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SUMMARY

The importance of sensors and instrumentations capable of detecting chemical,
biological, radiological, nuclear and explosive (CBRNE) signatures in real-time intended
towards their application in the areas of homeland security, environmental monitoring as
well as under various medical and industrial settings cannot be overstated. Further for
fieldable applications, the need for alternative detection techniques as well as cheap, low
power and cryogen free operation of these sensors and instrumentations are desirable. In
this regard, an area of interest which has witnessed insufficient development over the past
years is related to the stand-off detection and monitoring of ionizing radiation occurring
due to nuclear and radiological events. Traditional ionizing radiation detection methods
use semiconductor or scintillator type devices where measurements need to be performed
close to the source due to exponential decay of radiation intensity with distance which
limits the detection range. One of the current known methods for stand-off detection
operate by detecting microwave reflection from elevated ionization region forming a semi-
infinite slab with uniform density and an abrupt boundary induced by high power (kW-
GW) electromagnetic (EM) sources. A major drawback of these existing stand-off sensing
methods arises due to strong dependency of the formed localized plasma density on
atmospheric turbulence which can significantly perturb the plasma density often resulting
in weak reflection coefficient on the order of 1024-10"26 which rules out the possibility of
any long-range detection. Further due to utilization of high power EM sources, the systems
are bulky (not portable) and not suitable for operation under normal environmental settings
as the power requirements far exceeds the FCC maximum permissible RF and microwave

exposure limit (1.6 W/kg). Limitations of these existing technologies motivated us to

XViii



SUMMARY (continued)
investigate into a novel alternative approach by decoupling the sensor material and signal
readout electronics. The sensor material is assumed to be coexisting within the target
environment which can be part of a covertly or overtly placed tag whereas the readout
system could be located at a stand-off distance that interrogates the tag using EM waves at
millimeter wave frequencies.

The indium oxide (In203) nanowire-based sensor material belongs to the family of
metal oxide semiconductors which are known to possess excellent chemical sensing
properties and has found extensive applications as solid-state gas sensors. 1n2Oz is of
interest for chemical sensing due to its high carrier mobility (>100 cm?/Vs) and ability to
support very high electron concentrations (102°-102! cm) as compared to closely related
materials such as zinc oxide (ZnO) and tin oxide (SnO>) thereby exhibiting high electrical
conductivity and hence superior sensitivity, fast response time as well as low concentration
detection capability. Recently metal oxide nanostructures have also been deemed to be
promising EM absorbing materials at microwave frequencies due to the occurrence of
various defect induced polarization mechanisms. Nanostructures, due to their large surface
to volume ratio have promise for novel devices but so far there has not been any in
production. Further, recent demonstration of Schottky contacted metal oxide nanostructure
based efficient y-radiation detector provided us with the necessary background as well as
motivation to investigate into their application towards stand-off detection of ionizing
radiation. Using nanoscale materials also solves the problem of detector size and weight,

however adds to the complexity in device design and circuits.

XiX



SUMMARY (continued)

Due to cubic crystal structure of In2O3, growth of anisotropic nanostructures such
as nanowires becomes challenging, as the surface energy difference among {100}, {110}
and {111} facets are minimal. The In2O3 nanowires with an average diameter of ~100 nm
was synthesized via carbothermal reduction technique using a gold-catalyst-assisted vapor-
liquid-solid (VLS) method. Attempts to grow In.Oz nanowires by directly heating an
indium metal source was not successful due to high supersaturation ratio of oxidized
indium vapor which essentially facilitates the growth of nanoparticles with octahedron like
morphologies and non-uniform dimensions. From the SAED patterns and lattice images,
the nanowires were found to be single crystalline in nature and the growth direction of
nanowires was determined to be along [100]. Onset of strong optical absorption could be
observed at energies greater than 3.5 eV consistent with highly n-type characteristics due
to unintentional doping from oxygen vacancy (V,) defects as confirmed using Raman
spectroscopy. A combination of high resolution transmission electron microscopy
(HRTEM), x-ray photoelectron spectroscopy (XPS) and valence band analysis on the
nanowire morphology and stoichiometry reveals presence of high density of V,, defects on
the surface of the nanowires resulting in surface stabilization through the formation of
(111) facets which is the overall most stable surface of c-In2Os. The (111) surface is highly
sensitive to oxygen chemical potential and as a result, V,, defects can easily form on the
surface compared to the bulk.

