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Schedule of Events 

 
8:00 AM - 8:30 AM  Breakfast and Registration 

8:30 AM - 8:45 AM Introduction by Dr. Todd 

8:45 AM - 9:15 AM Keynote Speaker - Joseph Rose 

9:15 AM - 9:30 AM Coffee Break 

9:30 AM – 11:45 AM Oral Presentations 

11:45 AM - 1:30 PM Lunch, Poster Presentations & Art in Science Exhibition 

1:30 PM - 1:45 PM  Deliberations 

1:45 PM - 2:00 PM Awards Ceremony 

 
* The Art in Science Exhibition will be held in Room 116 
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Keynote Speaker – ESM Today 2018  
 

Seeking the Edge to Achieve Extraordinary 

Engineering Success 

Joseph Rose 
 

The short talk will be focused on seeking the edge for engineers in describing a path to ultimate 

success in their profession. What is the secret? Is it great performance in all engineering and science 

subjects? Success could include such items as promotions, higher salaries, more responsibilities, 

more flexibility in carrying out your job, more free time for vacations and days off, writing patents, 

publications, books, or seeking entrepreneurial or intrapreneurial activities. Success could also be 

spending more personal time with family and friends, attaining happiness, acquiring material items 

of interest, being successful in sports, or of being religious in nature. Engineers can achieve 

astonishing success. Remember, in general for all of your efforts in life that “Failure is on the path to 

success.” Failure is better than mediocrity as it allows a person to begin again with lots of knowledge 

learned from the failure. The secret edge to engineering success is associated with understanding 

topics generally associated with business. Studying such topics as Leadership, Entrepreneurship, 

Negotiation Skills, Teamwork, Intellectual Property, Sales, Marketing & Advertising, and Engineering 

Ethics can change the direction of an engineering student to magnanimous success. Adding business 

concepts to engineering can change your life. A fine line separates excellence from mediocrity. It is 

this edge that makes success possible. The edge is that extra effort, ambition, consideration, topic, 

device or unique thinking. The short talk will discuss the authors background and experience in 

leading up to writing a book, “Seeking the Edge” and also in teaching a course “Business  

Opportunities in Engineering.” 

 

Joseph L. Rose is a Professor in the Engineering Science and Mechanics Department at the 

Pennsylvania State University. He is also Founder and President of a small business, FBS, Inc.dba 

Guidedwave. Dr. Rose received a Ph.D. from Drexel University in 1970 and is an international and 

innovational leader in the fields of wave mechanics, ultrasound, and ultrasonic guided waves. Dr. 

Rose was also the recipient of a Penn State University Faculty Scholar Medal for achievement in 

Engineering in 1996. The ultrasonics accomplishments of Dr. Rose were also celebrated at the 16th 

US National Congress on Theoretical and Applied Mechanics in 2010.  He also received two lifetime 

achievement awards, one from SPIE in 2011 and a second from the British Institute for 

Nondestructive testing in 2014. Dr. Rose is currently a fellow of four professional societies, author of 

thirty patents, five textbooks, and over 600 articles on ultrasonics. He has served as principal advisor 

to over 60 Ph.D. and 120 M.S. students. In pursuit of his work Dr. Rose has visited all 50 states and 

over 50 foreign countries. He has presented countless keynote and plenary lectures at conferences 

all over the world. 
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Development of a High-Temperature Epoxy 

For Resin Transfer Molding 

Matt Waller, advised by Dr. Kevin Koudela and Dr. Tom Juska 

Resin transfer molding (RTM) is a versatile 

composites fabrication process which yields 

dimensionally precise parts and allows for a variety 

of resins, fibers and additives.  This flexibility makes 

RTM ideally suited to R&D programs. However, to 

be compatible with RTM, a resin must possess 

sufficiently low viscosity and long gel time at the 

desired processing temperature.  Currently, RTM is 

widely used with resins which meet these criteria, 

such as phenolic and bisphenol A and F epoxies [1].  

While these resins excel at a variety of service 

applications from low to moderate temperature, high-

temperature structural applications call for resins 

with high glass transition temperature (Tg) and 

thermal stability.  The molecular characteristics – 

namely high crosslink density and aromatic carbon 

content – which afford high-temperature resins their 

thermal performance also tend to increase viscosity 

and affect post-cured mechanical properties.  The 

high viscosities and relatively short gel times of 

current high-temperature resins such as novolac 

epoxies pose a challenge which hinders the use of 

RTM with high-temperature resins. 

This study leverages knowledge of the molecular 

structures and reaction processes of several resins, 

reactive diluents, and catalysts towards development 

of an innovative resin which is both high-temperature 

and RTM compatible.   Manufacturability of 

prototype resin mixtures is assessed by measuring 

viscosity and gel time.  Post-cured thermomechanical 

performance is then evaluated by dynamic 

mechanical analysis (DMA) and thermogravimetric 

analysis (TGA.)  Development of this new high-

temperature resin may provide future opportunities to 

implement RTM for emergent aerospace and defense 

industries. 
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Novolac Epoxy 

Bisphenol F 
Epoxy

Figure 2: The greater cross link density of novolac provides a higher 

Tg than Bis F, but the viscosity is also increased. 

Figure 1: Nadic methyl anhydride is used as a 

reactive diluent.  Its long pot life and minor effect 

on Tg make it well-suited to a high-temperature, 

RTM resin. 

EMI 24  
Figure 3: Imidazole curing agents such as 2 

ethyl, 4 methyl imidazole (EMI 24) cure 

epoxy resins catalytically and result in the 

highest Tg values possible for a given epoxy. 

Nadic methyl anhydride  
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The Relationship Between Silicon Nitride Stoichiometries and Defect Structures Studied by 
Electrically Detected Magnetic Resonance 

 

Ryan Waskiewicz, advised by Patrick Lenahan

Leakage currents in dielectric thin films utilized in 

present day integrated circuitry are important 

reliability concerns. Among the most important 

dielectric materials are amorphous hydrogenated 

silicon nitrides (a-SiN:H). These relatively high 

dielectric constant materials are utilized in many 

applications such as a passivating layer, an etch stop 

layer, a diffusion barrier to water, and a gate dielectric. 

Electron paramagnetic resonance (EPR) studies of a-

SiN:H films have identified the K center (a silicon 

dangling bond back-bonded to three nitrogen atoms) 

as the single dominating paramagnetic defect in 

stoichiometric films. Previous studies of spin 

dependent trap assisted tunneling (SDTAT) detected 

via electrically detected magnetic resonance (EDMR) 

provide us with energy levels for these K center 

defects. [1] However, the effects of varying N/Si 

stoichiometry on defect levels and defect chemistry 

have not been studied with EDMR. We have initiated 

such an EDMR study of SDTAT in a-SiN:H dielectric 

samples of several stoichiometries. 

In our SDTAT/EDMR measurements, a slowly 

varying magnetic field and an oscillating rf or 

microwave frequency magnetic field are applied to the 

thin film samples. As in conventional EPR, energy is 

absorbed by paramagnetic sites when the resonance 

condition is met. In the simplest cases, this condition 

may be expressed by hv=gμB B, where h is Planck’s 

constant, g is an orientation dependent parameter often 

close to 2, μB is the Bohr magneton, and B is the 

magnetic field. In EDMR, the EPR is detected through 

a change in current, in our case due to SDTAT.  

The devices in our study include 3 nm a-SiN:H 

stoichiometric samples, and 25 nm a-SiN:H samples 

with three N/Si ratios of 1, 1.35, and 1.5. The overall 

device structures under observation consist of Ti/a-

SiN:H/p-Si capacitors. A comparison of EDMR 

measurements taken at high field and frequency (X-

band frequency ~ 9.75GHz, 3500G) and low field and 

frequency (frequency ~ 85-350MHz, 30-125G) 

provide us with information about defect structure. 

These comparisons allow us to extract information 

about the g matrix as well as hyperfine interactions. 

(The g and hyperfine details provide information about 

defect structure.) A comparison of EDMR 

measurements under various biasing conditions allow 

us to approximately determine the energy levels of the 

defects involved. This energy level and defect 

structure information should lead to a better 

understanding of transport in these technologically 

important materials.  

  

9



 
 

 
Figure 1: A cartoon illustration of SDTAT detected via EDMR. The forbidden transition (left) becomes allowed when the resonance condition is 

met (right) and a change in tunneling current is observed. 

 

 
Figure 2: EDMR results at low frequency (top) and high frequency (bottom) for N/Si ratios of 1 (left), 1.35 (middle), and 1.5 (right). A large 

difference is observed in the Si rich samples compared to the other two stoichiometries. 

References 
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Micromechanical Analysis of Transverse Young’s Modulus of  

Glass/Carbon Hybrid Fiber Composites  

 

Ganesh Venkatesan, advised by Dr. Charles E Bakis 

 

 Hybrid composites have much flexibility in 

structural design due to their wide scope of elastic 

and strength properties as a function of fiber 

directions. Little experimental and analytical data is 

available in literature on the longitudinal and 

transverse elastic properties of these composites. 

However, the accuracy of the analytical data is 

questionable since the voids in the matrix have not 

been considered or not modelled properly. Therefore, 

the objectives of the current investigation are to 

characterize the transverse properties of hybrid 

composite by modelling the voids implicitly as 

circular cylinder inclusions based on the “generalized 

self-consistent method” (GSCM) and explicitly as 

circular cylindrical holes in Finite Element Analysis 

(FEA). Five hybrid composites with increasing glass-

to-carbon fiber ratio chosen for the study and were 

modelled based on iso-stress model (ISM), modified 

iso-stress model (MISM) and modified Halpin-Tsai 

model (MHTM). The compositions analyzed included 

100% carbon, 75% carbon and 25% glass, 50% carbon 

and 50% glass, 25% carbon and 75% glass, and 100% 

glass. It was observed that MISM had excellent 

correlation with experimental modulus data and 

MHTM was the next best. As anticipated for a lower 

bound model, ISM always under-predicted the 

experimental moduli. FEA was performed on 

glass/epoxy with voids modelled as circular cylinder 

holes in an isotropic matrix. Based on the FEA studies 

on fiber packing arrangement and modelling 

approaches for voids, the geometry for successive 

hybrid models was justified. The transverse Young’s 

modulus and transverse Poisson’s ratio of hybrid 

composites obtained from FEA are validated using the 

experimental data from four-point bend test. The 

transverse properties of AS4D carbon fibers was 

backed out using the available experimental data for 

carbon/epoxy composite. 
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(a) C100 (b) C75G25 

  

(c) C50G50M (d) C25G75 

 

 

(e) G100 (f) Beam test geometry (mm) 

Figure 1. Photographs of axially-cut cross sections of as-wound composite rings before machining (a-e) and 4-point-loaded beam geometry (f). 
Scale marker in photographs is 10 mm. 

 

a) C75G25 b) C50G50 c) C25G75 

Figure 2: Representative volume element for various hybrid composites (C = carbon fiber; G = glass fiber) 
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Mimicking Neurotransmitter Release in Chemical Synapses via Hysteresis Engineering in 

MoS2 Transistors 

Andrew Arnold, advised by Saptarshi Das and Thomas Jackson 

Using a MoS2 Field-Effect Transistor (FET) we have 

successfully demonstrated a transistor-based analogue 

for neurotransmitter release in chemical synapses.  

The device replicated three fundamental features of 

neurotransmitters: quantal release, stochastic release, 

and excitatory or inhibitory release. Researchers also 

used the MoS2 FET to imitate synaptic plasticity – a 

crucial part of memory formation. Such technology 

could underpin future developments in intelligent 

machines, and provide insights into neurological 

diseases and disorders such as sclerosis, Parkinson’s 

disease and Alzheimer’s disease. 

Chemical synapses are essential to the function of the 

central nervous system. A diagram of a typical neuron 

and synapse as well as the additive nature of the action 

potential pulse response is shown in figure 1. When an 

action potential reaches the end of a presynaptic axon 

vesicles containing neurotransmitters bind to the 

plasma membrane and are released into the synaptic 

cleft. These neurotransmitters diffuse to the 

postsynaptic neuron where they bind to receptors and 

lead to the generation of a postsynaptic current (PSC). 

An action potential is generated in the postsynaptic 

neuron if the PSC reaches a threshold value. 

To achieve this transducing behavior in the MoS2 FET, 

the gate voltage (VG) pulse and the change in source to 

drain current (ΔIDS) were equated with the induced 

PSC and the presynaptic action potential respectively. 

The MoS2 FET was fabricated using a mechanically 

exfoliated 2nm-thick MoS2 flake – about 3 monolayers 

– on a Si/SiO2 substrate used as global back gate and 

gate dielectric respectively. 

Mimicking neurotransmitter behavior was predicated 

upon a parallel between presynaptic vesicle exocytosis 

and electron traps in the MoS2 FET. We developed a 

system whereby the quantal release, stochastic release, 

and excitatory or inhibitory release of 

neurotransmitters were associated with the frequency, 

amplitude and polarity of VG pulses respectively. 

The electron traps in the MoS2 FET cause a shift in the 

threshold voltage of the device such that when the gate 

voltage is pulsed negatively ΔIDS is positive – a 

response akin to an excitatory neurotransmitter release 

as shown in figure 2. The MoS2 FET also replicates 

PSC saturation. In a real synapse this saturation occurs 

due to the finite number of neurotransmitters that can 

be released into the synaptic cleft. In the FET – for a 

set gate voltage there are a fixed number of traps 

induced and as the number of VG pulses increases 

more traps become charged – at a higher number of 

pulses the threshold to charge all traps is reached and 

ΔIDS will saturate.  

We also took advantage of the electron traps in the 

MoS2 FET to display behavior analogous to synaptic 

plasticity. This is the ability of synapses to strengthen 

and weaken dependent on the signaling activity and 

forms one of the building blocks of memory formation 

in mammals. In excitatory synapses a long-lasting 

signal increase is called long-term potentiation (LTP) 

and can be replicated in the MoS2 FET because of the 

comparatively large discharge time constant of the 

electron traps. We confirmed through measurement 

that our device was able to achieve relaxation times 

comparable to biological synapses.  

13



 
 

 

Figure 1: (a) Diagram of neurotransmitter release into a synapse. (b) An illustration of how PSC depends on the number of action potentials (nAP) 
with the miniature PSC (MPSC) being the PSC induced by one vesicle of neurotransmitters. 

