting images
provided valuable metrics regarding super-resolution results.

Introduction:

Experimental Procedure:

Three-dimensional (3D) super resolution microscopy
allows researchers to circumvent Abbe’s Diffraction Limit
while capturing images of biological specimens with
immense detail (one order of magnitude better than the
diffraction limit). Due to the increasing resolution and
ability to examine nanoscopic features, knowledge of our
measurement accuracy and precision is essential. The
focus of this project was to create test samples with known
dimensions that emulated biological samples in order to
calibrate and test 3D super resolution microscopy systems.

Sub-Wavelength Apertures in Chrome. We used
AutoCAD (Autodesk, USA) to design sub-wavelength
apertures and fabricated the design with a FIB. Before
fabrication, 50 nm of chrome was sputtered onto the cover
slide (18 × 18 × 0.16 mm) with a reactive DC sputter
deposition System. The samples were examined with an
Olympus IX83 super-resolution system, which consisted
of a 1.45 NA 100× objective, an Andor iXon electron
multiplying CCD camera, and white light illumination
with a halogen lamp. A double helix-point spread function
phase mask was placed in the Fourier plane to collect 3D
information from the sample.

We made two types of samples: apertures in chrome for use
in transmission mode, and sub-wavelength arrangements
of fluorescent particles. For the transmissive samples, a
focused ion beam (FIB) was used to transfer nanoscopic
patterns into thin layers of opaque chrome deposited on
a glass substrate. These test samples allowed us to evaluate
the precision of a given instrument, as well as investigate
the extent of optical aberrations across the field of view.
Secondly, a new method of nanoscopic fabrication was
used to generate a nano-scale patterned sample with
a controlled arrangement of fluorescent probes. With
such a sample, we were able to demonstrate the proof of
concept of this fabrication technique and additionally, test
the resolution limit of point sources in close proximity
due to the ambiguity caused by overlapping Point Spread
Functions.
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Nano-Scale Patterning of Fluorescent Probes. We
used AutoCAD (Autodesk, USA) to design nanoscopic
features and fabricated the design with the FIB. After gold
deposition of 4 nm to reduce charging, the FIB milled
50 nm into the silicon dioxide cover slide (18 × 18 ×
0.16 mm). F8789 fluorophores (ThermoFisher Scientific)
were sonicated for 15 minutes. A 103 dilution of F8789
fluorophores and HPLC Water was made and sonicated for
five minutes. The glass cover slide was placed in the March
Jupiter III reactive ion etcher for five minutes (standard
procedure) to remove the 4 nm of gold. Next, 5 µl of 103
F8789 fluorophore, water solution was pipetted over the
milled area. After 30 minutes, the solution evaporated
and the sample rinsed with HPLC Water, 3 × 500 µl.
The remaining liquid was allowed to evaporate at room
temperature in a dark covered container that blocked
light. After evaporation was complete, the sample was
examined with a Nikon stochastic optical reconstruction
microscopy (STORM) system, with a similar objective
and camera as above. The illumination involved a 647 nm
500 nW laser, and a dichroic mirror to separate the
excitation and emission (fluorescence) light.
2015 NNIN REU Research Accomplishments

Results and Conclusions:
The sub-wavelength apertures in chrome provided an aberration
sample. We successfully tested the aberration sample and found
that 50 nm of chrome was too transmissive and allowed for
light transmission not localized in the apertures. With the data
collected, a calibration curve for the double helix-point spread
function phase mask was created as seen in Figure 1. The nanoscale fluorescent probe sample was excited with a 647 nm laser,
showing fluorophore localization in the patterned areas (Figure
2). Due to the diffraction limit, the feature size increased, but
this demonstrated resolution limit of point sources in close
proximity.
During photobleaching, images were taken of a mock bacterial
cell. With photobleaching, fluorophores not localized within the
patterned area fluoresced as seen in Figure 3. From the images
collected, we were able to prove the nano-scale patterning of
fluorescent probes concept.

Future Work:
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Figure 1, top: Calibration Curve: Calibration curve of
the rotation of the Double Helix point spread function
through a Z stack, analyzing Angle vs. Z position.
Figure 2, middle: Fluorescent Probes patterned in the
shape of a Cell: A fluorescent image of mock bacterial cell
designed in CAD.
Figure 3, bottom: Fluorescent Cell post STORM: A
fluorescent image of a designed bacterial cell after
photobleaching.
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The aberration slides for three-dimensional super resolution
microcopy systems are being further developed. To improve the
results and quality of the apertures in chrome experiment, the
same design will be replicated on a cover slip with 100 nm of
chrome, with holes varying in sizes of 50, 100, 150, and 200 nm.
From this new sample, the aberrations from the center of the
field of view will be compared to the aberrations at the edges
of the field of view. Next, new methods will be designed and
tested for nano-scale patterning of fluorescent probes to create
a standard calibration slide for a variety of three-dimensional
resolution microscopy systems.
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Abstract:
Indium gallium nitride/gallium nitride (InGaN/
GaN) nanopillar arrays of different diameters were
formed in a green multiple quantum well (MQW)
light emitting diode (LED), Figure 1. Using a topdown approach, the fabricated nanoLED was able
to achieve multiple color emissions using strain
engineering from the same InGaN active region.
During the etchback of the spin-on-glass (SOG),
using SF6/C4F8/Ar gas, the tip of the nanopillar, made
of p-type GaN, was exposed using inductively coupled
plasma. Consequentially, the electrical properties of
the p-GaN deteriorated, e.g. the turn-on voltage and
contact resistance increased. In order to optimize
the nanoLED, a recovery treatment is necessary to
restore the damage induced. We report on damage
recovery by means of wet chemical treatments and
rapid thermal annealing (RTA) on planar p-GaN test
samples. We measured the contact resistance using
rectangular and circular transmission line methods
Figure 1: Top, nanoLED and bottom, SEM images of different
(TLM) to determine which treatment can be used to
nanopillar sizes.
optimize the fabrication of the nanoLED. The results
demonstrated that for our sample boiling potassium
hydroxide (KOH) yields the most improvement in resistance. However, KOH does not fully restore the sample.
We concluded that the combination of chemical treatment and annealing is necessary or a different dry etching
scheme has to be developed to minimize the plasma damage.