The nature and position of defect levels due to surface states were further
investigated using optical techniques. The origin of the near-band-edge (NBE) peak is

believed to be from a series of shallow donor levels formed due to neutral oxygen
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SUMMARY (continued)

vacancy (V). Our data reveals significant broadening of the NBE emission with no
excitonic emission features visible even at very low temperatures (10 K) which is clearly
an indication of very high doping resulting in the discrete shallow donor levels to merge
into an impurity band ultimately leading to a band tail. The effective ionization energies of
shallow donor and acceptor like states were calculated to be 6 meV and 75 meV
respectively. The width of the band tails, and thus the dependence of the NBE peak line
width on carrier concentration, was calculated based on the impurity band broadening
model. The calculated electron concentration of 1.2 x 10%° cm™ at 10 K is higher than the
degeneracy limit in In.O3, hence the In2O3 nanowires were found to be degenerate with
Fermi level lying ~0.05 eV above the conduction band minima (CBM). The below band
edge features are believed to originate from donor levels formed due to singly ionized
oxygen vacancies (V5). The surface states were found to have significant influence on
carrier trapping process following excitation as revealed through femtosecond resolution
time-resolved measurements.

Passivation treatment by performing high temperature annealing in an oxygen rich
environment was found to significantly reduce the number of surface V,, defects thereby
modulating the nanowire EM absorbing properties as well and hence forming the basis for
detector operation. The EM absorbing properties of the In2Os nanowires was interrogated
at 94 gigahertz (GHz) millimeter wave frequency for stand-off detection of ionizing
radiation. For this purpose, a compact and portable 94 GHz prototype homodyne
transceiver was designed for targeted probing. We employed a negative ion generator

(NIG) to simulate the ionization effect by electrically producing ion clouds in air near the
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sample. The as-synthesized nanowires didn’t show any detectable change in the scattered
94 GHz signal which was attributed due to damped vibration of surface vacancy defect
induced electric dipoles which are repeatedly polarized in an alternating EM field causing
strong absorption. However, with the surface passivated nanowires, a detectable change in
the scattered signal could be observed when the NIG was turned on with a fast rise time of
0.5 s. The signal intensity gradually decays over 10 s after the NIG was turned off. The
enhancement in signal intensity was found to be due to diffusion charging resulting in the
formation of concentrated electron plasma effectively jamming the dipoles on the nanowire
surface. The surface passivated nanowires were next tested with *3’Cs y-radiation which
resulted in strong absorption due to formation of surface defects in the nanowires thereby
producing detectable change overtime in the 94 GHz scattered signal.

Taking the next step forward, a fast-sweep chirped-pulse Fourier transform
millimeter wave (CP-FTMMW) broadband spectrometer was designed for real-time
detection of polar gas molecules intended towards its application in environmental
monitoring. Based on the absorption line strength of molecules of interest, available power
from solid-state sources and broadening effects at room temperature, the WR-08 band
(110-140 GHz) was found to be ideal for detection purposes with high sensitivity and
specificity. Ethanol being an asymmetric top molecule has rotational lines distributed
throughout the entire frequency band and hence was used as a marker chemical to
determine the spectrometer accuracy by comparing the observed transitions with reported
data in JPL molecular spectroscopy database. Finally, we were able to successfully detect

in real-time different isotopologues of acetonitrile present in a gas mixture thereby
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SUMMARY (continued)
demonstrating its importance in chemical analysis. The details about the spectrometer

design and performance has been reported and compared with literature reports.
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1. INTRODUCTION

(Portion of this chapter is copied from my published manuscript
Mukherjee S, Meshik X, Choi M, Farid S, Datta D, Lan Y, Poduri S, Sarkar K, Baterdene U, Huang CE,
Wang YY. A graphene and aptamer based liquid gated FET-like electrochemical biosensor to detect
adenosine triphosphate. IEEE transactions on nanobioscience. 2015 Dec;14(8):967-72.)

1.1.Nanoscale chemical sensors

Due to an unprecedented growth in the area of device fabrication and processing,
researchers have been able to successfully achieve devices in the nanoscale dimension with
high precision and reliability. This has revolutionized the area of integrated circuits (IC)
manufacturing as more and more transistors are being integrated on a single chip [1]
thereby delivering higher computing power and keeping up with the well-known Moore’s
law. Although, the IC manufacturing industry is still largely dominated by silicon (Si),
researchers are looking for alternative solutions for scaling down below 10 nm due to
known quantum effects. These solutions include investigation of new materials such as
group I11-V compound semiconductors with superior electron mobility [2, 3] on Si
substrate, one-dimensional (1-D) semiconductor nanowires [4] and two-dimensional (2-D)
nanostructures prominent among which are graphene [5] and molybdenum disulfide
(MoS) [6].