 

Figure 2: Short positive (a) and negative (b) VG pulses stimulate inhibitory (c) and excitatory (d) responses, respectively. The strength of the 
response increases with the number of pulses applied
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A Low-Frequency, Sub-Wavelength Lamb Wave Reflector using a Boundary-Condition-

Based Design Approach 

Christopher Hakoda, advised by Dr. Cliff J. Lissenden and Dr. Parisa Shokouhi 
 

In this oral presentation, an improved description of the underlying 

phenomena that causes Lamb Wave reflection by means of sub-

wavelength reflectors is suggested. The path of logic that led to it, 

and the method used to design for it are described.  

The State-of-the-Art: 

In 2014, Rupin et al. [1] published a paper which demonstrated a 

method for effectively reflecting low-frequency A0 modes (a.k.a 

flexural waves). This led to two follow-up papers [2,3] in which 

explanations for the observed behavior in Rupin et al. [1] are 

mathematically theorized. In particular, Williams et al. [2] attributes 

the behavior to the resonators ability to “clamp the motion” of the 

plate in which the Lamb wave travels. 

The Path of Logic: 

The notion of using the resonator to clamp the low-frequency A0 

Lamb wave motion seemed general enough to suggest that it may 

also apply for S0 Lamb waves. However, the extension of the similar 

vibrating beam models featured in Williams et al. [2], proved 

inaccurate for calculating the frequencies at which the S0-mode 

reflectors would be effective. As a result, a different way of 

describing this clamping was necessary for S0 modes. A pair of 

boundary conditions known collectively as Mindlin Boundary 

Conditions were found to be an accurate approach for calculating 

the frequencies at which a resonator could successfully clamp the 

motion of S0 Lamb waves. Named after the author of the 1955 

monograph (which was reprinted with minor edits by J. Yang [4]) 

in which it was introduced, R.D. Mindlin originally used these 

boundary conditions to mathematically decouple the components of 

the Lamb wave in order to check numerical solutions of the 

dispersion relationships. That being said, at the time, the boundary 

conditions were not considered physically implementable and were 

applied over all surfaces of the plate waveguide that were once 

considered traction-free.  

The Implementation of a Cut-On Frequency: 

We propose the periodic enforcement of these boundary conditions 

by using the vibrational modes of a resonator. That is, to design 

resonators to vibrate in such a manner as to enforce the desired 

clamping behavior on the surface of the plate. Initial calculations of 

the periodic system’s dispersion characteristics revealed that if the 

Mindlin boundary conditions are enforced without frequency 

dependence (this is not the case, if they are enforced by resonators), 

then the low-frequency Lamb wave modes (i.e. A0, S0, and SH0) 

will develop mode-specific cut-on frequencies. It is still unclear as 

to what occurs for the frequency-dependent case, though example 

calculations/measurements of what these dispersion curves may 

look like can be found in Rupin and Roux 2017 [5]. 

The Method of Resonator Design Based on Boundary 

Conditions: 

Typically, resonators are designed in conjunction with the 

waveguide with which it interacts. [6,7,8,9] We propose studying 

the two separately by using the boundary condition as a 

commonality. That is, the frequency and vibrational modes of the 

resonator are designed to meet the Mindlin boundary conditions, and 

the effect of the boundary conditions on the travelling Lamb wave 

can be evaluated separately. There is a little more to it than that 

though, since they must interact with each other, but that is the 

essence of it. By using this approach to reduce the complexity of the 

problem, efficient and comparatively simpler resonators can be 

designed for specific frequencies. 

Proof-of-Concept: 

The goal is to design a resonator that meets the following conditions: 

• efficiently reflects an S0 Lamb wave at 50 kHz, 

• exists on only one of the two surfaces of the plate 

waveguide. 

Simply described as a cube with four cylindrical rods protruding 

from its sides (see Fig 1), the resonator that we designed for this 

experiment demonstrated high efficiency in both FEM simulations 

(92% reflection) and experimental measurements (75% reflection as 

shown in Fig 2). A comparison was also made between a baseline 

measurement and a resonator designed by extending the vibrating 

beam models which we initially suspected would work based on 

previous work. 

Conclusions: 

Based on the results from our proof-of-concept simulations and 

experiments, we were able to demonstrate that the use of Mindlin 

boundary conditions and the resonator design method are effective 

for designing resonators for specific low-frequency Lamb Waves. 

That is, there was good agreement between simulation and 

experimental results, both of which demonstrated efficient increases 

in reflection by using the new approach.  
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Figure 1: Picture of the resonator array used for proof-of-concept experiments. 

 

Figure 2. The frequency spectra of the transmitted signal, which was extracted from a calculated 2DFFT at a wavenumber of -58.1 rad/m.
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Electro-ablation Technique for synthesis of monolayer Transition Metal Dichalcogenides 

Amritanand Sebastian, Saptarshi Das

Transition metal dichalcogenides (TMDs) have 

emerged as a strong contender in the field of two-

dimensional (2D) nanoelectronics due to their 

semiconducting properties and 2D structure1. 

Monolayers of these materials are of interest in optics 

owing to their direct bandgap. The van der Waals 

crystal structure of 2D materials facilitates easy 

cleavage to obtain monolayers but they have very low 

yield and are limited in size. Chemical vapor 

deposition (CVD) can provide large area monolayers 

but it requires high temperatures and long processing 

times. We discuss a low-cost, high yield 

electrochemical approach to thin bulk TMD materials 

such as MoS2, WS2, and MoSe2 down to monolayer. 

This self-limiting anomalous corrosion process, 

referred as electroablation (EA) involves a TMD 

micromechanically exfoliated onto a conductive 

substrate such as titanium nitride (TiN) and subjecting 

it to a high anodic potential inside an electrochemical 

cell. The TMD material connected to the working 

electrode (WE) is subjected to a voltage of ~1.1-1.4V 

against a Ag/AgCl reference electrode (RE) for ~30s 

with Pt as the counter electrode (CE) in an 

electrochemical setup with 1M LiCl as the electrolyte. 

A schematic for this cell is shown in Fig. 1b and the 

mechanism is demonstrated in Fig. 1d.  The EA 

process has already been demonstrated in MoS2 and 

WS2
2,3. Atomic force microscopy (AFM), 

photoluminescence (PL) and Raman spectroscopy is 

utilized to characterize the monolayers obtained. 

The first focus is to understand the dynamics of the EA 

process for MoSe2 and WSe2 and to construct a 

phenomenological physical framework to explain this 

process. This involves a study of the pH dependency 

of the electrolyte on etch rate (bulk and monolayer), as 

it is seen that the competing monolayer and bulk etch 

rate will determine the survival of the monolayer for 

MoSe2 while for WSe2 we see that the monolayer 

doesn’t survive. This is studied using AFM.  Fig 2a 

and 2b show the optical micrograph of MoSe2 before 

and after EA treatment. The lighter region in Fig. 2b 

corresponds to monolayer which is confirmed by the 

PL map and Raman spectra. For WSe2 it can be clearly 

seen from 2c and 2d that the monolayer is etched 

away. Additionally, Pourbiax diagrams are used to 

understand the probable products of the reaction.  

The second focus is on application of the EA technique 

to planarize CVD grown TMDs. CVD growth can 

leave behind few-layer regions along with monolayers 

of the material. The EA process here can act as an 

excellent tool for post-processing of CVD grown 

TMDs. Figure 1a and 1c shows the before and after 

optical micrograph of CVD grown MoS2.  
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Figure 1: CVD grown MoS2 optical images a) before and c) after EA. b) Electrochemical setup schematic. d) 

Schematic showing the mechanism of EA process resulting in monolayer.  

 

Figure 2. Optical images of a mechanically exfoliated      

MoSe2 flake a) before and b) after 10s EA treatment. 

c) and d) are, respectively, the optical images of a 

WSe2 flake before and after 10s EA treatment.  
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Integration of 2D Materials on Glass 

Joseph Nasr, Saptarshi Das

Developing cost effective, high performance and low 

power electronic devices and circuits on transparent 

glass substrates holds tremendous promise for the 

future of display technologies. Layered two-

dimensional (2D) van del Waals materials like 

graphene, hexagonal boron nitride (h-BN), and the so-

called transition metal dichalcogenides (TMDs) like 

MoS2 could provide the ideal platform to realize such 

devices owing to their ultra-thin body nature. Their 

properties not only allow minimal light absorption in 

the visible spectra making these materials optically 

transparent but also facilitates aggressively device 

scaling in order to achieve high performance. 

Moreover, semiconducting TMDs offer high carrier 

mobilities (10-100cm2/V-s)1, large current ON-OFF 

ratios, mechanical flexibility, and wide-range 

temperature stability (10-400K) which are essential 

for thin film transistors (TFTs) used in display 

electronics. 

Most TFT research based on TMDs has been done on 

heavily doped Si substrates with a thermally grown 

SiO2 dielectric since these substrates offer back-gating 

capabilities. Regrettably, little device work has been 

done on other insulating substrates including glass 

which necessitates top-gated structures.  

The 2D community has been working on different 

types of top-gated structures. These include: ionic 

liquid (IL) gating2, ultra-thin h-BN3, and atomic layer 

deposition (ALD)4. Unfortunately, despite their 

unique advantages, the scalability issues with IL, the 

high-temperature growth of h-BN, and ALD 

nucleation problems due to the TMDs chemically inert 

basal planes limits the success of achieving a 2D-

based top-gated structure. 

The focus of this investigation is to develop a top-gate 

structure with the use of a spin-on silicon based 

Hydrogen Silsesquioxane (HSQ) dielectric polymer, 

commonly used as a negative resist or etch mask for 

microelectronics, as the top-gate dielectric since after 

high-dose electron beam exposure and curing it 

obtains SiO2 dielectric properties. It can be scale down 

to 20 nm, and requires low-temperature processing.  

In order to consider HSQ as the dielectric, a metal-

insulator-metal (MIM) capacitor structure was 

fabricated to characterize its dielectric properties such 

as leakage current, dielectric breakdown, and 

dielectric constant. Fig. 1a) and 1b) depict the device 

schematic and optical image respectively. The effect 

of HSQ curing temperature was benchmarked using 

MoS2 back-gated FETs concluding that curing 

temperatures above 350°C realigns the Ni contact 

Fermi level (Fig. 2a)) degrading the ON-OFF ratio and 

subthreshold swing (SS) (Fig b)).  

To extract the dielectric constant of the HSQ we 

fabricated a dual-gated device as shown in Fig. 3a). By 

stepping the top-gate voltage, the threshold voltage of 

the back-gate shifts to compensate the charge coming 

from top-gate. Using a balance charge equation and 

plotting the back-gate threshold voltage as a function 

of the top-gate voltage we extracted the dielectric 

constant and found it comparable to SiO2 for both 

monolayer and multilayer MoS2 devices (Fig. 3b)). 

Lastly, we demonstrated for the first time the 

monolithic integration of 2D materials on glass for 

FET devices provided by Dr. Josh Robison’s group.   
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Figure 1: a) HSQ-based MIM capacitor schematic, and b) optical image of the device. 

 

Figure 2: Effect on curing: a) transfer characteristics of MoS2 FET encapsulated with HSQ. b) Energy band profile before and after 
contact Fermi level realignment. 

 

Figure 3: a) MoS2 dual-gate measurements. b) Dielectric constant extraction by plotting threshold voltage of the back-gate vs. 
top-gate voltage. 
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Bioprinted Pancreas-On-A-Chip Model for Drug Screening in Diabetes Therapy 

Monika Hospodiuk, advised by Prof. Ibrahim T. Ozbolat 

 

Due the limited supply of organs for 

transplantation, successfully engineering a fully 

functional human organoid will be a milestone in the 

tissue engineering and regenerative medicine. Novel 

approaches have been investigated for vascularization 

of three-dimensional (3D) soft tissues, highly essential 

for successful fabrication of physiologically-relevant 

tissue models. A critical step in successful clinical 

transplantation of the pancreas is the re-

vascularization of the organ [1]. The interaction 

between endothelial cells and pancreatic islet cells is 

crucial to initiate growth, maturation and function to 

the endocrine system. It has been reported that 

vascularization is critical issue after transplantation as 

it usually diminishes over time [2–4]. As demonstrated 

in this investigation, it is possible to recapitulate the 

synergistic relationship between endothelial cells and 

pancreatic β-cells to create a functional 3D in vitro 

model of pancreatic endocrine tissue.  

In this research, the focused is on creation 

vascularized pancreatic islets, which will bring new 

perspectives in treatment for patients with type I 

diabetes or drug testing. This research is significant 

since diabetes type I will double over the next decade 

if current rates of increase continue. In this research, 

pancreatic spheroids were formed by pancreatic β-

cells and endothelial cells. The high viability was 

maintained over 10-days culture period contrary to the 

control group shown in Fig. 1A. The morphology was 

a solid, compact and spherical-shaped structure with 

slightly irregular crown on the surface (Fig. 1B). The 

spheroids’ deposition occurred in a designed pattern 

by 3D bioprinting system on a fibrin-bacterial 

cellulose hydrogel scaffold. Co-cultured spheroids 

provide a vascularized network within the scaffold that 

supplies nutrients to cells and drains metabolites, 

including insulin. Moreover, placed close together, 

sprouts between them tended to merge as what appears 

to be a nascent vascular network made by endothelial 

cells associated into micro-vessels were 

interconnected with one another (Fig. 2). The tissue 

model is arranged for a long-term culture that provided 

data of cellular and molecular changes accompanying 

the tissue formation. For this reason, tissue spheroids 

will be precisely deposited in a perfusable, hydrogel-

based device. The cell-laden matrix contains both 

fibrin and functionalized carboxymethyl bacterial 

cellulose, which complement each other’s properties. 

The active perfusion of the engineered vascularized 

pancreas tissue within the device will provide dynamic 

culture conditions for over a month. The expected 

outcome is cell response to glucose and detection of 

insulin in real-time at the outlet of the device. It is 

possible by creating a hollow vasculature from the 

tissue spheroids to the channel that will allow quick 

exchange of fluids rather than diffusion through the 

hydrogel.  