Introduction:
InGaN/GaN nanopillars have been studied and used in
the fabrication of multiple color pixels LEDs in a single
chip [1]. This nanoLED is suitable for micro display
applications, lighting and sensors. The InGaN nanopillar
structure is used over planar structure because of its
advantages: improved internal quantum efficiency
and light extraction efficiency of photonic devices,
enhancement in emission intensity and improvement in
decay rate. To form p-GaN/metal contact on nanopillars,
one common method is to planarize the sample surface
by spin-on-glass or polymer materials, such as polyimide.
After planarization, dry etching is required to expose the
p-GaN, however, it induces damage on the GaN surface.
Using hydrogen chloride (HCl), KOH, and molten KOH,
the wet chemical treatment can etch the damaged layer
formed by the dry-etch process. RTA provides thermal
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energy that results in dopant reactivation and repairs
surface damage from ion bombardment. The TLM is a
technique used to calculate the contact resistance used to
compare the restoring methods [3]. For this experiment,
we calculated the specific contact resistance instead
because the contact resistance depends on the size of the
contact, which provides a bad comparison.
The technique involved making a metal test structure
deposited in the planar p-GaN sample. The pattern
deposited was separated by various distances, Figure 2. A
voltage was applied between the metal contacts and the
total resistance of each separation was calculated.
As a result, one can plot a linear graph of total resistance
vs. spacing, which then can be used to calculate the specific
contact resistance, Figure 2. The purpose of having two
2015 NNIN REU Research Accomplishments

patterns was that the current from the rectangular contact was
not uniform [3].

TLM Pattern Fabrication/Experiment Procedure:
The nanoLED detailed top-down fabrication is clearly described
elsewhere [1]. The TLM pattern fabrication procedure is as
follows; first, the planar p-GaN sampled were intentionally
damaged, followed by the restoring method. Then the samples
were patterned via photolithography and a Ni/Au layer was
deposited, 8 nm each. Then the sample was oxidized Ni/Au
layer. The final thickness was 10/200 nm respectively.
For the first experiment, the samples were tested for the wet
chemical treatment method. The samples were individually
soaked; at room temperature HCl:H2O (1:1), boiling HCl:H2O
(1:1), and boiling KOH:H2O (1:1) solutions for ten min. From
the current-voltage (IV) curve, KOH showed an improvement.

Figure 2: Total Resistance vs Spacing. TLM pattern.

For the second experiment, a higher concentration of KOH was
investigated, i.e., molten KOH. A sample was also tested for the
RTA method at 600°C in nitrogen ambient.
Finally, the specific contact resistance was measured using
Keithley 4200, a semiconductor characterization system.

Results and Conclusion:
Molten KOH, boiling KOH and annealing treatments on planar
structure p-type GaN samples improved the specific contact
resistance, Figure 3.

Figure 3: Recovering method.

In other experiments, HCl has been used to effectively etch
surface oxide, such as gallium oxide (Ga2O3) on a GaN layer
formed by a dry etch process [4]. HCl showed no improvement,
a possible reason being that the oxide layer was not formed with
the plasma species used in these experiments.
Prior to these experiments, the nanoLED was annealed and
it showed an improvement, Figure 4. Our results showed that
none of these processes fully restored the sample. In future work,
boiling KOH and annealing can be combined as a restoring
method. Another alternative is to substitute SOG by polyimide.
This polymer can be dry-etched using an oxygen gas species.
The restoration from an oxygen based plasma can be easier than
fluorine based plasma.
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The calculated value of the circular and rectangular pattern of
the intact sample were 0.042 and 0.788 Ω-cm2, respectively. The
calculated value of the boiling KOH circular and rectangular
pattern were 0.640 and 7.53 Ω-cm2, respectively. The difference
between the rectangular and circular patterns’ corresponded to
the current not flowing uniformly. The calculated value of the
damaged sample, although inaccurate, was 130,000 Ω-cm2 and
demonstrated that when the sample was damaged it was almost
not conducting.

Figure 4: Annealed recovering method on nanoLED.
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Abstract:
Ultraviolet light emitting diodes (UV LEDs) have been used in a variety of applications and as a result are
becoming cheaper to fabricate. LED products have reached 12 watts at 914 amperes. Initial UV LEDs were
fabricated with GaN films grown on sapphire substrates. The main disadvantage of this fabrication technology
is the difficulty in growing high quality GaN films on sapphire because of the large lattice mismatch. Diamond
has a wide energy band gap of 5.47 eV, which makes it attractive for opto-electrical applications. Its high
thermal conductivity makes it an excellent material for UV LED fabrication. In this work, diamond UV LEDs
were fabricated by growing high-quality diamond films on silicon and silicon carbide (SiC) substrates by hot
filament chemical vapor deposition (HFCVD). Methane was used as the carbon source gas with solid source
boron used as the p-type dopant and N used as the n-type dopant. Hall measurements confirmed a hole concen
tration of approximately 3 × 1019 cm-3, a carrier mobility of 73 cm2/V-sec, and a resistivity of 5 × 10-3Ω-cm.
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Introduction:
Light emitting diodes are semiconductor light sources
that are fabricated from a p-n junction that emits light
when activated. When a suitable voltage is applied to the
contacts, free electrons recombine with holes within the
device. Once recombination happens, photons are emitted
as a function of the bandgap energy of the semiconductor
material.
The objectives of this work were to grow high quality
diamond films on silicon and silicon carbide substrates,
dope the diamond films with boron (p-type) and
nitrogen (n-type) dopants, and characterize the diamond
epitaxial films by Raman spectroscopy, scanning electron
microscopy, Hall effect measurements, and current-voltage
(I-V) measurements. The final objective was to fabricate
ultraviolet light emitting diodes by photolithography.
The semiconductor material used for the fabrication of the
ultraviolet light emitting diodes was diamond. Diamond
behaves as an insulating material as a result of its covalent
carbon bonds but can be rendered electrically conductive
by doping.

Methodology:
To grow diamond heteroepitaxially, wafers must be seeded
with nanodiamond slurry or “Opalseed” mixture. This
process was done by placing the wafers in a 1:1 ratio mixture
of nanodiamond slurry and methanol, and sonicated for
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10 minutes for nanodiamond adhesion. After rinsing with
methanol, the wafers were blow-dried with nitrogen gas.
The samples were then loaded into the HFCVD reactor for
growth. Growth conditions were as follows: hydrogen and
methane flow rates of 80 sccm and 1 sccm respectively,
growth pressure of 20 torr and a substrate temperature
of 750°C. These conditions yielded a growth rate of about
0.16 µm/hr. P-type doping of diamond was accomplished
by placing a piece of 99.7% boron in the center of the
substrate holder and very close to the hot filaments
(1-2 mm) during growth. N-type doping was performed
by introducing nitrogen-15 gas into the chamber during
growth at an elevated substrate temperature (>>750°C).

Results:
Current-voltage measurements on unannealed titaniumgold contacts on diamond revealed ohmic behavior
indicating degenerate boron doping, see Figure 1.
Hall measurements on boron doped diamond yielded
a mobility, resistivity and carrier concentration of
73 cm2/V-s, 5 × 10-3 Ω-cm, and 3 × 10-19 cm-3 respectively.
Raman spectroscopy measurements of undoped diamond
indicated a sharp intense peak at 1333 cm-1 while the
boron doped diamond indicated a less intense 1333 cm-1
peak and a broad intense peak at 1219 cm-1, shown in
Figure 2, characteristic of heavy boron doping [1].
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Nitrogen doping to produce n-type diamond was not
successful. Previous work [2] had indicated that nitrogen
doping in diamond produces defects that trap free carriers
and produces insulating diamond. The incorporation
of nitrogen-15 and growth at an elevated substrate
temperature did not change the outcome. Therefore no
p-n junction was created within the final device structure
due to a lack of n-type carriers.