This approach combines fabrication of 

vascularized engineered islets and 3D bioprinting with 

preserved functionality useful for type I diabetes 

research. The constructed device will be useful for 

drug screening in a later stage of experimentation. 
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Figure 1: (A) Quantification of cell viability on free-standing EPIs (left) and EPIs embedded in fibrin (right) over 1, 5, and, 10 days (n=10).  

(B) SEM images of three-day cultured EPIs with a high-magnification view of their surface morphology. 

 

Figure 2: Immunocytochemistry images illustrating endothelial cells sprouting. Vascularization between two EPIs in 2:1 group (top) and in the 

core and outside of the EPI in 1:1 group (middle and bottom). Immunostaining with PECAM (CD31) stains RHMVECs in green, insulin stains 

βTC3 in red, and nuclei are shown in blue. 
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Self-monitoring “SMART” (RE)Ba2Cu3O7-x superconducting tape 

Federico Scurti, advised by Dean Schwartz

A novel way to detect failure events in 

superconducting materials has been developed, based 

on Rayleigh-backscattering interrogated optical fibers 

(RIOF). RIOF are distributed sensors of temperature 

and strain that can be interrogated in real time and with 

high spatial resolution.  

After showing the effectiveness of the technology by 

co-winding optical fibers with superconducting wire, 

a self-monitoring, “SMART” conductor has been 

conceived, developed and manufactured, via 

integration of optical fibers into a conventional 

(RE)B2C3O7-x (REBCO) conductor architecture. 

REBCO is, by far, the most promising high 

temperature superconductor for applications. Samples 

of SMART REBCO have been characterized and their 

quench detection capability demonstrated and 

compared to that of voltage signals. 

Rayleigh backscattering interrogated optical fibers 

(RIOF):  

Optical fibers have been used as sensors of 

temperature and strains for several decades. The main 

type of sensor is Fiber Bragg Grating (FBG). The 

sensing mechanism behind FBG sensors is based on a 

reflection at a pre-defined location, where a grating 

was previously inscribed, with a specific period. The 

reflected photons will have a specific wavelength, 

determined by the Bragg’s equation. Therefore, if the 

grating period is changed, because of an applied strain 

or a change in temperature, the reflected wavelength 

will also change. Although FBG is a robust sensing 

mechanism for temperature and strain measurements, 

it is a point sensors, which means that only changes of 

temperature and strain that are localized on the grating 

position along the fiber will be detected and measured. 

Another, more recent and more complex sensing 

mechanism is based on the Rayleigh backscattering 

interactions between photons and fiber material. The 

sensing mechanism can be thought of as an FBG 

sensor with a continuous grating with random period. 

Therefore, the amplitude of backscattered photons will 

be a random function in space, but static, because it 

depends on the defects structure in the fiber material. 

Therefore, a change in temperature or strain, will alter 

the backscattered spectrum in a specific location and 

the change will be detected via a cross correlation with 

a reference measurement.  

High temperature superconductors (HTS) quench 

detection:  

A quench is an irreversible transition from the 

superconducting to the normal state. A large amount 

of heat is associated with the transition, which is 

sufficient to irreversibly damage a magnet system 

(melting or even locally vaporizing the material). 

Therefore, superconducting materials need to be 

protected from these failure events. Low temperature 

superconductors have been successfully protected by 

detecting transitions via voltage signals. The same 

technique has shown to be inadequate when applied 

to HTS, because of the slow normal zone propagation 

velocity. Thus, developing an innovative quench 

detection method is an active research topic in the 

applied superconductivity community. 
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Figure 1: sketch of a SMART conductor with integrated optical fibers. 

 

Figure 2: SEM micrographs of cross sections of SMART conductor [3] 

 

Figure 3: detection of a thermal perturbation by the smart conductor 
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An Electrochemical Impedance Spectroscopy Corrosion Sensor for Difficult-to-Access 

Areas of U.S. Navy Vessels 

Caroline Van Pelt, advised by Dr. Barbara Shaw and Dr. Elzbieta Sikora

 Corrosion drains the U.S. Department of 

Defense of an estimated $21.9 billion annually [1]. 

The U.S. Navy alone experiences about $7.5 billion 

in corrosion-related costs each year [1], much of 

which is due to the extensive manpower and 

materials required for scheduled corrosion inspection 

in difficult-to-access areas of Navy vessels. 

Furthermore, this laborious process increases the 

amount of time vessels are docked and limits fleet 

readiness. These drawbacks generally mean that 

maintenance costs rise and difficult-to-access areas 

receive decreased quality of upkeep that leads to 

early failure by corrosion. Previous work has shown 

promise for an Electrochemical Impedance 

Spectroscopy (EIS) corrosion sensor that can perform 

remote inspection in these difficult-to-access areas 

[2]. 

This presentation focuses on design 

improvement and outdoor testing of a flexible, thin 

film EIS sensor comprised of silver-silver chloride 

reference and counter electrodes screenprinted on a 

polyimides substrate. Beginning in August 2017, 

seventeen sensors were exposed at a Bethesda, 

Maryland atmospheric corrosion testing site and 

seventeen sensors were exposed at a Ft. Lauderdale, 

Florida marine atmospheric corrosion testing site that 

experiences significant ultraviolet (UV) radiation. All 

sensors were attached to steel panels coated in 

various stages of the Navy’s Chemical Agent 

Resistant Coating (CARC) system: zinc primer, zinc 

primer plus intermediate coating, and the full three-

part CARC system of zinc primer plus intermediate 

coating plus polyurethane topcoat (as seen in Figure 

1). Additional sensors were tested in State College, 

Pennsylvania. For each panel, EIS was run with a 

control setup of saturated calomel (SCE) reference 

electrode and graphite counter electrode as well as 

the experimental setup of the sensor silver-silver-

chloride electrodes. 

Preliminary results indicate that the sensor is 

producing EIS data equivalent to that obtained with 

the control setup and providing accurate coating 

quality results under most atmospheric conditions (as 

indicated by the results in Figure 2). However, the 

three sensors on panels with only the zinc primer 

coating at the high UV exposure Ft. Lauderdale site 

show decreased quality and reliability of EIS results. 

Further investigation into the interaction of the zinc 

primer and the silver-silver-silver-chloride ink is 

required to determine the cause of this diminished 

performance. Future work includes continued 

atmospheric testing over longer time periods and with 

different coating systems in addition to testing under 

various immersion conditions. Design work is also 

underway, ranging from waterproofing of electrical 

connections to development of an appropriate long-

term, shipboard power source. These design 

improvements and testing regimes will be followed 

by shipboard testing.
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Figure 1: This  sensor is attached to a carbon steel panel coated with full CARC system. The two sensor electrodes are silver-silver-chloride ink 
screenprinted on a polyimides substrate. 

 

Figure 2: After approximately four months of atmospheric exposure at a Ft. Lauderdale, FL marine site that experiences a high amount of UV 

radiation, the sensor produced EIS results consistent with the control setup of saturated calomel and graphite. This sensor was attached to the 
panel in Figure 1, which was carbon steel coated with full CARC system.
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A Steep Slope 2D Strain Field Effect Transistor: 2D-SFET 

Daniel Schulman, Saptarshi Das

Numerous advancements have allowed aggressive 

dimensional scaling of CMOS to the current state of 

the art 10nm node but none are solutions to the 

fundamental Boltzmann statistics limits which have 

stalled Dennard voltage scaling. The 2D strain FET 

(2D-SFET) presented here uses a semiconducting 2D 

transition metal dichalcogenide (TMD) material in 

conjunction with a piezoelectric material.  The 

proposed structure is shown in figure 1a. It consists of 

a piezoelectric deposited on a back contact which is 

biased with a voltage, VB. The TMD is placed on top 

in a backgated type configuration comprising of a gate 

electrode, dielectric, and the semiconducting channel 

with source and drain contacts. Upon application of a 

gate voltage, VGS, the transistor operates like a normal 

ultra-thin body metal oxide semiconductor field effect 

transistor (MOSFET) with the barrier height 

modulated by the surface potential, ψS. Assuming 

VB=0, the applied gate voltage produces a field across 

the piezoelectric resulting in an upward elongation of 

the piezoelectric. Since the device is surrounded by a 

stiff encapsulating material, the piezoelectric strain in 

transferred into the 2D channel. The fraction of the 

maximum strain transferred to the 2D channel is given 

by the strain transfer coefficient, η. 

The out-of-plane channel compression results in the 

reduction of the 2D semiconductor bandgap which 

manifests in a band movement, ψE, in addition to the 

surface potential, ψS, as shown in figure 1b. ψE is given 

by equation 1 and depends on the pressure in the 2D 

semiconductor, P2D and the bandgap reduction 

coefficient, α. α is on the order of 80meV per GPa of 

applied pressure [1]  with a factor of ½ assuming equal 

conduction and valence band movement. 

𝜓𝐸 = −
𝛼

2
𝑃2𝐷    (1) 

The pressure in the 2D channel, P2D is given by 

equation 2 where C33,2D is the 2D channel stiffness in 

GPa, t2D is the channel thickness, d33 is the 

piezoelectric coefficient in pm/V. Given the ultrathin 

body, 1:1 band movement where VG=ψS can be 

assumed. The expression for the total band movement 

in the subthreshold switching regime, ψT is given by 

equations 3. Clearly, internal voltage amplification is 

achieved since the total band movement is greater than 

the applied gate voltage and thus resulting in a sub 

60mV/decade subthreshold slope. 

𝑃2𝐷 =  𝜂 (
𝛼

2
𝐶33, 2𝐷

1

𝑡2𝐷
) (𝑑33)𝑉𝐺𝑆   (2) 

𝜓𝑇 = 𝑉𝐺 + 𝜓𝐸     (3) 

The device characteristics were simulated using a 

Landauer based ballistic transport model with the 

electrostatics solved self consistently. Figure 1c and 

1d, respectively, show the transfer and output 

characteristics of the device. A sub 60mV/decade 

subthreshold slope is observed improving with 

increasingly improved strain transfer. The increased 

band movement in the ON state results in ON currents 

~2X higher than the standard 2D FET. Ballistic 

transport simulations show that the 2D SFET can be a 

strong candidate for ultra-low power applications due 

to its sub-thermionic subthreshold slope, increased ON 

current and low leakage currents. Many challenges 

still exist before such a device can achieve this 

performance. Foremost is being able to fabricate a 

device which has a large strain transfer efficiency in a 

smaller transistor footprint.
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Figure 1:  a) Cross-sectional schematic of 2D Strain FET. b) Band diagram showing the pressure induced bandgap 

reduction provides additional lowering of the barrier (ψE) compared to a 2D FET where the barrier lowering is 

limited (ψS). c) Drain current vs gate voltage showing improving sub 60mV/dec subthreshold slopes with larger 

strain transfer coefficients, 𝜂. d) Drain current vs drain voltage (solid:𝜂 = 0, dashed: 𝜂 = 0.3). Simulation 

parameters are inset. [1] [2] [3]
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Multi-Sensor Investigations of Optical Emissions and their relation to DED processes and

Quality

Christopher Stutzman, advised by Abdalla Nassar & Edward (Ted) Reutzel

Additive Manufacturing processes are prone to flaw

generation during part formation.  As such, some of

these parts may be deemed mechanically-inadequate

for use in failure critical industries such as aerospace

or medical.  Sensing techniques must be developed to

allow these  parts  to  enter  into these  failure  critical

industries.

Optical  Emission Spectroscopy and Plume Imaging

were  used  to  investigate  flaws  generated  during  a

directed  energy  deposition  additive  manufacturing

process.  Ti-6Al-4V  cubes  were  deposited  using

varying  combinations  of  laser  power,  powder  flow

rate,  and  hatch  pattern  to  replicate  anomalous

processing  condition  shifts.   After  deposition,  the

parts  were  scanned  using  X-Ray  Computed

Tomography  to  determine  flaw  density  and  flaw

location.   Three  quantifiable  metrics  that  represent

the  state  of  the  plasma-plume  were  developed  1)

Line-to-Continuum Ratio around 430 nm, 2) Line-to-

Continuum Ratio around 520 nm, and 3) Total Plume

Area.   A  high  correlation  coefficient  was  shown

between each of these metrics indicating that all three

metrics were measuring the same phenomena or were

internally consistent.  It is shown that an isolated flaw

(Figure 1a) in an otherwise flaw free part causes an

increase in not only the plume size(Figure 2b),  but

also in  the intensity of the plume emissions(Figure

2a). This is in comparison to a defect free region of

the  same  part  (Figure  1b)  which  shows  a  smooth

spectrum  (Figure  3a)  and  a  smaller  plume  area

(Figure 3b).  Finally, it is shown that, for a constant

laser power, an increase in flaw density results in an

increase in the median plume metric.  These results

provide a path forward for in-situ flaw detection and

build-quality analysis for directed energy deposition

and  powder  bed  fusion  additive  manufacturing

processes.
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Figure 2: a Plume over the isolated flaw b Spectra over the isolated flaw 

Figure 1: a Isolated flaw b Flaw-free region

Figure 3: a Plume over a flaw-free region b spectrum over a flaw-free region
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Tensile Behavior of Out-of-Autoclave Textile Composites for Fatigue-Resistant 

Hydrokinetic Turbine Blades 

Rudy Haluza, advised by Dr. Charles Bakis and Dr. Kevin Koudela

Marine hydrokinetic (MHK) turbines harvest power 

from natural waterways, but maintenance costs 

stemming from poor fatigue performance of 

glass/epoxy turbine blades impede this renewable 

energy technology. Thus, fatigue-resistant blades 

designed for multi-decade service life would improve 

the economic feasibility of MHK energy. Material 

systems chosen for multi-decade service life must 

undergo thorough characterization to understand their 

behavior in long-term underwater conditions.  

This study researched the tensile-mechanical 

response of a quasi-isotropic woven and polyester-

stitched laminate under quasi-static and fatigue 

loading. Tension-tension fatigue samples were either 

failed or underwent residual modulus and residual 

strength measurements. Both woven and stitched 

specimens were found to survive 107 cycles between 

a maximum stress of +13.75 ksi, and +18 ksi. 

Notably, the stitched composite only demonstrated 

superior fatigue life in long-life (>105 cycles) tests. 