Conclusions:

Figure 1: Current-voltage curve of unannealed titanium-gold
contacts to boron doped diamond.

Figure 2: Raman spectrum of doped and undoped diamond.

High quality diamond films were grown by HFCVD and
doped with boron. Hall effect measurements and Raman
spectroscopy verified the presence of boron doping at
very high concentrations (greater than 3 × 10-19 cm-3).
While nitrogen doping to produce n-type carriers in
diamond proved unsuccessful, there are a number of
elements in groups V and VI of the periodic table that
may prove effective as an n-type dopant in HFCVD, with
phosphorus as the leading candidate. Once the n-type
doping problem is solved, fabrication of ultraviolet light
emitting diodes should be straightforward. Growth of
polycrystalline diamond on silicon and silicon carbide
may prove detrimental to device performance. Therefore
growth of diamond on diamond substrates is preferable,
even with their small size and large cost.
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Aluminum indium arsenide antimonide (AlInAsSb) is a promising material because its band gap can be widely
tuned while maintaining lattice matching to a substrate by varying the constituent element compositions. These
characteristics allow for applications as photodetectors in the near- to mid-infrared region. These materials
were grown on a gallium antimonide (GaSb) substrate via molecular beam epitaxy using a digital alloying
technique. This report focuses on the optical characteristics of these digital alloys. Emission spectra were
measured using photoluminescence spectroscopy at both 77K and 300K to determine bandgaps. Transmittance
and reflectance data were measured using Fourier transform infrared spectroscopy. Due to the absorbance of
the GaSb substrate, absorption features of wide-bandgap AlInAsSb alloys are obscured. To mitigate this, the
spectra were also taken after thinning the substrate to ~150 µm. Absorption characteristics were extracted from
the measurements using transfer matrix methods and numerical fitting. From these data, optical parameters of
the films such as absorption coefficients and refractive indices were obtained.

Introduction:

Experimental Procedure:

AlInAsSb shows promising application as a photodetector
material throughout the near- to mid-infrared. The band
gap of AlInAsSb can be widely tuned by adjusting the
constituent element concentrations, while maintaining
lattice matching to the substrate. Unfortunately, the
fabrication of arbitrary alloys of AlInAsSb is hampered
by a large miscibility gap. Using molecular beam epitaxy
and a growth technique called digital alloying, AlInAsSb
can be grown by alternating layers of III-V binary alloys
of the constituent elements. The grown films would thus
reproduce the macroscopic optical properties of the bulk
alloy.

Photoluminescence spectroscopy was conducted on
a GaSb control and 0-80% Al containing digital alloy
samples at 300K and 77K. A 532 nm laser was used to
excite the samples, and an InSb detector gathered emission
data [1]. Substrate thinning was performed on each
sample to thin GaSb substrates from 500 µm to 150 µm.
Using a KBr beamsplitter and SiC globar source, Fourier
transform infrared spectroscopy (FTIR) was used to
gather reflectance and transmittance data before and after
thinning. The transmittance data was used in a numerical
model to calculate absorption spectra [2]. Using obtained
absorption coefficients, the refractive index was calculated
from Kramers-Kronig relations.

AlInAsSb films, 300 nm thick, were lattice matched to
500 µm GaSb substrates. Since GaSb has a smaller bandgap
than many of the wider bandgap films with higher Al
percentages, the absorption within the thick substrate
would be much greater than that of the thin film. GaSb
would thus obscure the absorption features of these digital
alloys. Therefore, substrate thinning was needed to reduce
the GaSb absorption.
Here, we report on the emission and absorption
characteristics of these digital alloys. Using various
spectroscopic techniques and numerical modeling,
we obtained AlInAsSb band gap energies, absorption
coefficients, and indices of refraction.
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Results and Conclusions:
Emission spectra from photoluminescence measurements
at 300K and 77K indicate a monotonic increase of band gap
energy with increasing Al fractions, as illustrated in Figure
1. At 77K, the emission spectra were narrowed and more
intense than 300K due to reduced thermal broadening
[1]. In FTIR reflectance measurements shown in Figure 2,
there was decreased reflectance with increasing Al fraction.
After substrate thinning, there was little change in the
spectra, making it unsuitable for differential calculations
of absorption spectra. The transmittance spectra in Figure
3 indicated lowered transmittance in the 2-3 µm region,
which was attributed to surface scattering effects of light
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Figure 1, far left: Comparison
of AlInAsSb band gap energy.
Figure 2, left: Reflectance
measurements before and after
substrate thinning. Figure
3, below left: Transmittance
measurements before and after
substrate thinning. Figure
4, below right: Calculated
absorption coefficients (α) before
and after substrate thinning.

gap of AlInAsSb, the nonphysical absorption coefficients
illustrate the difficulty of separating AlInAsSb absorption
from that of the substrate.

Using a transfer matrix model, we first solved for the
absorption spectra of GaSb, in which the physical
characteristics obtained served as a proof of concept for
the model [3]. The transmission coefficient of polished
and roughened GaSb surfaces were then found to account
for surface scattering. Differential calculations using
transmittance data before and after thinning were used to
find substrate absorption within the digital alloy samples,
which can be used to find the absorption spectra of
AlInAsSb.

The numerical model may be refined to account for
individual binary layers in the digital alloy. Experimentally,
AlInAsSb may regrown with an etch stop layer used for
membrane liftoff onto a substrate transparent in the IR
region. This would allow direct measurement of AlInAsSb
without obscuration from absorption in GaSb.

As shown in Figure 4, nonphysical absorption coefficients
of AlInAsSb were obtained because the GaSb substrate
were strongly absorbing despite thinning. Furthermore,
samples with stronger free carrier absorption further
masked the optical characteristics of AlInAsSb. Extreme
oscillations in the spectra were attributed to the etalon
effect. The band gap for the 0% Al sample was observed at
0.294 eV (4.22 µm), which closely matches the respective
band gap at 0.287 eV found in photoluminescence
spectroscopy at 77K. Due to nonphysical nature of the
absorption spectra, the calculated indices of refraction
also do not provide realistic results.

Future Work:

Acknowledgements:
I want to thank Scott Sifferman, Dr. Seth Bank, and the
rest of the LASE group for their incredible guidance. I also
want to thank the National Nanotechnology Infrastructure
Network Research Experience for Undergraduates (NNIN
REU) Program and the National Science Foundation for
their support under Grant No. ECCS-0335765.

References:
[1] Gfroerer, T.H.; Encyclopedia of Analytical Chemistry, R.A. Meyers,
9209-9231 (2000).
[2] Katsidis, C.C., Siapkas D.I.; Applied Optics, 41 (19), 39783987(2002).
[3] Adachi, S; Journal of Applied Physics, 66, 6030 (1989).