Similarly, damaged (non-failed) samples showed that 

stitched samples had more damage at lower cycle 

counts, and vice-versa compared to woven samples.  

Through optical macroscopic and microscopic 

investigation, intralaminar cracks were found to 

occur in damaged woven and stitched samples. 

Delaminations were also found, but mainly in 

samples tested at lower stress levels or nearly-failed 

samples. More intralaminar cracks were found within 

stitched specimens compared to woven specimens 

that had similar reductions in elastic modulus, yet 

stitched specimens showed greater strength retention 

compared to the woven specimens.  
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Figure 1: Tricot stitch within composite microstructure and relations to crack location and behavior. Dashed circles show cracks 
proximity to stitches. Change in crack path shown where tricot stitch goes through four plies. (Non-critical cross section of 18 ksi 

failed sample). 

 

Figure 2: Images of damage within woven and stitched cross sections of dogbone faces revealed using film scanner. Red marker 
lines used to indicate the middle of dogbone gauge length during testing. Image contrast and saturation enhanced to highlight 

damage within the samples (13.75 ksi maximum).
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Development of Sacrificial Magnesium Coating for the Protection of Magnesium Alloy 

Components 

Karthik Srinivas Venkataraman, advised by Barbara Shaw and Elizabeth Sikora  

With the development of newer magnesium alloys for 

aerospace applications, a greater emphasis needs to be 

placed on designing sacrificial coatings for protection 

of these alloys. Magnesium alloys exhibit low density 

and a high specific strength, making them especially 

useful for applications where weight reduction is of 

primary importance. To develop a sacrificial coating 

for Mg is challenging, as it is the most 

electrochemically active structural metal (1). Non-

equilibrium physical vapor deposits of magnesium 

exhibit a more ‘active’ nature (lower open circuit 

potential, measured in a 0.1M NaCl solution) as 

compared to the bulk alloys. With only ‘one phase’ 

constituting the entire coating, physical vapor deposits 

of certain magnesium alloys exploit the preferentially 

corroding nature of magnesium to produce better 

candidates for sacrificial coatings. The difference in 

corrosion potential and corrosion rates between the 

bulk and the vapor deposited films is a result of both 

the composition of vapor deposit and its morphology; 

both of which can be controlled in the vapor deposited 

films. Vapor deposits of pure magnesium and rare 

earth containing magnesium alloys (WE43, EV31) 

showed promising results on silicon substrates. 

As the transition is made from a Silicon (Si) substrate 

to Mg-alloy substrates (AZ61, for a start) to imitate the 

real-life applications, factors like interface 

morphology and residual stresses also play a crucial 

role in determining the electrochemical behavior of the 

sacrificial layer. After a deposition was made on the 

AZ61 substrate, the substrate with the sacrificial 

coating on top of it was heat treated to improve the 

adhesion between the substrate and the coating. Heat 

treatment significantly altered the morphology of the 

vapor deposits. Figure 1 compares the morphology 

between a non-heat-treated vapor deposit (left) and a 

heat-treated WE43 vapor deposit (right) at a 

magnification of 10K.  

The vapor deposited films formed by evaporating 

wrought WE43 provide the best combination of 

corrosion potential and corrosion rate that we have 

seen to date. This is despite the fact that the alloying 

additions in the vapor deposit are present in much 

lower concentration than in the wrought WE43 

starting material. 
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Figure 1: Comparison in morphology between a non-heat-treated vapor deposit (left) and a heat-treated WE43 vapor deposit (right) at 10K 

magnification
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Materials Studies of Split-Ring Resonator Plasma Generators 

Zane Cohick, advised by Michael Lanagan and Douglas Wolfe

Non-equilibrium plasmas have been useful in a variety 

of contexts including materials processing and 

synthesis,1 wound healing and cancer treatment,2 

greenhouse gas decomposition,3 and tunable 

metamaterials.4 Such plasmas can vary widely in their 

properties for reasons which include, but are not 

limited to, the many available techniques for plasma 

generation, the pressure of the plasma, the gases used 

to generate the plasma, and the power input to the 

plasma. This ability to dynamically change the plasma 

properties is what makes them interesting candidates 

for replacing metal components in metamaterials. By 

changing the plasma properties, the metamaterial 

properties can also change. Potential components of 

such plasma metamaterials and the focus of this work 

are microplasmas generated through the application of 

microwaves. The use of microwaves in plasma 

generation has many advantages including the 

potential for wireless excitation, lower voltage 

requirements than predicted by Paschen’s law, high-

electron densities, and relatively minimal sputtering 

damage to electrodes.5 

Historically, plasma generation using microwaves was 

focused on plasmas which had little interaction with 

the materials or electrodes surrounding them. 

However, with the rise of interest in microplasmas, the 

dimensions in which the plasma is confined has led to 

the possibility of a significant interaction between the 

plasma and the electrodes.  While sputtering damage 

is still not much of an issue since heavy ions are not 

mobilized very well by high-frequency 

electromagnetic oscillations, electron-electrode 

interactions can become significant. However, prior to 

this work no comparative study of different materials 

has been made to explore the effect of such 

interactions on plasma generation. Although recent 

studies have shown that it is possible to generate 

microplasmas using all-dielectric devices,6 

microwave-driven microplasma generators have 

typically utilized metal resonators. Screen-printed 

split-ring resonators of silver and gold serve as a 

platform for our comparative materials studies. These 

materials are selected due to their high-conductivity 

and differences in work function. As seen in Figure 

1(left), silver resonators can ignite the plasma with less 

power than the gold resonators. It is expected that the 

Q-factor, a measure of a resonators ability to store 

energy, is believed to play an important role in 

breakdown. It is found that Q-factor is the main factor 

influencing the plasma ignition performance of silver 

and gold resonators as shown in Figure 1(right).  

Figure 3 shows the performance of a silver resonator 

compared to the same resonator after 20 minutes of 

exposure to the plasma. The required power for plasma 

ignition increases by up to 20%. An associated dark 

film is visible on the resonator surface after plasma 

exposure and it is believed that this film, through 

interactions with plasma electrons, is reducing the 

performance of the resonator. The larger decrease in 

plasma ignition performance at low pressures is 

consistent with an increase in the electron mean free 

path and therefore more electron-surface interactions. 

In addition, it was found that by removing the film the 

plasma ignition performance of the resonator could be 

restored. This result suggests that with proper choice 

of materials, it may be possible to reduce the plasma 

ignition power required by microwave microplasma 

generators.   
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Figure 1: left) Plasma ignition power vs. pressure for silver and gold resonators. The curves show a Paschen-like behavior. At high pressures, 

the ignition power increases as electrons collide before having sufficient time to gain energy. At low pressures, the electrons gain enough energy 
to ionize gas atoms, but since gas atoms are relatively scarce ionizing collisions are less likely. right) The ratio of gold resonator ignition power 

to silver resonator ignition power is plotted against the expected power ratio after accounting for differences in Q-factor. Consistency between 

the measured and expected data suggest Q-factor is the primary determinant of plasma ignition performance. 
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Figure 2: The ignition power ratio of a silver resonator with a film formed by the plasma to a clean silver resonator vs. pressure shows that the 
resonator with a film requires more power at low pressures. This behavior is qualitatively consistent with the notion that the increase in electron 

mean free path occurring at lower pressures allows more interactions with the electrodes. 
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On optical-absorption peaks in a nonhomogeneous thin-film solar cell with a 2D periodically 

corrugated metallic backreflector 

Faiz Ahmad, advised by Akhlesh Lakhtakia

Amorphous silicon (a-Si) thin-film solar cells are low 

cost and easy to manufacture compared to crystalline 

silicon solar cells. But their efficiency is low due to the 

high electron-hole recombination rate and low charge-

carrier diffusion lengths in a-Si [1]. So, light-trapping 

techniques are necessary to enhance the efficiency of 

a-Si thin-film solar cells. Several light-trapping 

strategies have been studied both experimentally and 

theoretically so far [2, 3].  

Of particular interest are plasmonic structures: 

nonhomogeneity in the solar cell absorber layer and 

periodically corrugated backreflectors [3, 4]. 

Plasmonic structures can enhance the optical electric 

field through the excitation of two types of guided-

wave modes (GWMs): surface-plasmon-polariton 

(SPP) waves and waveguide modes (WGMs). The 

periodically corrugated interface of a metal and a 

semiconductor that is periodically nonhomogeneous in 

the thickness direction can guide multiple SPP waves 

at the same frequency [5]. 

Therefore, the incorporation of nonhomogeneity along 

the thickness direction in the semiconductor layers of 

a solar cell with a periodically corrugated 

backreflector (PCBR) can enhance photonic 

absorption and hence the generation rate of electron-

hole pairs [4]. Much of the theoretical and 

experimental research done on thin-film solar cells 

with metallic PCBRs is confined to devices with a 

homogeneous semiconductor layer and a 1D metallic 

backreflector. Furthermore, in solar-cell research, 

often the excitation of GWMs is correlated with the 

total absorptance of the device which however is not a 

good measure of useful photonic absorption in a solar 

cell, as photons absorbed in the metallic portions of a 

solar cell are not available for conversion into electric 

current. Therefore, the chief objective for the work 

reported here was to determine the spectrums of both 

the total absorptance and the useful absorptance in a 

tandem solar cell with a 2D PCBR, and correlation of 

useful absorptance peaks with predicted GWMs.  

The rigorous coupled wave approach (RCWA) was 

implemented to investigate optical absorption in a 

triple-p-i-n-junction amorphous-silicon solar cell with 

a 2D PCBR (shown in Fig 1.) Both total and useful 

absorptances were computed with and without the 

PCBR-against the free-space wavelength for both s- 

and p-polarized polarization states with normal 

incidence (Fig. 2, 3). For correlation of absorptance 

peaks, the predicted wavenumbers of WGMs and SPP 

waves are obtained by solving two different canonical 

boundary value problems. The predicted 

wavenumbers are shown in Table-1 and the 

wavenumbers those found correlation with absorption 

peaks are highlighted in bold. Correlated absorptance 

peaks were indicated with arrows.  

Use of the doubly periodic PCBR enhanced both 

useful and total absorptances in comparison to a planar 

backreflector. Several but not all GWMs could be 

correlated with the total and useful absorptance. Also, 

excitation of certain GWMs could be correlated with 

the total absorptance but not with the useful 

absorptance, the useful absorptance should be studied 

while devising light-trapping strategies.  
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Fig. 1. (a) Schematic of the tandem solar cell comprising three p-i-n junctions of a-Si alloys on a 2D PCBR.  (b) Nine 

semiconductors layers of the three p-i-n junctions. 

                             

Fig. 2 Spectrums of total absoptance𝐴𝑝 for p- (left) and 𝐴𝑠 for s-polarized (right) incident light. 𝐴𝑝
𝑠𝑐, 𝐴𝑠

𝑠𝑐 is the useful 

absorptance of the triple p-i-n junction. Superscripts 1, 2, 3 represents absorptance in each p-i-n junction. Red arrows 

indicate the excitation of SPP waves that matched with both linear absorptances (𝐴𝑝 and 𝐴𝑠) and useful linear 

absorptances (𝐴𝑝
𝑠𝑐and 𝐴𝑠

𝑠𝑐); black arrows indicate WGMs that matched with both linear absorptances and useful linear 

absorptances; blue arrows indicate the excitation of SPP waves that correlated with linear absorptances but not with 

useful linear absorptances; and purple arrows indicate the excitation of WGMs that correlated with linear absorptances 

but not with useful linear absorptances. 

                               

Fig. 3 Same as Fig. 2 except 𝐿𝑔 = 0  

Table-1 Values of free space wavelength (calculated at 1-nm intervals) for which the excitation of an SPP wave (left) 

and WGMs (right) as a Floquet harmonic of order (m, n) is predicted for normal incident, for the tandem solar cell 

with a 2D silver PCBR. SPP waves strongly excited in Fig. 2 are highlighted in bold. 
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Near Zero-Field Magnetoresistance and High and Ultra Low Frequency Electrically Detected 
Magnetic Resonance in 4H-SiC p-n Junctions 

 

Elias Frantz, advised by Dr. Patrick Lenahan

We have investigated 4H-SiC p-n junction diodes 

with X-band (~10GHz) and ultra-low frequency 

(~10MHz) electrically detected magnetic 

resonance (EDMR) and compare the EDMR 

response to the near zero-field magnetoresistance 

(MR) of these devices as a function of junction 

bias. Representative results of our study are 

illustrated in figure 1 below. Development of a 

fundamental understanding of the near-zero field 

MR may be of real technological significance as 

the response can be exploited in a new class of 

magnetometers designed for deep space magnetic 

field sensing applications [1,2]. Both the EDMR 

and the MR involve spin-dependent 

recombination within the junction depletion 

region. Significantly as Cochrane et al. discussed 

the sensitivity of the near zero field 

magnetometer is a strong function of the width of 

the near zero field MR response. In this study we 

have explored the width the various features in 

the MR response over a range of biasing 

conditions. We find that the width of various 

features of the MR response are in fact strongly 

dependent on biasing conditions and the detailed 

response also depends strongly upon the choice 

of dopant atoms within the devices. The EDMR 

measurements involve current change via 

resonance induced changes in triplets to singlets, 

whereas MR involves singlet – triplet mixing. 

The study involves several devices with 

significantly different doping. Therefore the 

EDMR and MR comparisons provide some 

physical insight into the MR. Comparing the MR 

to the relative well understood EDMR response 

at high and low frequencies may allow for better 

fundamental physical understanding to the MR 

response potentially allowing the extraction of 

spectroscopic and magnetic field information 

from these relative new MR measurements. 
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Figure 1: ZeroField (Dimple) Response as a Function of Applied Forward Bias 

References 

[1] Cochrane, C. J., & Lenahan, P. M. (2012). Zero-field detection of spin dependent recombination with direct observation of 

electron nuclear hyperfine interactions in the absence of an oscillating electromagnetic field. Journal of Applied Physics,112(12), 

123714. doi:10.1063/1.4770472 

[2] Cochrane, C. J., Blacksberg, J., Anders, M. A., & Lenahan, P. M. (2016). Vectorized magnetometer for space applications using 

electrical readout of atomic scale defects in silicon carbide. Scientific Reports. Retrieved November 28, 2016, from 

http://www.nature.com/scientificreports 

Acknowledgements	
	
Work at Penn State was supported by US Army Research Laboratory.		