While photoluminescence measurements do provide
promising results towards the ability to tune the band
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on the roughened GaSb after thinning. Diminished
transmittance for various samples like the control and 80%
Al at higher wavelengths were attributed to higher doping
levels in the GaSb substrate, which contribute to increased
free carrier absorption.

Optical Resonant Frequency Detection System
for Mass-Sensing MEMS Resonators
Kasia Gibson
Bioengineering, Northeastern University
NNIN REU Site: Washington Nanofabrication Facility and Molecular Analysis Facility, University of Washington, Seattle, WA
NNIN REU Principal Investigator: Lih Y. Lin, Electrical Engineering, University of Washington-Seattle
NNIN REU Mentors: Ethan Keeler, Peifeng Jing, Conner Ballew, and Jingda Wu; Electrical Engineering, University of Washington-Seattle
Contact: gibson.kasia@gmail.com, lylin@uw.edu, e.keeler@live.com, peifengjing@gmail.com, ckballew@uw.edu, albuswu@gmail.com

Introduction:

Optics &
Opto-Electronics

A newly proposed biomedical application for the
combination of optical tweezers and micro-electromechanical systems (MEMS) resonators has promise for
long-term mass monitoring of single cells. In cell trapping,
a laser beam is focused through a microscope onto a cell to
trap and position it on the resonator; a separate laser beam
is incident onto the vibrating resonator and produces
an optical deflection signal for frequency detection. The
problem with using traditional optical trapping in this
scheme is a decoupling between the cell trap and the
resonating substrate, mitigating the cell’s influence on the
resonant frequency.
This can be remedied with the integration of photonic
crystals. The MEMS resonator measures the cell mass by
detecting the resonant frequency change of a resonant
beam [1], and the photonic crystal optical tweezers are
applied to improve the mass sensing capability of the
MEMS resonator by fixing the cell position with low
light intensity [2]. With the usage of photonic crystals
on a MEMS resonator, the position of a cell can be
finely controlled to enhance the ability of the resonator
to monitor changes in cell mass over time by inducing
shifts in the device’s resonant frequency [1]. A detection
circuit was necessary to measure these shifts. Being able
to trap and measure the resonant frequency enables the

manipulation and identification of living cells, parallel
manipulation of DNA strands and nanoparticles, and
identifying a cell’s biophysical characteristics.

Experimental Procedure:
Detection Circuit. The original detection circuit included
two transimpedence amplifiers and a difference amplifier,
serving the purpose of amplifying the signal produced
by the optical deflection signal provided by a split
photodiode. Figure 1 displays a general overview of the
circuit. The circuit design software, Multisim, was used to
establish an effective circuit schematic that would predict
the behavior of the circuit to ensure a sinusoidal waveform
as the output of the difference amplifier. In Multisim, the
split photodiode was replaced with an AC current source
at an initial frequency of 1 kHz. Through simulations,
appropriate revisions to the circuit were conducted to
provide an accurate layout to ensure the success of the
circuit.
Originally the voltage ranges were from -2.5V to
+2.5V, which was an issue considering an Arduino
microcontroller would be programmed and combined
with the circuit to calculate the resonant frequency. This
was solved by inserting voltage dividers that
would offset the voltage to an appropriate
range of 0V to 5V. To counteract noise, a low
pass filter was added (a 3.6 kΩ resistor and
a 0.1 nF capacitor) with a cutoff frequency
of approximately 420 KHz. A major issue
was maintaining five volts throughout the
circuit. To counter that, a voltage buffer
was added, a unified power supply for the
transimpedence amplifiers was established
and the resistor values for the difference
amplifier were modified.

Figure 1: Circuit design overview.
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A comparator was added to change the sinusoidal
waveform into a square wave to make detection with the
Arduino easier. One of the final steps using Multisim
was increasing the frequency of the AC current source
from 1 kHz to 300 kHz (split photodiode) to accurately
reflect the frequency of the laser beam that will hit the
split photodiode. That, however, changed the sinusoidal
waveform from the difference amplifier to a triangular wave
due to slew rate limits. This was remedied by lowering the
gain (changing the resistor values from 100 kΩ to 10 kΩ)
of the transimpedence amplifiers. During the assembly of
the circuit, the comparator Vcc+ was changed from 5V to
10V, so that the oscilloscope can display the comparator
signal.
Arduino Programming. With the usage of an Arduino
microcontroller and programming software, the frequency
of the vibrating resonator could then be measured by
inputting the output of the comparator directly into the
Arduino. The Arduino code was programmed to monitor
overflow, count rising edges, enable the timer, temporarily
store data and calculate the frequency after one hundred
cycles.

Results and Conclusions:
With the laser beam collimated onto the split photodiode,
the detection circuit was able to output an expected
sinusoidal waveform (resonant frequency) from
the difference amplifier and a square wave from the
comparator, while maintaining a viable output voltage

between the 0 to 5 volt range that allowed the Arduino
microcontroller to calculate the resonant frequency.
Figure 2 shows the output of the difference amplifier.
Arduino code was tested using a signal from the function
generator. With the proper adjustments to the code, the
Arduino was able to calculate the frequency provided by
the function generator. However, with a miniscule shift in
the positioning of the laser beam onto the split photodiode,
the expected frequency was compromised. While there are
minor setbacks with the Arduino code and cell viability in
terms of optical trapping of cells, there is great evidence
that photonic crystal optical tweezers will not only be able
to distinguish different types of cells, but also enable longterm biological mass studies.

Future Work:
The next step in this process is to modify the Arduino
code that will allow the accurate measuring of the
resonant frequency regardless of the positioning of the
collimated laser beam as it hits the split photodiode.
With the modification of the detection circuit on the
optical setup, the durability and efficiency of the circuit
can be enhanced. The last major step would be to mount
the detection circuit on the bio-sensing resonator, and
calculate resonant frequency shifts using the optical
deflection signal produced by living cells.
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Figure 2: Signal output of difference amplifier. Output with a time
base of 100 ms and a scale of 100 millivolts per division.
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Abstract and Introduction:

Design:

Complementary metal oxide semiconductor (CMOS)
technology is continually decreasing in size. Right now,
the smallest device is the Micro-Mote, which is less than
a half a centimeter. This small device can be implanted in
people with diseases such as glaucoma, and it can monitor
the intraocular pressure. Its power source is a solar cell on
the very top layer. A smaller design has been proposed that
will reduce the weight and increase the reliability. Instead
of having a 3D cube with layers of chips stacked on top of
each other with wire bonding between each layer [1], the
device can be placed all on one layer. The problem is directly
integrating LEDs and solar cells onto the processor. This
can potentially be done with thin-film gallium arsenide
(GaAs) nanowires, which have been shown to make high
efficiency light emitters and photovoltaic cells, and have
the potential for integration on arbitrary substrates [2].
However, nanowires have dangling bonds that can decrease
the efficiency of light emitters and photovoltaic cells. To
improve the efficiency of GaAs nanowires, deposition of
parylene on GaAs nanowire arrays are studied in this work
to provide both structural support and surface passivation.
Before testing could be done on the device, two questions
about the deposition of parylene on the nanowires had
to be answered: does the parylene seep in between the
nanowires, if so does it reach the bottom?

The proposed design of the solar cells consists of indium
tin oxide (ITO) sitting on top of the processor. GaAs
nanowires are grown on top of the ITO, which are then
embedded in parylene. Finally, ITO is deposited on top of
the nanowires as the transparent conductor.

Methods:
Parylene is deposited on top of the nanowires using the
Special Coating System Parylene Deposition System
(PDS). The amount of parylene to deposit was determined
by the length of the nanowires. The deposited parylene
should have, approximately, the same height as the
nanowires. After the parylene was deposited the sample is
taken to the LAM dry etching tool to etch the parylene off
until nanowires are visible. Once the etching has finished
the samples are taken to the Hitachi scanning electron
microscope (SEM) to see if nanowires are visible. If they
are not, then etching continues until the nanowires are
seen.

Figure 1, left: SEM picture of the nanowires sticking out of the parylene. Figure 2, middle: Holes of parylene, which can mean that there
is no more parylene in that area. Figure 3, right: Parylene does not embed in thick clusters of the nanowires.
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Results and Discussion:

Conclusion and Future Work:

2170-2175.
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The process was repeated on samples
Parylene does seep in between the
with nanowires of different heights
GaAs nanowires providing some
and it was determined that the
structural support and passivation,
parylene does seep in between the
but since the parylene is not reaching
nanowires. After several microns of
the bottom of the nanowires, the
parylene were etched the nanowires
nanowires are not as efficient as
always started poking out as shown
they can potentially be. To solve this
in Figure 1. However, although the
problem a new way of depositing
amount of parylene deposited was
parylene on top of the nanowires
the same length of the nanowires, a
can be experimented with. Instead
significant amount of parylene had
of having the parylene deposited all
to be etched before the nanowires
at once, there can be several smaller
were visible. This shows that the
cycles of parylene deposition on the
Figure 4: This graph shows that current does
go through the nanowires with parylene.
parylene is not reaching the bottom
samples.
of the nanowires. To confirm this,
etching was continued for several
samples. For some samples, small holes started appearing
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Abstract and Introduction:
Intracavity loss modulation is a promising method for
broadband noise suppression in a modelocked laser. However,
pure loss modulation with bandwidth beyond megahertz is
rarely achieved with traditional electro-optic materials due to
intrinsic resonances, amplitude and phase coupling or signal
propagation delays. Graphene, arising as an unconventional
two-dimensional material, exhibits an interband absorption of
2.3% from visible to infrared wavelengths, which is controllable
by an external electric field [1]. This exciting property has
been utilized recently and has led to unprecedented noise
levels in compact fiber-based modelocked lasers [2,3]. In this
work, we integrate a graphene modulator on a semiconductorbased saturable absorber mirror (SESAM), which serves as a
device for initialization and stabilization of modelocking. This
hybrid device exhibits modulation bandwidth beyond 5 MHz,
which is sufficient for most noise-suppression applications.
The realization of this hybrid device is based on the design
and improvement of the top silicon-doped GaAs layer of
the saturable absorber mirror, functioning as a transparent
electrode. Various annealing conditions of the top layer and
the resulting sheet resistance, carrier lifetime, and optical
absorption changes are presented and discussed, along with the
modulation performance of the graphene modulator.

Experimental:
A SESAM wafer consists of a 24-pair GaAs/AlAs distributed
Bragg reflector (DBR), a low-temperature grown Er-doped
InGaAs quantum well (LT-Er:InGaAs QW), a LT n-GaAs cap
layer (Si: 5 × 1017 cm-3). The LT-Er:InGaAs QW was used as a
saturable absorber, which enables ps-order carrier relaxation
times. In order to reduce the carrier relaxation time, the InGaAs
QW and the following n-GaAs layer were epitaxially grown at
low temperature, which led to a large number of crystal defects.
Before the device fabrication the SESAM wafer was annealed
at 500°C for 30 s by rapid thermal annealing (RTA) in order
to lower the sheet resistance of the wafer; 20 nm Ni and 80 nm
AuGe were then thermally evaporated onto the SESAM as a
bottom electrode. The device was then annealed again at 350°C
for 120 s by RTA to form ohmic contacts. A 50 nm Ta2O5 was
then deposited using reactive DC sputtering; 10 nm Ti and
90 nm Au were thermally evaporated as a top electrode onto
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Figure 1, top: The sheet resistance of the annealed
SESAM, measured by four-point probe method directly
without metallic pads. Figure 2, middle: The carrier
relaxation time properties of SESAMs after the annealing
process. The curves represent from the bottom as grown,
400°C, 500°C, 600°C, and 800°C, respectively. Figure
3, bottom: The frequency response properties of the
modulator.

2015 NNIN REU Research Accomplishments

which CVD-grown graphene was transferred. Unused
graphene was removed by oxygen plasma etching to reduce
the device capacitance. After finishing the fabrication, the
frequency response and the modulation depth mapping of
the modulators were measured by a network analyzer and
a lock-in amplifier.

Results and Discussion:
Figure 1 shows the effects of the annealing process on
sheet resistance of SESAMs were examined by 4-probe
method directly on SESAM, without metal contacts. At
800°C annealing temperature, silicon oxide was deposited
on SESAM before annealing to prevent evaporation of As
from the surface. The un-annealed sample exhibited a poor
conductivity of 780 kΩ/sq., which likely resulted from
crystal defects induced by the low growth temperature and
charge traps from surface states of n-GaAs. When SESAM
was annealed at 500°C for 30 s, the sheet resistance was
improved nearly 50-fold to 16 kΩ/sq. We attribute this
to the reduction of crystal defects or charge traps, while
at annealing temperatures of more than 500°C dopants
diffused out from the conducting layer or Ga diffused into
the SiO2 layer and formed vacancies acting as trapping
sites [4].

Figure 3 shows the frequency response of this hybrid
graphene/III-V modulator with the SESAM annealed at
500°C for a device with an aperture diameter of 200 µm,
and a post-anneal sheet resistance of 13 kΩ/sq, measured
by the circular transmission line method (c-TLM). The
modulator was operated by an AC voltage of 2 Vrms, and
illuminated by a 1550 nm continuous-wave laser diode.
The device exhibits a modulation bandwidth beyond
5 MHz thanks to the improvement of the sheet resistance.
This value is sufficient for most solid-state laser
applications. We assume that the DC bias dependence at
low frequencies is likely explained by an equivalent circuit
model considering the series capacitance that results from
the Ta2O5 insulating layer and the depletion region formed
at the surface of the n-GaAs layer. The modulation depth
mapping in Figure 4 shows uniform modulation area
within the active aperture.
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Conclusions and Future Work:
We demonstrated an electro-optic graphene/III-V hybrid
modulator achieving an operation bandwidth beyond
5 MHz. A post-growth annealing processes successfully
reduced sheet resistance of the SESAM from 780 kΩ/sq. to
16 kΩ/sq., which largely improved the cut-off frequency of
the modulator. In the future, we are going to combine the
modulator with modelocked lasers for noise suppression
applications.
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The saturable absorption of the LT-Er:InGaAs QW after
the annealing process was also investigated as shown
in Figure 2. It can be seen that annealing increased the
slow component of the carrier relaxation; however, for
annealing temperatures below 600°C, the resulting longer
relaxation time should still be tolerable for sub-picosecond
pulse generation.