-6 -4 -2 0 2 4 6

Ar
bi
tr
ar
y	
Un

its

Magnetic	Field	[Gauss]

Zero	Field	MR	(Dimple)	Response	as	a	Function	of	Applied	Bias

4	Volts

5	Volts

6	Volts

7	Volts

7.5	Volts

41



	
	

An aspiration-assisted bioprinting for tissue biofabrication 

Bugra Ayan, advised by Ibrahim Tarik Ozbolat 

Engineering Science and Mechanics Department, Penn State, PA-16802, USA

In contrast to traditional two-dimensional (2D) cell 

culture, three-dimensional (3D) tissue spheroids offer 

many advantages, such as the ability of cells to secrete 

their own extracellular matrix (ECM) and increasing 

effective communication between cells in a particular 

tissue microenvironment [1]. Recently, one of the 

primary focus of bioprinting research has been the 

development of various methods to automate the 

manufacturing process of functional 3D tissue 

constructs for large scale tissue biofabrication [2].  In 

order to bioprint tissue spheroids, we have 

investigated a new process, which enables precise 

positioning of tissue spheroids onto a fibrin scaffold. 

We have developed an aspiration-assisted bioprinter 

(ABB), where a pipette, mounted on the arm, picks the 

spheroids via the aspiration pressure and place them 

one by one onto fibrin (Figure 1). Each spheroid is 

visually inspected before printing onto desired 

location.  

During the spheroid fabrication, it was observed that 

the relative size of the spheroid depends on cell 

number, culture time and cell type (Figure 2). The 

average diameter of 3T3 (NIH 3T3 mouse embryonic 

fibroblast cells) spheroids made of 2.5k cells 

decreased by 18.9% (248.31 ± 4.26 µm) on day 2 and 

26.8% (229.92 ± 15.84 µm) on day 3. The average 

diameter of 3T3 spheroids with made of 5k cells 

displayed a decrease in diameter by 16.19% on day 2 

(522.1 ± 36.85 µm) and 24.34% on day 3 (533.2 ± 

26.66 µm), while the average diameter of 3T3 

spheroids made of 10k cells diameter was declined by 

18.9% on day 2 (795.75 ± 33 µm) and 26.8% on day 3 

(699 ± 34.41 µm). Significant increase in average 

diameter of 3T3 spheroids was observed when the cell 

number was increased.  

A tissue spheroid is lifted by pipette aspiration after 

overcoming the gravity, buoyance force, hydraulic 

drag, and a thermodynamic barrier at the interface. 

The main difficulty in lifting a spheroid is the binding 

energy caused by the surface tension at the interface 

between the tissue media and air. The spheroid 

contributes to the lifting barrier in the form of a contact 

angle at the three-phase (spheroid, air, and tissue 

media) contact line (Figure 3): 

𝑃" = m𝐹&'(/𝐴+ = 2m𝑅.𝜎0,2𝑐𝑜𝑠2
𝜃7
2
/𝜋𝑅+2 

The critical pressure (Pc) is proportional to the surface 

tension coefficient of tissue media – air interface, the 

radius of the spheroid, the dynamic contact angle at the 

three-phase contact line, and the tapered angle of the 

pipette. 
The inspection process reduces the chances of 

contamination and ensures that only the spheroids of 

desired size and shape are used to construct the tissue 

(Figure 4). Automatic and semi-automatic control 

modes implement a rapid process cycle with a variable 

level of control and process automation. By 

monitoring spheroids and reducing the handling time 

we maximize the cell proliferation of the final 

biostructure 

This printing technique has the ability to monitor and 

maintain required back pressure while capturing and 

placing the spheroids during their placement. This 

novel bioprinting technique can be used for many 

organ-on-a-chip platforms for drug screening.  
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Figure 1. Aspiration-assisted bioprinting technique (A) bioprinter 

setup, (B) spheroid pick and place platform including an inspection 

camera, a pipette and microvalves (C1-C5) time-lapsed images of 

spheroid lifting process at interface between cell media and air 

 

 
Figure 2. Fabrication of 3T3, 4T1 and HUVEC spheroids: (A) 

Different cell seeding concentrations influenced the diameter of 

spheroids at Day 1, Day 2 and Day 3 (scale bars represent 1,000 

µm), (B) SEM images of 3T3 (left), 4T1 (middle), and HUVEC 

(right) spheroids 

Figure 3. (A) A schematic illustration of picking, holding and 

placing process,, (B) surface tension of 3T3 (left), 4T1 (middle) and 

HUVEC spheroids at Day 1, Day 2 and Day 3, (C) the collagen 

content of 3T3, 4T1 and HUVEC spheroids, (D) viscoelastic 

behavior of spheroids under pipette aspiration. Here, h is the 

advancement of the spheroid inside the pipette. (E) the lifting 

pressure of spheroids from tissue media for. The tissue radius ranges 

from 200 to 600 um  
 

 
Figure 4.  Spheroid placement: (A) an image from side camera 

represents spheroid placement onto fibrin, (B-C) complex spheroid 

patterns, (D) cell viability of spheroids before and after bioprinting: 

confocal images of spheroids before bioprinting (left), after 

bioprinting within cell media (middle), after bioprinting onto fibrin 

(right), confocal images a graph represent cell viability before 

bioprinting(left), after bioprinting within cell media (middle) and 

bioprinting onto fibrin (right), (E) time-lapse images of self-

assembly of 3T3 spheroids at 0h, 24h, 48h and 72h. 
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The importance of energy criteria for selecting modes in reduced order modeling 

Suparno Bhattacharyya, advised by Joseph Cusumano  

Simulating vibrating structures and other high 

dimensional systems is often challenging because of 

high computational costs and data management issues. 

Model reduction is a process that estimates the 

effective dimension of a high dimensional system. 

Subsequently, the system is projected onto an 

appropriate low dimensional subspace to obtain a 

model that can be simulated more efficiently. Here, we 

analyze the performance of the proper orthogonal 

decomposition (POD), a widely-used data-driven 

model reduction technique [1-3]. The POD ensures the 

most effective way of capturing the dominant 

components of any high dimensional system with 

surprisingly few Proper Orthogonal Modes (POMs). 

These POMs, chosen to form a lower dimensional 

subspace for model reduction, optimally capture 90% 

or more of the variance of any high dimensional spatial 

time series obtained from the system [1,4]. 

From a first principles perspective, the dynamics of a 

structural dynamical is characterized by its 

generalized displacement and velocity fields. 

However, in order to study such systems 

experimentally, displacement, strain, velocity, or even 

acceleration data can be acquired.  

Since POD is data driven, it is reasonable to expect the 

accuracy of a reduced-order model obtained using it to 

depend on the choice of the data set. Typically, in the 

literature, one finds that POD is used without 

addressing this issue. 

Here, we used a simply supported Euler-Bernoulli 

beam subjected to periodic impulsive loads in 

numerical experiments to compare the accuracy of 

different reduced order models (ROMs) obtained 

using displacement, velocity, and curvature (i.e. 

strain) spatial time series., The spatial and temporal 

distribution of the impulses were tuned to control the 

number of excited modes in, and hence the 

dimensionality of, the system’s response. We used the 

problem’s normal modes and modal analysis to obtain 

closed form solutions and to generate displacement, 

curvature, and velocity time series. Each of these time 

series were then used to generate a reduced order 

model via the POD.  The proper orthogonal modes 

(POMs) so obtained were expressed in terms of the 

beam’s linear normal modes, to define a lower 

dimensional subspace for model reduction. We 

observed that application of the POD to curvature and 

velocity time series resulted in ROMs that can more 

accurately represent the dynamics of the original 

system than those based on displacement time series, 

irrespective of the dimensionality of the original data. 

Since the curvature and velocity time series are 

directly related to the system’s potential and kinetic 

energies, respectively. In contrast, the displacement 

field does not by itself yield and estimate of the 

system’s energy. Thus, we have shown that the 

selection of empirical modes (i.e., POMs) for reduced 

order models should by considering the total 

mechanical energy that they capture. This is of central 

importance in properly identifying the low 

dimensional subspace needed for model reduction. 

Hence it is necessary to use a data set that either in 

itself is representative of the system’s energy, or that 

can be related to the system’s energy.
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Figures showing comparison between original data from the system and reconstructed data corresponding to 

ROMs. In these cases POD was used with displacement, velocity and curvature timeseries to obtain the reduced 

order models. The first figure corresponds to the ROM based on displacement time series where the reconstruction 

is quite erroneous (relative error 127.5% and 099.8% for displacement and velocity time series respectively). In the 

second figure the reconstruction corresponds to the ROM based on velocity spatial timeseries, which is quite 

accurate (relative error 0.07% and 4.35% for displacement and velocity time series respectively). The ROM based 

on curvature time series yields results very similar those based on velocity time series. 
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Nonlinear interaction of elastic waves in an isotropic plate, applications for nondestructive 

characterization 

Mostafa Hasanian, advised by Cliff Lissenden 

Department of Engineering Science and Mechanics, Penn State, PA-16802, USA 

 

The collision of objects is always a fascinating 

subject, especially when scattering of small fragments 

is expected to occur outside of the collision zone. 

Likewise, for the case of elastic waves, where waves 

can be considered as the motion of energy, while 

collisions are generally denoted as the impact of 

masses. In the case of linear elastic materials, the 

superposition principle is applied to wave interactions, 

and as a result any energy lost or new scattering out of 

the interaction zone is inconceivable. Considering 

nonlinear elastic materials, such as hyperelastic ones, 

each strain contains a small portion of nonlinear 

deformation. These nonlinear deformations nullify the 

general superposition principle and result in the 

perturbation of small harmonic displacements[1].  

Figure 1 illustrates how localized interaction of 

waves in a nonlinear elastic isotropic plate can lead to 

generation of slight perturbations. These perturbations 

can move and scatter out of the mixing zone and upon 

specific conditions they appear in the form of a new 

guided waves in the plate[2]. In this work, the required 

conditions to fulfil generation of a new wave, based on 

the nonlinear interaction of two ultrasonic guided 

waves, are investigated. This is accomplished by a 

wave vector analysis in original studies on nonlinear 

interaction of guided waves in plate[2]. Results show 

the possibility of generating numerous different types 

of waves in the mixing zone, only some of which are 

of practical importance.  

As a particular case study with some very unique 

features, counter propagating Shear Horizontal (SH) 

guided wave mixing is analyzed (see Figure 2)[2]. The 

interaction of SH waves having certain frequencies 

and directions generates a secondary Lamb wave at the 

sum frequency of the primary SH waves has been 

modeled. An experimental investigation has been 

conducted by using Magnetostrictive Transducers 

(MST) for generation, and Air-coupled transducers 

(AC) for reception of the Lamb wave (Figure 2a). 

Figure 2b shows the frequency content from Tests A 

and B, which correspond to excitation of the two 

transducers individually, and the Test A+B where both 

transducers were excited simultaneously. The 

difference signal, (A+B)-A-B, is the subtraction of 

signals of Tests A and B from the signal of Test A+B. 

Results indicate a strong new frequency content 

around 2 MHz, which is the sum frequency of the SH 

waves.  

Generation of a new nonlinear wave field is mainly 

based on the nonlinear properties of the material that 

are sensitivity to incipient damage, such as cyclic 

fatigue or plastic deformation, as has been shown 

previously[2]. Therefore, this study provides 

fundamental principles for nondestructive 

characterization of materials in order to identify 

damage at an early time.  
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Figure 1: Schematic demonstration of nonlinear wave interaction in a plate. Waves “a” and “b” interact in a confined region 

then consequently, if conditions are satisfied, new waves (Km) are perturbed and scattered out of the mixing zone.  

 

 

Figure 2: (a) Counter-propagating SH waves interaction, leading to generation of a symmetric Lamb wave “S0” which is 

captured by an Air-coupled (AC) transducer.  (b) Frequency content of three tests conducted by excitation of Wave a, Wave b, 

and both waves (a+b). Note 1: Difference signal, (A+B)-A-B, is the remnant of tests A and B subtracted from Test A+B. Note 2: 

Frequency content at fb is insignificant since AC was aligned to receive left-propagating waves.
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Experimental Evaluation on Damping Behavior of Carbon Fiber Reinforced Polymer with 

Nanoparticles 

Jeffrey Kim, advised by Charles E. Bakis, Edward C. Smith

In the helicopter society, researchers tried to reduce 

the vibration in various aircraft structures such as 

rotorcraft blades. In recent years, carbon nanotubes 

(CNTs) were dispersed in resin matrix to enhance the 

damping effect of resins such as bisphenol F epoxide, 

through a mechanism called stick-slip [1,2]. Straining 

resin specimens, in which CNTs are weakly bonded to 

resin, will break the interfacial bond between CNTs 

and the matrix, allowing the CNTs to slip and stick 

back to the matrix (Figure 1). This reversible 

movement of CNTs will dissipate energy through 

coulombic and internal friction, enhancing the 

damping behavior of the system. However, the benefit 

of adding CNTs was not impressive once continuous 

fibers were introduced as well because adding CNTs 

increased the viscosity level to the degree that 

fabricating continuous fiber reinforced specimens was 

not feasible, so only small amount of CNTs were 

added which lead to minimal benefit from CNTs. 

However, instead of dispersing CNTs in the matrix, 

researchers fabricated highly dense CNT paper called 

buckypaper [3]. Buckypaper can also be made with 

other nanoparticles such as graphene nanoplatelet 

(GNP). Our recent goal of the investigation is to 

observe the damping behavior of CFRP with 

buckypaper made of CNT or GNP in the interlayers.  

In addition to CNT or GNP buckypaper, various 

damping materials were incorporated in the interlayers 

of 6 layer-unidirectional carbon fiber reinforced 

polymer composite specimens in 0° and 90° direction. 

Bisphenol F epoxide cured diethyltoluenediamine 

(DETDA) was used as the matrix material.  

The addition of CNT buckypaper showed insignificant 

increase in the damping parameter, the loss factor, 

which is the tangent of the phase shift between stress 

and strain signals collected from the dynamic cyclic 

load tension-tension test on specimens (Figure 2). On 

the other hand, the addition of GNP buckypaper 

induced noticeable increase in the loss factor of the 

specimen (Figure 3).  