Figure 4: Modulation depth mapping of the modulator. The ring
diameter is 200 µm.
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Abstract:
Quartz is well recognized for its superior mechanical properties in piezoelectric devices and has recently
shown potential for use in tunable optical filters. However, due to the lack of thin film technology for quartz,
its use has been limited to microscale devices. An angled etching fabrication technique has been adopted to
realize nanoscale quartz devices. To employ this technique, an evaporated or sputtered aluminum or titanium
mask must be used. In order to achieve high quality for nanomechanical or optical devices, surface smoothness
is of utmost importance. To achieve this, we optimized hard mask dry etching to transfer a smooth sidewall
to the final device. We tested various etch recipes, tracking the effect of temperature, gas flow, and DC bias on
anisotropy and selectivity. Our most successful recipes with both aluminum and titanium etching resulted
from increasing temperature and optimizing DC bias. Aluminum yielded an acceptable quality etch product.
Titanium had issues with selectivity and stress.
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Introduction:
The Lončar group has published work on angle-etching
diamond for use in “A variety of nanoscale photonic,
mechanical, electronic, and optoelectronic devices” [1].
We desired to apply this technique to quartz, a well studied
and commonly used material in electrical and computer
engineering. To do so, we required a reliable quartz etch
procedure that preserved high selectivity and high aspect
ratio [2]. In previous experimentation, photoresist and
oxides had not been sufficient and instead aluminum
and titanium were the most promising candidate mask
materials.
Once these methods are employed, as depicted in Figure
1, the group can create and test quartz nanodevices for
advanced scanning microscopy or optoelectromechanical
devices such as optical tuners.

Experimental Procedure:
One centimeter by one centimeter samples were cut from
a standard thickness quartz wafer. When ready to be used,

4-6 samples were then put into a 1:3 ratio H2SO4:H2O2
solution followed by sonication in acetone, then methanol,
then isopropyl alcohol to remove impurities.
Hard Mask Fabrication, Patterning, and Etching. One
micrometer of aluminum or titanium was electron beam
vapor deposited. Pressure would rise as the deposition rate
increased as a result of increased chamber temperature and
increased particle count. Samples were then spincoated
with photoresist and electron beam patterned. We then
etched individual samples in the Plasma Therm Unaxis
Shuttline reactive ion inductively coupled plasma etcher.
As we observed changes in etch quality, we changed
pressure, gas flow, and heat exchanger temperature.
Aluminum. In aluminum (Al), the variables commonly
changed were pressure and temperature. Al was etched
with various recipes, the most successful, as displayed in
Figure 2B was with twelve standard cubic centimeters per
minute (sccm) of BCL3, 25 sccm of Cl2, and 6 sccm of CH4
flowing at a pressure of 8 milliTorr, which yielded a DC
bias of 380.7 volts.

Figure 1: Top layer represents resist. Middle layer represents aluminum or titanium thin
film. Bottom transparent layer represents quartz.
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Titanium. With titanium, the etch
recipe variables most commonly
changed were time interval and
temperature. We experimented
with using multiple shorter time
intervals (one to two minutes) to
achieve more control over etch
progression and avoid over or
under etching.
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Figure 2, top left: (2A) 300 nm aluminum film
undercut and rough due to film being too thin
and lack of polymer sidewall coating. (2B) One
micron, more anisotropic, but residue remained.
(2C) Almost all residue gone, anisotropic, clean
sidewalls.
Figure 3, bottom left: Titanium film under
etching, over etching, and film breakage.

Imaging and Evaluation. These samples were imaged
with the Zeiss Supra scanning electron microscope at a
sixty degree tilt to observe changes in etch quality between
recipes.

Results and Conclusions:
Aluminum Hard Mask Etch. Etch quality of aluminum
was improved to be applied in full device fabrication.
Figures 2A and 2B are from the first and last etch recipes,
respectively. They demonstrate how introducing methane
gas and increasing temperature yielded a more anisotropic
etch with cleaner sidewalls. They also show that a thicker
thin film of aluminum was needed to combat over etching
and improve selectivity.

As seen in Figure 2B, we were successful in creating
an anisotropic and clean etched product suitable for
fabricating an angle-etched quartz nanodevice.
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Titanium Hard Mask Etch. Titanium was not as successful
because of its tendency to under etch (Figure 3A), over
etch (Figure 3B), or structurally fail due to stress (Figure
3C).

Future Work:
Aluminum Mask Improvements. We were able to
create a more anisotropic and clean etch with aluminum.
Depositing aluminum at a lower pressure should eliminate
minor film inconsistencies. Full cleaning of the etching
tool should eliminate significant substrate residue.
Figure 4: Stress vs. Temperature 15300 nm titanium.
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Methane was introduced to create polymers that
would form protective layers on sidewalls, preventing
undercutting and roughness during etching. However,
once these polymers are introduced they can settle along
with aluminum chloride, leading to over etching and/or
disruption of structures. To reduce residue, we increased
heat exchanger temperature to increase chamber volatility
and easily reacting combined polymers or aluminum
chloride out of the solid phase.

Titanium Mask Improvements. In addition to over
and under etching, film stress occurred in titanium. We
hypothesized based on literature [2] that sputtering at
a high temperature will alleviate stress. To simulate this
change in the process we sputtered titanium onto a full
wafer and measured bowing stress versus temperature.
These preliminary tests supported that sputtering and
increasing temperature could relieve stress, as seen in
Figure 4.
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Introduction:
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Nanophotonics is a growing field within optics that
studies the applications and behavior of light and matter
on the nanoscale. Developments here have been especially
important to integrated optics, an area devoted to
combining various optical functions onto a single chip [1].
As light-based devices are becoming more commonplace,
improving the efficiency of base chip devices (especially by
minimizing loss) is growing in importance.
The Suntivich group at Cornell has been studying such
light-matter interactions using titanium dioxide (TiO2)
for integrated optical devices due to its high refractive
index (> 2.2), transparency in the visible and infrared (IR)
regions of the electromagnetic spectrum, and low-cost [2].
A particular area of focus is on the construction of optical
waveguides, which are the basic component for integrated
optical applications. These waveguides are composed
of a high refractive-index core material surrounded by
a lower-index cladding material and light is transmitted
through the core via total internal reflection [1]. As the
light wave propagates through the material, however,
photons are lost due to scattering from defects, impurities,
grain boundaries, and interface roughness.
Rayleigh scattering from interfacial roughness (e.g.,
surface roughness in films and sidewall roughness in
structured channel waveguides) is a major source of loss at
visible wavelengths. Rayleigh scattering is often significant
even within unstructured thin-film planar waveguides and
limits the achievable losses in nanophotonic waveguides.
Therefore, the goal of this work was to develop planar
waveguides from amorphous TiO2 that exhibit a high
refractive index and low planar waveguiding losses.
To achieve this goal, we deposited films using radiofrequency (RF) sputtering of TiO2 and observed how the
deposition temperature, pressure, and power affected
optical propagation loss, surface roughness, index of
refraction, and sputtering efficiency.
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Figure 1: Schematic of a planar TiO2 waveguide.