Although CFRP specimen with GNP buckypaper 

showed improvement in the damping behavior, the 

fact that the specimen will continue to perform at the 

high level is an unknown factor. We expect to run 

fatigue testing on specimens in order to find out about 

the lifecycle of the specimens. 
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Figure 1: CNT embedded in matrix (stick-slip behavior) [1] Figure 3: Result of damping test  

 

 

Figure 2: Damping test set up  
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In Situ Bioprinting of Bone Tissue Constructs 

Kazim Kerim Moncal advised by Dr. Ibrahim Tarik Ozbolat

Statement of Purpose: Although relatively nascent, 

surgical robotic technology has been shown to 

improve dexterity and facilitate surgeries that were 

previously unfeasible [1]. In the same vein, 3D 

bioprinting for biomedical applications allows precise 

placement and patterning for shear-thinning 

biomaterials such as hydrogels. In-situ bioprinting lies 

at the crossroads of these two disciplines. In this study, 

new printable bio-ink including BMP2 was developed 

and bioprinted directly on the critical-size calvarial 

defect on rats in an operation room using the Multi-

Arm Bioprinter (See Fig. 1.) [2].  Bone regeneration 

was then analyzed from micro-CT (µCT) scanning 

results of the rat skulls at six weeks.  From these 

results, novel printable bio-ink is suitable for in-situ 

bioprinting applications to facilitate increased bone 

regeneration. 

 

Methods: PEI-pDNA polyplexes for in-vivo bio-

ink was prepared based on 50 µg plasmid per defect in 

bio-ink solution. First of all, PEI (2 mg/ml) and pDNA 

solutions (2 µg/µl) were complexed and freeze-dried 

day before printing process and then combined with β-

Glycerophosphate disodium salt hydrate (βGP) mixed 

with chitosan solution (CS-βGP). Collagen (Coll) 

(extracted from rat tail [3]) was dissolved in acetic acid 

to prepare a Coll solution, and then mixed with ratio 

of 4:1 (v/v) (CS- βGP:Coll). Additionally, collagen 

sponges were added to the overall solution and mixed 

for 30 min. at room temperature until a homogenous 

solution was achieved. Finally, hydroxyapatite (HA) 

nanoparticles in powder form was added to the final 

solution and mixed for 15 min.  

 

Results: The scaffold architecture had a circular 

pattern with 0.3 mm pore size and 0.3 mm filament 

diameter for in vivo study. In-situ bioprinting process 

was occurred after opening 5 mm-diameter 2 mm-

thick two defects on rat skulls. Then, the bio-ink, bio-

ink incorporated BMP2 was bioprinted into the defect 

sides. After six weeks of bioprinting, calvarium tissues 

were harvested to measure bone volume fractions via 

µCT scanning (see Fig. 2). Scanned images were 

imported to Avizo software to calculate bone volume 

fraction. 

 

Conclusions:  New bio-ink, and BMP2 included bio-

ink were able to bio-print using an extrusion-based 

bioprinting system. Also, both bioink solutions were 

able to support bone regeneration over time by 

providing newly-formed mineralize tissue. BMP2 

incorporation was demonstrated increased bone 

formation compared to the only bio-ink scaffolds. 
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Figure1. In-vivo bioprinting process of bone tissue constructs 

 

 

Figure 2. Results of bone volume fraction at 6 weeks (Values are expressed as ± SEM (n=3)) 

References:  

[1] Lanfranco, Anthony R., et al. Annals of surgery 239.1 (2004): 14. 

[2] Ozbolat, Ibrahim T., et al. Robotics and Computer-Integrated Manufacturing 30.3 (2014): 295-304. 

[3] Rajan, Navneeta, et al. Nature protocols 1.6 (2006): 2753. 
51



INCORPORATING MAGNETIC RESONANCE INTO A WAFER PROBING STATION 

Duane McCrory, advised by Dr. Patrick Lenahan 

 

 
Abstract 

As semiconductor technology continues to scale, 

and newer material systems are introduced, it is 

imperative to have reliability measurements that are 

capable of identifying performance-limiting defects at 

the atomic scale. Conventionally, most reliability 

measurements are performed using wafer probing 

stations. The electrical measurements made at these 

stations have proven widespread and high-volume 

applicability for electrical measurements. However, 

these measurements yield limited information about 

the atomic-scale nature of the defects that ultimately 

govern reliability. The most sensitive technique for 

identifying atomic-scale defects in semiconductor 

devices is electrically detected magnetic resonance 

(EDMR). This technique is a derivative of electron 

paramagnetic resonance (EPR) in which the 

measurement is performed on fully processed device 

structures. EDMR is at least ten million times more 

sensitive than conventional EPR [4], and thus 

adequately addresses the sensitivity needs associated 

with advanced device structures. EDMR is a powerful 

tool for investigating performance limiting defects in 

many different material systems [4]-[8]. 

Unfortunately, EDMR measurements require 

significant sample preparation and expensive 

spectrometers. Despite the rich information provided 

by EDMR, the experimental barriers relegate it as a 

technique only suitable for individual device 

measurements. Clearly there is a need for an EDMR 

spectrometer that eliminates sample preparation and 

can be incorporated into a conventional wafer probing 

station.  

We report on a novel semiconductor reliability 

technique that merges electrically detected magnetic 

resonance (EDMR) with a conventional 

semiconductor wafer probing station (Fig. 1). This 

union with a semiconductor probing station allows 

EDMR measurements to be performed at the wafer 

level. Our measurements forgo a microwave cavity or 

resonator for a very small non-resonant near field 

microwave probe (Fig. 2) [1], [9]. Bipolar 

amplification effect (BAE) [2] (Fig 3), and spin 

dependent charge pumping (SDCP) (Fig. 4) [3], were 

demonstrated on various SiC MOSFET structures. 

These measurements were made via frequency-swept 

EDMR. The elimination of the resonance cavity, and 

incorporation with a wafer probing station, greatly 

simplifies the EDMR detection scheme and offers 

promise for widespread EDMR adoption in 

semiconductor reliability laboratories. 
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Fig. 2. Side view of the non-resonant near field microwave probe 

(top right) utilized in all EDMR measurements made in this 

paper.  The four other probes are home-built high-frequency 

current probes used to measure device characteristics.  

Fig. 3. EDMR of the same 4H-SiC MOSFET utilizing the BAE 

biasing scheme.   VG − Vth  =  1 V and −2.9 V applied to the 

source of the MOSFET.  
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Fig. 4. SDCP of the same 4H-SiC MOSFET with ±16V square 

wave applied to the gate with a rise/fall time of 1µs.  
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Fig. 1: Wafer-Level EDMR Spectrometer. Cartoon depiction with labels of the spectrometer. The entire setup fits conveniently 
into one wafer station and one computer rack. This compact setup may allow for more widespread use.  
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Standing surface acoustic wave (SSAW)-based fluorescence-

activated cell sorter  
 

Liqiang Ren, advised by Tony Jun Huang and Thomas E. Mallouk

Fluorescence-activated cell sorter (FACS) is high-

throughput, single-cell characterization and sorting 

tool that has revolutionized how cells are studied and 

purified.[1,2]  In the past decades, FACS has become 

indispensable for a wide variety of applications in 

fundamental biological/biomedical research and 

clinical practice. Despite the significant impact, 

current benchtop FACS systems have the following 

drawbacks: high cost for use and maintenance, large 

size, complex configuration, low biocompatibility, 

biosafety concerns, and difficulty in handling small 

sample volumes. Microfluidic FACS (µFACS), the 

combination of microfluidics and cell sorting 

techniques, has been regarded as an excellent 

candidate to overcome the limitations of the traditional 

FACS. A µFACS sorts cells in an enclosed 

environment to avoid potential aerosol contamination, 

and is inherently good at handling tiny amounts of 

sample, generating smaller volume of waste, and 

utilizing less costly reagents. Additionally, the cost 

and size of a µFACS is also expected to be much lower 

than traditional FACS.  

Among the various microfluidic techniques for FACS, 

acoustofluidics (i.e., the fusion of acoustics and 

microfluidics) is attractive because of its amenability 

to integration, miniaturization, and biocompatible cell 

manipulation. For example, Jakobsson et al. have 

demonstrated an acoustofluidic FACS using bulk 

acoustic waves (BAW) for both cell focusing and cell 

deflection, and achieved a throughput of ~150 

events/sec. Aside from BAW, surface acoustic waves 

(SAW) have also been extensively utilized to develop 

acoustofluidic cell sorters.  Unlike the BAW-based 

devices, SAW-based cell sorters use microfabricated 

interdigital transducers (IDT) as wave generators and 

show better resolution and controllability on cell 

manipulation, allowing a higher throughput to be 

achieved.  

In this work, we employ standing surface acoustic 

waves (SSAW) to realize both cell focusing and cell 

deflection, and demonstrate an all-in-one FACS by 

integrating a SSAW-based 3D cell-focusing unit, a 

SSAW-based cell-deflection unit, and an in-plane-

integrated optical fiber-based cell-detection unit into a 

single chip. The sheathless, SSAW-based 3D cell-

focusing greatly simplifies the design of the 

microfluidic device and reduces the volume of 

biohazard waste and complexity of pump system. 

Without using sheath flow, the impact of shear stress 

on cells caused by sheath flow can also be avoided. A 

precisely 3D focusing enables the utilization of in-

plane-integrated optical fibers for fluorescent 

excitation and detection. In the cell-deflection unit, a 

focused-IDTs is adopted to generate high-resolution 

SSAW for high-throughput cell deflection. With the 

integrated SSAW-based FACS, we demonstrate the 

sorting of fluorescently-labeled HeLa cells from 

unlabeled group with a sorting purity over 90% at a 

throughput of 2,500 events/sec.  
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Figure 1. (a)Schematic of the SSAW-based FACS chip. (b)Microscopic image of the SSAW-based focusing and 

deflection units. (c)Schematic indicates the position of pressure nodes from the deflecting IDT (PNOD, black dashed 

line) and pressure nodes from a focusing IDT (PNOF, red dotted line). Scale bar: 200 m. 

 

 
Figure 2. A time-lapsed image of high-throughput sorting. The FL-labeled Hela cell was sorted into the top outlet 

(collection), while the non-labeled cells entered the bottom outlet (waste). The FL-labeled cell was excited by the laser 

at 0 msec and thereafter was presented as a green dot. The blue area indicates the detection area while the yellow area 

indicates the deflection area. Scale bar: 50 m
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Development of high energy density supercapacitors 

 

A. R. Aref, C. A. Randall, M. T. Lanagan, R. Rajagopalan 

Supercapacitors are receiving extensively attention as 

potential energy storage devices due to their high 

capacitance, high power density, and long cycle life. 

The energy density of the supercapacitor is limited by 

the specific capacitance of the activated carbon 

electrodes. Presently, we demonstrate a high energy 

density supercapacitors made of a high purity polymer 

derived carbon with controlled pore size and high 

surface area.  In particular, we focused on developing 

two types of supercapacitors that includes: 

1) Electrochemical double layer capacitors(EDLC) 

Charge storage mechanism in EDLC is primarily 

based on the formation of electrical double layer at 

electrode/electrolyte interface. Symmetric EDLC 

capacitors were made using high purity carbon 

electrodes derived from polymer precursors with 

surface area > 2000 m2/g that suppressed solvent 

decomposition and leakage current.   

2) Lithium ion Capacitors (LIC) 

Asymmetric design based on the use of a double layer 

electrode and a prelithiated anode that provides larger 

cell voltage (> 4V) and high energy density were 

fabricated. Various carbon nanomaterials are currently 

being synthesized to push the energy density beyond 

300 J/cc.  

In this investigation, symmetric capacitors made using 

the synthesized carbon electrodes in neat 1-butyl 3-

methylimidazolium tetrafluoroborate exhibited a 

specific capacitance of 136 F/g at 1 A/g when charged 

and discharged between 0 to 3.8V. The capacitor also 

showed 90% capacitance retention over 5000 cycles. 

In order to further evaluate the fabricated capacitor, 

accelerated floating voltage was conducted. The tests 

showed that the capacitor retained 80% of its initial 

value after 55 hours at 3.8V and 90% retention at 3.5V 

after 260 hours. The maximum gravimetric and 

volumetric energy density of the capacitor was 74.4 

Wh/kg and 37.5 Wh/l, respectively.  

In addition, rate capability of LIC was improved by 

using nanographite anode with particle size~ 30 nm.   
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In order to synthesize bimodal pore size distribution carbon, we used soft template approach where 

surfactant act as a templating agent (Figure 1). The PFA-Ph activated carbon was made using acid 

polymerization of Furfuryl alcohol and Phloroglucinol in the presence of Pluronic F-127 surfactant.  

This was followed by pyrolysis and activation of synthesized polymer at 800 ₒC to yield PFA-Ph activated 

carbon. By using synthesized hierarchical activated carbon, we were able to double specific capacitance 

of the device compared with state of the art YP50 (pure microporous carbon). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic representation of synthesis approach using soft templating agent (surfactant)   
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Circular Polarization Filters for Mid-IR Light using Chiral Sculptured Thin Films 

Vikas Vepachedu, advised by Dr. Akhlesh Lakhtakia

A chiral sculptured thin film (Chiral STF) consists of 

an array of helicoidal columns with fixed pitch. Such 

films were fabricated out of zinc selenide using 

resistive-heating physical vapor deposition for the 

purpose of creating circular polarizer filters by 

exploiting the circular Bragg phenomenon (CBP). 

During the deposition, the substrate was tilted at an 

angle of 20° with respect to the incident vapor flux 

and rotated as per the asymmetric serial bideposition 

(ASBD) technique. The pitch of each successive 

chiral STF was made to be double that of the 

previous chiral STF resulting in a total of five 

samples which collectively act as polarization filters 

at wavelengths between around 732 nm and 11,712 

nm. For this reason, zinc selenide was chosen for the 

material due to its practically constant refractive 

index over this range of wavelengths. In general, as 

the period is increased, the center wavelength of the 

CBP is increased as well. Additionally, the thickness 

of one of these samples was doubled to study the 

impact of thickness on the performance of these 

filters. All of these filters were characterized 

morphologically (using a scanning electron 

microscope) and optically (using various 

spectrophotometers depending on the wavelength 

range of interest). Shown in Figure 1 is a micrograph 

of the cross sections of one of the thin films 

fabricated for this study. The corresponding optical 

properties of this film are shown in Figure 2; the 

sample reflects right circularly polarized light and 

transmits left circularly polarized light. Similar 

results can be obtained for the other samples. 