Experimental Procedure:
Sample Preparation. Silicon wafers with a previously
grown layer of thermal oxide (3.8 µm) were sonicated and
rinsed with acetone, isopropanol, and deionized water.
The substrates were then dried with pressurized air and
heated on a hot plate to ensure no solvent was remaining.
Samples were finally subjected to plasma ashing for 120
seconds to purge any persistent organics from the surface.
Deposition Process. The Kurt J. Lesker PVD75 (sputtering)
was used for 6000 s depositions with a TiO2 target and an
argon flow of 25 sccm (limit of 50 sccm)/oxygen flow of
0.8 sccm. Figure 1 shows the resulting planar waveguide.
•

Temperature range tested (at 120 W,
3.5 mTorr): 25°C-225°C in 25 degree intervals.

•

Power range tested (at 75°C, 3.5 mTorr):
120-135 W, every 5 watts.

•

Pressure range tested (at 75°C, 120 W):
3.3-3.7 mTorr, every 0.2 mTorr.

Characterization. The refractive index and thickness of
the TiO2 layers were first estimated from the Filmetrics F50
(a thickness mapping system and spectrometer) to help
obtain more accurate values using the Woollam variable
angle spectroscopic ellipsometer. Surface roughness/
morphology was imaged and quantified using atomic force
microscopy. Loss was measured using a prism coupler
setup with a red laser (λ = 638 nm) and transverse electric/
magnetic (TE/TM) polarizers.
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Figure 4: Image of the lowest loss film at 25°C (0.7 ± 0.2 db/cm).
The “red light” can still be observed at the end of the wafer,
which does not occur at higher deposition temperatures.

Figure 2, top: Deposition Rate (A/s) vs. Temperature
(°C) graph. Deposition rate was obtained by dividing the
thickness of the film by the run time of 6000 s. Higher
temperatures lead to thinner films. Figure 3, bottom:
TE Loss (dB/cm) vs Temperature (°C) graph. The two
data points for each temperature value provide the range
of the loss measured. Higher temperature samples have
increased loss. The TM Loss graph looks similar.

Thickness/Deposition Rate. As the temperature of the
deposition increased, the thickness of the film dropped
linearly. This relationship can also be understood as higher
temperatures leading to a lower rate of deposition (see
Figure 2). Increased film density is the most likely cause, as
higher temperature TiO2 molecules have a greater range of
motion to find a local energy minimum on the substrate.
As the power increased, the deposition rate likewise
increased, as a larger amount of plasma hitting the target
leads to more molecules being deposited.
Refractive Index. Increasing temperature increases the
refractive index linearly. This trend is consistent with the
temperature-thickness relationship if we assume that the
reduced deposition rate at higher temperature produced
higher density films, which exhibit higher refractive
indices.
Surface Roughness. The film roughness was minimized
between 75°C and 100°C (RMS roughness was ~ 1.1 nm).
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Taking into account all of these results, it appears that the
ideal deposition parameters (where loss is minimized while
still maintaining a high rate of deposition) are at 25°C,
130 W, and 3.5 mTorr (as there was no conclusive
relationship between pressure and the film qualities
observed above, the pressure of most runs, 3.5 mTorr, can
continue to be used). Figure 4 shows the lowest loss film
deposited.
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Results and Conclusions:

Losses. For both TE and TM polarizations of light, losses
increased with increasing temperature (Figure 3). At
higher temperatures, TiO2 gradually begins to transition
from amorphous to crystalline form. This leads to larger
grains that scatter more as they approach in size the
wavelength of light used.
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Abstract:
A reflection hologram that has a high reflectance over a broad range of wavelengths is desirable for many
applications. Thicker holograms, which have a higher reflectance, also have a very narrow bandwidth, thus
obtaining a higher bandwidth typically requires layering. A post-processing method called “chirping” is used to
expand the bandwidth of these reflection holograms. By diffusing mobile monomer into a recorded hologram,
we are able to swell the material and create a distribution of fringe spacing that increases the bandwidth.
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Starting with a bandwidth of 2.5 nm with a maximum reflectance of 2.25% occurring at 457.0 nm, after one hour
of chirping the bandwidth expanded to 9.7 nm while the maximum reflectance dropped to 0.60% and shifted to
466.6 nm. This trend was observed until five hours of chirping at which point the bandwidth narrowed and the
maximum reflectance went back up. The change in mass of the hologram was 8.05% that matches closely with
the 8.35% swelling observed from the shift in maximum reflectance from 457.0 nm to 495.2 nm.

Introduction:

Procedure:

Reflection holograms are formed from interference from
opposing beams of monochromatic and coherent light.
To create a hologram, diode laser beams are focused on a
urethane material containing photo-initiators and mobile
monomer. When light hits the photo initiators, radicals
are formed and free radical polymerization reaction is
started forming polymer chains from the free monomer.
Reflection holograms have many applications including
use in Heads Up Displays (HUDs) and Holographic
Optical Elements (HOEs). There is a design tradeoff with
these holograms: the thicker the hologram the higher the
reflectance, but this reflectance occurs over a smaller range
of wavelength. This range is called the bandwidth and to
obtain both a high reflectance and a high bandwidth,
typically layering is required.

Spacers of known thickness were used to make the material
a desired size. Two strips of 25 µm thick spacer were put on
either end of the glass slide on which the material would be
contained. After degassing the 5% monomer material in a
vacuum, the liquid material was then pipetted onto one of
the glass slides. Another glass slide coated in Rain-X® was
then carefully placed on top of the glass slide. Binder clips
were used to compress the glass slides together ensuring
a uniform material thickness. After allowing the material
to set, holograms could now be recorded into the sample.