Furthermore, we have shown that the morphological 

characteristics remain stable as the period is 

increased. Thus, we were not only able to fabricate 

circular polarizer filters for the visible light regime 

but also for the infrared regime (up to mid-IR 

wavelengths).  
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Figure 1: Cross-sectional, scanning electron microscope image of a chiral STF with a period of around 366 nm. This sample is composed of 10 

periods total. The wavy appearance is given by the parallel helicoids it is composed of.  

 

Figure 2: Experimentally measured transmission of circularly polarized light through the sample shown in Figure 1. TRR is the amount of RCP 

light transmitted when RCP light is incident. Likewise for TLL but with LCP light. The dip in TRR is indicative of the Bragg phenomenon. 
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Electrically Detected Magnetic Resonance on Multi-Gate Metal Oxide Silicon Transistors 

Kenneth Myers, advised by Dr. Patrick Lenahan

Multi-gated metal oxide semiconductor field effect 

transistors (MOSFETs) have recently become 

important in high-performances CMOS integrated 

circuits. Multi-gated devices, commonly called 

FinFETs, have reduced short channel effects, 

allowing for greater scalability.[1] However, there is 

little in the literature about the atomic defects at the 

semiconductor-dielectric interface in FinFETs. In this 

study, we explore traps at the FinFET Si/dielectric 

interface with electrically detected magnetic 

resonance (EDMR). The devices involved in this 

experiment are on (100) silicon-on-insulator wafers 

with 90nm Si layers and 125nm buried oxides. The 

FETs have 1nm SiO2 and 2nm HfSiON/TiN/polySi-

capped gate stacks with an effective oxide thickness 

of about 1.1nm. The body of the devices are lightly 

doped p-type at 2x1015/cm3. Each FinFET is 

configured as a gated diode with n+/p-/p+ with a fin 

length of 500nm, fin height of 80nm, and fin width of 

50nm. For a single set of contacts, 500 fins are 

connected in parallel. Extensive electrical 

measurements on these devices have been reported 

by Young et al.[2][3] 

In order to increase the defect density and maximize 

the size of the resonance response, we have irradiated 

the FinFETs to 1 MRad through exposure to a 60Co 

gamma source. During irradiation, a bias of +0.25V 

was applied to the gate contact. Pre irradiated EDMR 

spectra are weak and poorly resolved whereas quite 

strong signal to noise spectra appear after the 

irradiation. 

Our EDMR measurements utilized a home-built 

spectrometer. The X-band (≈9.5 GHz) spectrometer 

includes a 4-inch Lakeshore electromagnet with a 

Micro-Now microwave bridge and a TE102 cavity. 

Spin dependent device current was measured with a 

Stanford Research Systems Low-Noise Current 

Preamplifier. The detection utilized a home-built 

virtual lock-in amplifier. Measurements were 

conducted at room temperature. 

The observed EDMR spectra involve multiple 

overlapping lines with g values ranging from 2.0011 

to 2.0084. Such g values are generally consistent with 

Pb centers (silicon dangling bonds), however the 

linewidths of these spectra are significantly broader 

than those typically observed for Pb center defects. 

The spectra can be observed in Figures 1 and 2. In 

both figures, a large peak is seen in the center of the 

sweep, which is presumed to be the same resonance 

response. Figure 2 contains at least one more line 

which partially overlaps the central peak.  
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Figure 1: In-Phase portion of the EDMR trace containing a line with the g value of 2.0011±0.0002 

 

Figure 2: Quadrature portion of the EDMR trace containing a line with the g value of 2.0084±0.0002

References 

[1] Wann, C. H., Noda, K., Tanaka, T., Yoshida, M., & Hu, C. (1996). IEEE Transactions on  Electron Devices, 

43(10), 1742-1753. 

[2] Young, C. D., Neugroschel, A., Matthews, K., Smith, C., Heh, D., Park, H., … Bersuker, G. (2010). IEEE 

Electron Device Letters, 31(7), 653–655.  

[3] Young, C. D., Neugroschel, A., Matthews, K., Smith, C., Park, H., Hussain, M. M., … Bersuker, G. (2010). 

Proceedings of 2010 International Symposium on VLSI Technology, System and Application, VLSI-TSA 2010, 68–69. 

Acknowledgements 

 

Work at Penn State was supported by DTRA 

-0.40

-0.20

0.00

0.20

0.40

0.60

0.80

3300 3320 3340 3360 3380 3400 3420 3440

E
D

M
R

 R
es

p
o

n
se

 (
p

A
)

Magnetic Field (Gauss)

-0.40

-0.20

0.00

0.20

0.40

0.60

0.80

1.00

3300 3320 3340 3360 3380 3400 3420 3440E
D

M
R

 R
es

p
o

n
se

 (
p

A
)

Magnetic Field (Gauss)

g=2.0011±0.0002 

g=2.0084±0.0002 

62



 
 

Plasma Metamaterials 

Sarah Antonsson, advised by Michael Lanagan and Clive Randall

Metamaterials are a class of man-made materials 

which showcase unnatural optical behaviors, such as 

negative refraction. By integrating a controllable 

plasma array into the metamaterial, electromagnetic 

properties can be dynamically altered. To obtain a 

negative index of refraction, the material must have 

negative electric permittivity and magnetic 

permeability in the same frequency range [1]. Plasma 

contributes negative permittivity to the metamaterial 

for electromagnetic waves with a frequency below the 

plasma frequency [2]. This integration is possible due 

to the resonant nature of metamaterials, which creates 

strong electric fields that can break down the 

surrounding gas to ignite plasma. To evaluate 

constituent material performance for plasma 

production, we have developed a double-ridge 

waveguide (DRWG) to measure the performance of 

resonating dielectric blocks. DRWGs focus electric 

field between conductive ridges which run along the 

top and bottom of the waveguide, and a dielectric 

block is placed between the ridges. The DRWG is then 

vacuum-pumped and backfilled with low-pressure 

argon gas and, when powered, forms argon plasma 

within a gap between the dielectric and upper ridge. 

Simulations show that the dielectric block sharply 

increases the electric field strength within the gap, 

enabling this plasma ignition. Argon pressure is varied 

and power data is collected to determine the minimum 

power needed for plasma ignition. In this setting, 

dielectric work functions and the electronic properties 

of plasma can be closely measured. 

 

 

Experimental Setup  

A small dielectric block (approximately 10 mm long, 

8 mm wide and 3.5 mm tall) is placed between the 

ridges of a DRWG. On one sidewall of the DRWG, 

two holes were cut for a vacuum port and an argon 

inlet.  On the opposite sidewall, a hole was cut for a 

sapphire lens with which to look into the DRWG and 

view the plasma. Because very little current traverses 

the sidewalls of the DRWG, cutting holes into the 

sidewalls does not adversely affect its wave-guiding 

ability. A cross section of the DRWG is shown in fig. 

1. The waveguide is powered by an amplified signal 

between 2 - 3 GHz, and the forward and reflected 

power are measured (fig. 2). 

Results 

When plasma is ignited at the first frequency peak 

(fig. 2) above the DRWG cutoff frequency (fcut-off ~ 

2.2 GHz), plasma is seen between the corners of the 

dielectric block and the upper ridge (fig. 3, left). S21 

data consistently shows a resonance peak below the 

cutoff frequency (fig. 2). When the DRWG is 

powered at this sub-cutoff frequency, plasma is 

formed above the entire length of the dielectric block 

(fig. 3, right). Normally, energy cannot propagate 

below the cutoff frequency of a waveguide, but we 

suspect that the dielectric block lowers the cutoff 

frequency for that portion of the DRWG, giving a 

boost in local power for the attenuating waves that 

can reach it and resonate within. This will be 

explored by changing the distance between the 

dielectric block and the input power.  
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Figure 1: This schematic cross section of the double-ridge waveguide highlights dimensions, dielectric block placement, plasma area, and 

locations of the viewing lens, gas inlet, and vacuum outlet. 

 

Figure 2: Plots of forward (S21) and reflected (S11) power show resonant frequencies for a calcium titanate block placed within the DRWG. 

Speaks in S21 correspond to sharp drops in S11 at points of resonance. The dashed line indicates the cutoff frequency of 2.2 GHz. 

  

Figure 3: Argon plasma is visible through the sapphire window in the DRWG. Due to refraction of the lens, the view is flipped horizontally and 
vertically. (Left) Above the cutoff frequency, plasma forms on the corners of the dielectric block. (Right) Below the cutoff frequency, plasma 

forms along the full length of the dielectric block. 
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Facile Electrochemical Synthesis of 2D Monolayers for Thin Film Transistors 

Daniel Schulman, Saptarshi Das

The class of two-dimensional (2D) layered transition 

metal dichalcogenide (TMD) materials has garnered 

significant interest because of their robust 

semiconducting and optoelectronic properties down to 

the single monolayer limit. Despite the high demand 

for monolayer TMDs, they have been either costly or 

challenging to acquire, hence the need for facile 

synthesis techniques such as the electro-ablation (EA). 

The EA process[1] has key advantages over 

mechanical exfoliation and chemical vapor deposition 

(CVD) methods. Mechanical exfoliation results in 

extremely small, low yields of monolayers, whereas 

wafer-scale CVD growth of high-quality monolayers 

demands expensive infrastructure and resources. The 

EA process to convert MoS2, WS2, and MoSe2 

multilayer films to monolayers is schematically shown 

in Figure 1a–c.[2] First, the TMD material is 

mechanically exfoliated onto a conductive TiN film on 

Si. The sample is then placed in a three-terminal 

electrochemical cell where the conductive TiN 

functions as the working electrode. Next, a relatively 

small anodic potential of less than ∼1.4 V applied 

against an Ag/AgCl reference electrode for a period of 

time up to 120 s converts the exfoliated multilayers 

into their corresponding monolayers via an anomalous 

but self-limiting corrosion process consistently over 

the entire substrate irrespective of the initial thickness 

of the multilayer flakes as shown in the before and 

after optical images for MoS2 in Figure 1 d,e. Intense 

PL shown in Figure 1f is observed across the entire 

monolayer MoS2 flake at an energy of ∼1.85 eV 

corresponding to the monolayer direct band gap.[3] 

Similar results were found for WS2 and MoSe2. 

Monolayer MoS2 transistor characteristics are shown 

in Figure 1g.[2] MoS2 and WS2, devices have an 

average mobility of 19.4 ± 2.6 cm2/V s and 6.7 ± 3.3 

cm2/V s respectively which are comparable with the 

highest performing CVD monolayer materials. [4][5] 

MoSe2 devices average electron mobility of 2.6 ± 0.6 

cm2/V s, which is about an order of magnitude lower 

than what has been achieved with CVD materials.[6]  

Note than for WS2 and MoSe2, although there are 

reports of higher mobility monolayer materials, [5, 6] 

the ON currents reported here, namely, 40 μA/μm for 

WS2 and 40 μA/μm for MoSe2 are much larger. 

It was found from temperature dependent 

measurements that an abrupt Anderson-type 

semiconductor/insulator-to-metal transition exists for 

these monolayers.[7] At low applied gate voltages 

where the carrier concentration is relatively low, the 

strongly bound electron system exhibits an “insulator” 

type behavior where the resistivity decreases, and 

hence current increases with increasing temperature. 

In the disordered 2D electron gas, an abrupt quantum 

phase transition to a “metallic” phase occurs when the 

energy exceeds the mobility edge or critical energy. 

The delocalized electrons, now stabilized by electron 

interactions, decrease in mobility with increasing 

temperature. This insulator-to-metal transition is 

desirable for high-power devices as it prevents thermal 

runaway from occurring. 

This work has demonstrated that EA synthesis can 

facilitate the study of the rich monolayer physics for a 

diverse set of materials, especially for those requiring 

inexpensive, high-yield, large domain materials. 
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Figure 1:  Schematic of the EA process (a) flakes of TMD are mechanically exfoliated onto a 100 nm thick 

conductive TiN film on Si. (b) Sample is placed into an electrochemical cell with a 1 M conductive LiCl electrolyte 

where an anodic potential is applied to TiN. (c) Within seconds, the bulk material begins to ablate into the solution 

converting the multilayer flakes to single monolayers strongly adhered to the TiN substrate. Optical images of (d,e) 

MoS2 after exfoliation and after EA. (f) PL intensity map showing intense PL across the monolayers an energy of 

∼1.85 corresponding to the direct band gaps of MoS2. (g) Transfer characteristics in the log scale at different drain 

biases (VD) for a backgated monolayer MoS2 transistor.
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Fabrication of a Vascularized Tumor Microenvironment for Immunotherapy 

Madhuri Dey, Ibrahim Ozbolat

Despite the plethora of research and advances in 

treatment, cancer remains one of the leading causes of 

mortality worldwide1. Cure and prevention of such a 

complex disease can be possible by creating 

physiologically relevant three dimensional (3D) tumor 

models for understanding cancer genesis and 

progression. Immunotherapy for cancer treatment is an 

emerging field of research but lacks a proper 

understanding of cancer-immune cell interaction 

which is vital to tumor progression2. In vitro tissue 

models that can recapitulate the dynamic immune-

cancer microenvironment are greatly needed to 

understand these complex interactions. In this study, a 

relatively simple tumor spheroid model has been 

employed to study the effects of engineered immune 

cells on the fabricated tumors. Primary human T cells 

with T cell receptors (TCRs) that can recognize 

bacterial metabolites in the context of MR1 molecule3 

are engineered by Dr. Derya’s team at Jackson Labs. 

These engineered TCR+ T cells are employed to study 

the immune-cancer interaction in 3D and successful 

eradication of the fabricated tumor mass is observed 

over time. Introduction of TCR engineered T cells to 

3D tumor spheroids in the presence of bacterial 

supernatant4 exhibits about 80% cytotoxicity over 

three days of culture as shown in Figure 1. 