Another method to achieve a higher bandwidth is called
“chirping.” Chirping refers to the linear variation of
pitch spacing in the gratings of the holograms, much like
the frequency of a chirping bird. This process requires
diffusing monomer into the sample [1]. The wavelengths
reflected are a function of the pitch spacing, so as added
monomer swells the gratings, the bandwidth is increased
and can be tuned based on the distribution of monomer
[2].
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Using 405 nm laser, the beams were split and focused on
the material in the optical setup. Using various exposure
times, holograms were recorded in the material. The glass
slide with Rain-X was now removed and what remained
was a glass slide with an even coating of material in which
a hologram was recorded.
Next the chirping process began. A 100 µm sponge
containing a 20% monomer within the urethane matrix
was pressed against the recorded hologram sample with a
vise to ensure contact.
To then read the holograms, a UV-Vis spectrophotometer
was used. Black shim paper with a hole-punch in it was
used to isolate the hologram. The black paper was also put
behind the material for a better reading.
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Results and Conclusions:
A simple model was created for the process using
one dimension Fickian diffusion assumptions and an
estimated diffusivity value [3]. The results of this model
are shown in Figure 1. Initial chirping results show a
predictable increase in bandwidth as seen in Figure 2. This
linear increase is an indication that the diffusion process
was not near steady state even after seven hours. A new
material was used for the remainder of the study so that
the hologram and sponge contained the same writing
monomer, speeding the process. The results of this test
as can be seen in Figure 3 closely match the model. The
bandwidth had a large initial increase of around 250%
and then decreased after around five hours as monomer
concentration within the hologram became uniform, as
well as the swelling of the diffraction gratings.

Figure 1: Model results of the chirping process.

The percent increase of the wavelength shift of peak
reflection matches with the percent increase in mass of
the sample. This process allowed us to tune a hologram to
reflect a range of wavelengths that we intended.

Future Work:

Figure 2: A linear increase in bandwidth was initially observed.
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The initial reflectance of the holograms needs to be
improved. Finding the time at which the hologram
achieves its maximum bandwidth is another important
topic that needs to be investigated. To shift the reflectance
peak to a lower wavelength, monomer can be diffused out
of the sample, allowing control of which wavelengths are
reflected. Finally, we need to “lock in” the monomer. If
allowed to sit, the free monomer in a chirped hologram
will continue to diffuse throughout the sample, reaching
steady state that will decrease the new bandwidth.
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Abstract:
Reflection holograms are written into a light-sensitive media using a source of coherent monochromatic light.
The interference pattern between two interfering light waves causes polymerization of certain regions of the
recording medium. Unreacted monomer diffuses into the regions that polymerized, creating a nonuniform
refractive index across the media. This uniform fringe pattern that occurs, a reflection hologram, reflects light.
Typically, reflection holograms are very wavelength selective. In order to broaden the region over which the
reflection holograms are reflective, the fringe patterns must be non-uniformly stretched. By introducing a
monomer sponge next to the holographic media, monomer diffuses into the fringes and stretches the ones
closest to the interface first, causing nonuniform swelling. We have found that reflection holograms, once
chirping has begun, take one hour in order to reach their maximum FWHM bandwidth state. During the
entire chirping process, the peak wavelength location is steadily increasing. Concluding after 79 hours, the
bandwidth decreased and reflectivity increased to near their original values as monomer equally diffused.
At maximum FWHM bandwidth, reflectivity decreased by 230% and bandwidth increased by 200%. After 79
hours, holograms experienced a volumetric expansion of 11% coupled with a peak wavelength shift wavelength
shift of 12%.
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Introduction:
When two sources of coherent monochromatic light
interact, they interfere with one another forming an
interference pattern. Once exposed to a recording medium,
a fringe grating of uniform thickness called a reflection
hologram appears. Only wavelengths of light that match
the pattern are reflected. Therefore, these holograms tend
to have a narrow bandwidth and high reflectivity.
Bright regions in the media cause polymerization of the
monomer. Unreacted monomer from the dark regions
diffuses into these, causing a change in the refractive index
across the media. This index change is the desired fringe
pattern.
Reflection holograms find uses in applications such as the
heads-up-display of fighter pilots. The bandwidth of these
reflection holograms, however, is insufficient for common
light sources such as LEDs. This can be increased with a
thinner recording media, however, diffraction efficiency
is sacrificed. We chose a thicker media for a higher
diffraction efficiency and expanded the bandwidth by
diffusion of new monomer into the holographic media.
Figure 1, top: Model reflectivity vs. wavelength at different
diffusion times. Figure 2, bottom: Optical setup.
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Experimental Procedure:
A model was developed to simulate reflectivity after band
width expansion. Ideal Fickian diffusion was assumed,
therefore an analytic solution exists for the 1D diffusion
equation. The diffusion rate was estimated from previous
measurements that used other similar materials. The
output plot, which includes curves for varying amounts of
diffusion, is included in Figure 1.
A light-sensitive polyurethane matrix solution of 5%
monomer was created and placed on one glass plate. This
matrix was a scaffold for the monomer; once exposed to
light the monomer would be held in place to record the
fringe pattern. Two spacers of 25 µm were placed on either
side of the glass plate, another plate was placed on top,
and the setup was squeezed. This was left to cure, typically
overnight.
Once cured, the sample was placed in an optical setup,
seen in Figure 2. Using a 405 nm laser, light was redirected
and split with beam splitters, so that two of the same light
sources would come from opposite sides of the sample and
interfere within the recording media.
Exposure times varied from 0.2s to 60s, however, we found
that 20s gave the largest reflectivity. Shorter times would
not polymerize enough monomer and longer times would
diffract light more from within the sample, degrading its
quality.

The application of the sponge caused diffusion of new
monomer into the holographic media. This pulled the
fringes closest to the interface first, creating a nonuniform
fringe spacing. There are locations for various wavelengths
of light to reflect from, increasing the bandwidth.

The computer model was quite accurate, given that
the timescales were off by about a factor of two. Once
appropriate values for the material used are found, the
model accuracy can be improved.

Future Work:
Future work could focus on creating new polymer solutions
to increase hologram reflectivity. These holograms can
be seen quite well before diffusion but not at maximum
bandwidth. A method to keep reflectivity high, even after
bandwidth expansion, could also be researched.
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Results and Conclusions:
After one hour of diffusion, maximum full-width-halfmax bandwidth was achieved, an expansion of 200%,
Reflectivity decreased at the same time by 230%. This
data is shown in Figure 3, along with the curves for other
diffusion times.
Initially, FWHM bandwidth increased rapidly due to a
large diffusion gradient across the hologram and sponge.
Over time as monomer more evenly distributed, the fringe
spaces became uniform once again. This explains why
with time, bandwidth decreased and reflectivity increased
about a higher peak-wavelength-location.
Figure 3, top: Experimental reflectivity vs. wavelength at different
diffusion times. Figure 4, bottom: Peak-wavelength-location
expansion and weight vs. diffusion time.
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The top glass plate was removed and the hologram was
tested in a UV-VIS spectrophotometer. After, a sponge of
20% monomer (the same polyurethane matrix as before,
but not light-sensitive) was pressed on the holographic
media. At specified time intervals, the reflectivity was
retested.

As diffusion occurred, the weight of the holographic
material increased 11%. This increase closely matched the
peak-wavelength-location increase of the sample, 12%, as
seen in Figure 4.