Morphologically the tumor spheroids disengages to 

smaller clusters on T cell exposure and this is further 

quantified by staining the dead nuclei with ethidium 

bromide and quantifying the decrease in GFP 

fluorescence intensity of tumor spheroids, as 

compared to control group which maintain structural 

integrity over this time.  Additionally, a 3D organoid 

based vascularized breast tumor microenvironment is 

fabricated using a highly metastatic breast cancer cell 

line, MDA-MB-231. Pre-vascularized mini tumors 

encapsulated in fibrin exhibits extensive capillary 

sprouting which anastomose to form a well-connected 

capillary network. The presence of a hollow lumen as 

well as intravasation of cancer cells1 in these 

capillaries was confirmed by 3D surface rendered 

images from two-photon microscopy, as shown in 

Figure 2. The encapsulated tumors exhibited not only 

robust vascular network formation around the growing 

tumor but also enabled contiguous internal 

vascularization of the tumor itself, mimicking native 

physiology1. Thus, this system creates a platform for 

studying immune-cancer cell interactions, as well as 

for anti-cancer drug screening therapies for breast 

cancer in future3,4.   
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Figure 1: (A) Morphology of 3D tumor spheroids after T cell treatment for 3days. (B) Quantification of cancer cell death over 3-days of 3D 

tumor spheroid culture 

 

 

Figure 2: A) Epifluorescent images of tumor spheroid in fibrin sprouting capillaries and exhibiting internal capillarization of the tumor (B) a 

high-resolution two-photon microscopy image showing the metastasis of BC cells in engineered capillaries 
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Radiation Effects on MoS2 Field Effect Transistors 

Andrew Arnold, advised by Saptarshi Das and Thomas Jackson

Two dimensional semiconductors have attracted a lot 

of attention recently due to the unique advantages that 

come along with their atomically thin structure. Their 

ultra-thin nature provides superior electrostatic control 

and resistance to short channel effects when they are 

used as the channel material in field effect transistor 

(FET) structures. This improves their scalability, 

making them promising candidates as a replacement 

material for silicon as it reaches its fundamental 

material limits as transistors continued to be scaled 

down according to Moore’s law. 

If 2D materials are to replace silicon, they must be able 

to match or exceed its performance in many 

applications beyond just the most standard. The goal 

of this research is to study 2D FETs under extreme 

operating conditions, especially radiation exposure of 

various types and doses for defense and space 

applications. Objects in Earth orbit are subject to 

constant bombardment by high energy particles which 

induce radiation damage in any electronics aboard. 

The outcome of these studies will help us to 

understand the failure mechanisms and robustness of 

2D FETs and ultimately determine their applicability 

in specific applications. 

In order to evaluate the robustness of 2D transistors for 

space applications it is necessary to test them under 

similar radiation types, energies, and doses as would 

be experienced by space vehicles. There are two main 

sources of this radiation. The first is the Earth’s van 

Allen belts, which are large bands of high energy 

particles, mostly protons and electrons, captured from 

solar winds by the Earth’s magnetic field. The second 

source is cosmic rays, which are extremely high 

energy particles, mostly protons and helium nuclei, 

that originate from outside the solar system.  

In order to test this we fabricated MoS2 transistors on 

Si/SiO2 substrates and exposed them to high energy 

proton and helium ion radiation in collaboration with 

Prof. Jovanovic’s group at the University of Michigan 

as shown in figure 1. We then measured the devices to 

see if any change was visible in their electrical 

characteristics. We found that for proton radiation 

with a dose of 1014 particles/cm2 there was only a small 

shift in the threshold voltage. However, for Helium 

ions with doses of 2*1015 and 1016 ions/cm2, there was 

a large degradation in the device performance. It 

should be noted that all of these doses are much higher 

than would be experienced by satellites. The higher 

doses were selected to model the radiation damage at 

an accelerated rate since it would be impractical to 

expose our devices to low level radiation for a period 

of years as experienced by real space vehicles. 

It is also important to note that the radiation does not 

only affect the MoS2. It will also damage the oxide 

layer which allows the gate to control the behavior of 

the transistor. This may be the source of the 

degradation observed in the electrical characteristics 

rather than damage to the MoS2. In order to 

compensate for this, we fabricated a second set of 

devices according to the scheme shown in figure 2. 

Because we tested samples where the flakes and 

substrate were irradiated individually, we will be able 

to explicitly determine the radiation damage to the 2D 

material itself.
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Figure 1: Diagram and typical unirradiated electrical characteristics of the MoS2 FET tested 

 

 

Figure 2: Method for isolating the radiation effects on the MoS2 from the damage to the SiO2 layer. 
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Spin Dependent Frequency Modulated Charge Pumping 

C.G. McKay, advised by P.M. Lenahan 

 

Until recently, a standard MOS electrical 

measurement called charge pumping (CP) has been 

very useful in determining the number of defects at the 

semiconductor/oxide interface as well as other 

characteristic information.[1] However, as devices 

dimensions have extended into the nanometer realm, 

the capabilities of the CP technique have reached a 

fundamental physical limit: quantum mechanical 

tunneling.[2]–[4]  Our group recently developed a spin 

dependent charge pumping (SDCP) magnetic 

resonance technique exploiting the spin dependence of 

the CP measurement to analyze the physical and 

chemical nature of defects at semiconductor/oxide 

interfaces.[5]–[7]  However, as is the case for the 

purely electrical CP measurements, decreasing device 

dimensions and increasing tunneling currents render 

such measurements very difficult if not 

impossible.  To overcome this problem in 

technologically relevant nanoscale devices, the 

electrical measurement, frequency modulated charge 

pumping (FMCP), was introduced.[2]–[4] We have 

utilized FMCP to develop a new magnetic resonance 

spectroscopy technique: spin dependent frequency 

modulated charge pumping (SDFMCP).  To make any 

CP measurements, a trapezoidal waveform is applied 

to the gate of a MOSFET while measuring the current 

through the body.  The gate bias alternates between 

inversion and accumulation periodically filling and 

emptying traps via recombination events.  Assuming 

minimal tunneling through the gate, the CP current 

measured through the body is composed of the 

majority carriers that interact with the trapped charges 

and recombine.  CP current is proportional to the 

number of defects, the frequency of the waveform, and 

the energy window probed in the bandgap of the 

semiconductor.[1]  Recombination is a spin dependent 

process so the CP current changes when the system 

undergoes magnetic resonance.  It is this spin 

dependent change in the CP current that is measured 

during SDCP.  This incredibly sensitive magnetic 

resonance technique requires about 103 electrically 

active defects in a device and is only sensitive to 

defects which affect the performance of the device.  In 

nanoscale devices, since the current through the body 

is the sum of the CP current and the tunneling current, 

large tunneling currents can overpower the CP current 

making such measurements nearly impossible. In 

FMCP the gate bias waveform is composed of two 

alternating trapezoidal waveforms of different 

frequencies.  Since the tunneling current through the 

gate is essentially frequency independent, the 

difference in the body currents at the two frequencies 

is just the difference in the CP currents, essentially 

removing the tunneling current from the 

measurement.  Since the recombination events which 

make up the CP currents are still spin dependent, the 

individual CP currents will change when the system 

undergoes resonance changing the FMCP 

signal.  Measuring the change in the FMCP during 

resonance provides information about the physical and 

chemical nature of the defects near the 

semiconductor/oxide interface in nanoscale devices 

with leaky gates.  We have evaluated the analytical 

power of this new SDFMCP technique on 4H-SiC 

MOSFETs and show that it has great potential in the 

field of semiconductor/oxide interfaces. The spectrum 

is shown in figure 1. 
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Figure 1: Magnetic resonance spectrum of 4H-SiC MOSFET during SDFMCP measurement 
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Preparation and Characterization of Microcrystals Grown on Monolayer Graphene  

Xinyi Li, advised by Slava V.  Rotkin

Graphene is a 2D material formed from a hexagonal 

lattice of sp2 carbon atoms. It has a wide variety of 

applications due to its impressive properties, such as 

high intrinsic mobility, high transparency, high 

thermal conductivity and large tensile strength [1]. 

When force is exerted on monolayer graphene, it will 

cause strain, resulting in a shift of its Raman G peak 

and 2D peak positions. By using Raman spectroscopy 

to measure the strain on graphene, we can quantify the 

force exerted on it. One possible application of this 

will be to understand the nuances of growth of layered 

or thin film materials on top of graphene. Here, we 

explore growing TiO2 crystals on graphene as a model 

to create a calibration curve on which to base any 

strain measurements.  

TiO2 is a useful oxide material because of its peculiar 

physicochemical properties [3]. The synthesis of TiO2 

has been well studied and there are many different 

methods of growing TiO2 crystals [4]. Also, TiO2 is 

known to have Raman signature lines that do not 

overlap the graphene peaks, which makes it easy for 

fast inspection whether TiO2 was successfully grown 

on graphene.  

We have performed transfers of CVD grown graphene 

from copper substrates to glass substrates with 

continuity and high quality of graphene layers. We 

also modified the thermal polyol method of TiO2 

microcrystal growth, and successfully synthesized 

TiO2 crystals on monolayer graphene in a setup shown 

in figure 1. We also verified that the graphene retained 

high quality after the growth process by using both 

Raman and optical microscopy. 

AFM characterization was conducted to demonstrate 

that the TiO2 crystals have sizes between 400 nm and 

600 nm. High resolution micro-Raman hyperspectral 

maps were taken where the individual single point 

spectra, like the one shown in figure 2, indicate the 

TiO2 is in anatase phase.  

The changes in graphene spectrum upon growing TiO2 

crystals on top of it were analyzed and the peak shifts 

were to construct the maps showing the correlation 

between graphene strain (from Raman spectra) and its 

spatial proximity to TiO2 crystals. 
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Figure 1. A sketch illustrating the side view cross-section of experimental setup: the substrate (with graphene) placed in the precursor solution in 
the autoclave. 

 

(b)        (a) 

Figure 2. (a) Micro-Raman map of TiO2 crystals (shown as bright spots) grown on monolayer graphene. 

                                                (b) Single point spectrum showing characteristic features of crystalline TiO2 on graphene.
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Microstructural Characterization of Additive Manufactured Specimens using Laser based 

Nonlinear Rayleigh Waves 

Chaitanya Bakre, Cliff Lissenden

Additive manufacturing (AM) has gained 

phenomenal attention in industry, research, and 

media due to its unprecedented design flexibility and 

manufacturing of complex geometries that are 

difficult or unattainable by conventional subtractive 

manufacturing processes. However, the idiosyncratic 

nature of AM - consolidation of part layer-upon-

layer, results into an atypical, anisotropic structure 

consisting of defects on surface and bulk of the 

material, and significantly different microstructural 

properties as compared to the conventional 

manufacturing. This research presents preliminary 

investigations of microstructural characterization of 

AM components using nonlinear ultrasonic 

technique. Here, a laser based slit-mask method is 

used for non-contact generation and laser 

interferometric reception of nonlinear Rayleigh 

waves. High sensitivity of nonlinear ultrasonic waves 

to the microstructural features and non-contact 

inspection methodology; thereby addressing the 

problem of unusual surface texture of AM component 

and providing ability for in-situ evaluation, makes 

this technique highly favorable.  
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Figure 1: Schematic of the experimental setup 
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Brownian Trees on Etched SiO2

These Brownian Trees are formed on the surface of a silicon wafer after etching a SiO2 thin 
film using NaOH. A diffusion-limited aggregation process forms these fractal like patterns as 

particles undergo a “random walk” due to Brownian motion and aggregate.

Andrew Arnold, advised by Saptarshi Das and Thomas Jackson
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Bioprinting of	Cancer	Tissues

A	fluorescence	microscopy	 image	showing	bioprinting of	breast	cancer	tissue	
spheroids	(each	of	around	200	μm)	using	aspiration-assisted	bioprinting method	

in	initials	of	Penn	State	University.	

Bugra Ayan,	advised	by	Ibrahim	Tarik	Ozbolat
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Plasma Crown

Microwave, split-ring resonators were important components in the famed first 
demonstration of electromagnetic cloaking. The sub-wavelength focusing of electromagnetic 
energy also makes such resonators useful for plasma generation as shown above in 200 Torr 

of Ar. A polymer coating reduces the plasma ignition power and modifies plasma color.

Zane Cohick, advised by Michael Lanagan and Douglas Wolfe
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Woven Composite

Cross-section of a 16-ply fiber-reinforced polymer laminate with voids (black), undulated glass 
fibers (light yellow), and polymer matrix (dark yellow) captured via optical microscope. The title 
features a pun referring to the woven fibers within the composite material and the composite 
image itself—comprising of 110 individual micrographs woven together.

Rudy Haluza, advised by Dr. Charles Bakis
and Dr. Kevin Koudela
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The discontinuous butterfly effect

Pressure field simulated using finite element implementation of the Navier-Stokes’ equation. 
Discontinuous pressure elements make it easier to implement Vanka smoothers for multigrid 

preconditioners, which can immensely speedup simulations. 

Ravi Kedarasetti, advised by Patrick Drew & Francesco Costanzo
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Surface Roughness of 3D Printed Filaments 
for Bone Tissue Engineering

Figure. Surface roughness of 3D printed A) Poly (-caprolactone) (PCL) and B) PCL/Poly (D, L-
lactide-co-glycolide) (PLGA)/ Hydroxyapatite (HA) Composite Filaments for Bone Tissue
Engineering. (Interferometric optical profilometry (Zygo NexView 3D, Zygo Corporation,
Middlefield, CT) was used to capture the surface roughness of the 3D printed filaments.)

Kazim Kerim Moncal, advised by Ibrahim Tarik Ozbolat
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Silicon Nanowire Forest

Scanning electron microscope image of a silicon nanowire “forest”. Particles and 
contaminants randomly redeposit on the silicon surface during Deep Reaction Ion Etching 

(DRIE) forming silicon nanowires thinner than the width of a human hair.

Daniel Schulman, Saptarshi Das
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Particle Shadow Velocimetry

An image of a flow field taken with a high-speed camera. Using particle shadow velocimetry, 
rapidly-imaged snapshots of the flow can be used to determine its instantaneous velocity. 

The image has been processed to invert the intensity field and to remove background noise. 

Christine Truong, advised by Jeff Harris
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