Due to their novel quantum, optoelectronic, physical and chemical properties, 1-D and
2-D nanostructures have also found applications in the areas of photonics [7, 8], chemical
and biomolecular sensing [9-14], thermoelectronics [15] and more. In a recent report [10],
we have shown successful demonstration of a monolayer graphene-based liquid gated field
effect transistor (FET-like) electrochemical nano-biosensor as shown in figure 1 to

accurately detect ultralow concentrations of adenosine triphosphate
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Figure 1: Schematic representation of liquid gated FET-like aptamer-based nano
biosensor with a single layer of graphene deposited on a polydimethylsiloxane
(PDMS) substrate acting as the conducting channel; silver paste serves as contacts for
both source and drain. Inset showing the immobilized aptamers with a 5’ pyrene
modification attached to the graphene layer via =n-m stacking undergoing
conformational change upon addition of ATP [10].

(ATP) which is an important biomolecule that is present in all living cells and helps
maintain its metabolism. These demonstrations clearly show the tremendous impact that

nanostructured-based devices have had in various sensing applications which is



encouraging and calls for further exploration towards their application in new and

unexplored areas of research.

1.1.1. Metal oxide semiconductor nanowires: choice of In203 nanowires as sensor

material

Metal oxides are an important class of semiconductors and nanostructures
fabricated from these materials have demonstrated excellent chemical sensing properties
[16-18] particularly due to their large surface to volume ratio in comparison to their thin-
film counterparts on a similar dimensional scale. Among various morphologies of metal
oxide nanostructures, nanowires have found most applications however, the growth
process have not been well understood. In2Oz is of interest for chemical sensing due to its
high carrier mobility (>100 cm?/Vs) and ability to support very high electron
concentrations (102°-10% ¢cm) as compared to closely related materials such as ZnO and
SnO; thereby exhibiting high electrical conductivity and hence superior sensitivity, fast
response time as well as low concentration detection capability. In2Os is known to be highly
n-type due to the presence of large concentrations of intrinsic defects. In a recent study by
Yan et al. [19] metal oxide nanostructures have also been deemed to be promising EM
absorbing materials at microwave frequencies due to the occurrence of various intrinsic
defect induced polarization mechanisms arising out of vacancies and dangling bonds.
Therefore, the ability to tailor the defect properties in In.O3 nanowires thereby modulating
its EM absorbing behavior at microwave-millimeter wave frequencies would serve as an
effective way to perform stand-off sensing using this nanostructured material as a sensor
tag. One such area of application would be to perform covert or overt monitoring of

radioactivity from a substantial stand-off distance by deploying such multiple sensor tags



within the target environment. These tags on targeted surfaces for stand-off monitoring
could be as simple as sensor paints [20] or more sophisticated designs can be envisioned

comprising of a sensor material integrated with a wireless transmitter.

1.2.Real-time detection and monitoring of CBRNE signatures — intended applications

and underlying challenges

There is an urgent need for technologies that can detect and analyze CBRNE signatures
in real-time for application in the areas of homeland security, environmental monitoring
and under various medical and industrial settings. In recent times, the world has seen
increasing activities on radioactive materials as well as hazardous chemicals for various
energy and defense related applications. While the advancement of technology in these
particular areas are of utmost importance for building a better and safer tomorrow, however
the risk factor involved, and misuse of any sort can have devastating consequences on the
environment. Over the years we have seen many such instances notable among which was
the Fukushima Daiichi nuclear disaster in 2011 which has led to widespread radioactive
contamination causing multiple deaths and severe detrimental effect on surrounding
environment. Two of the areas that needs attention are (a) stand-off detection and
monitoring of ionizing radiation in the atmosphere occurring due to nearby nuclear or
radiological events and (b) analysis of target atmosphere for identification of chemical
signatures with high sensitivity and specificity. Further, it is desirable for the next
generation CBRNE detection and monitoring technologies to be small and compact, easily
affordable which can be synthesized in large scale and can operate without the requirement

of cryogenic cooling unlike bolometer detectors or molecular beam systems. All these



factors have motivated us to investigate into novel materials, detection methods and

instrumentations to tackle the stated problems.

1.3.0verview of detection concepts

In the EM spectrum, millimeter wave corresponds to the radio band frequencies of 30—
300 GHz (A = 1-10 mm) which has only recently gained popularity due to its application
in 5" generation wireless systems. This is because research and development efforts on
millimeter wave technologies has mostly been limited to military and aerospace
applications particularly towards electronic warfare (EW), security and next generation
tactical networks to increase connectivity. Another reason for its gaining popularity is the
availability of high power and high frequency compact solid-state components such as GaN
HEMT-based power amplifiers (PA), GaAs Schottky diode-based frequency multiplier
chains (FMC) and mixers that can be easily incorporated into portable transmitter and
receiver units without the requirement for cryogenic cooling. Therefore, researchers are

exploiting the possibility of scaling down bench top systems for fieldable applications.

1.3.1. Millimeter wave stand-off detection of ionizing radiation by probing radiation

interaction with sensor material

Stand-off radar-based detection at microwave and millimeter wave frequencies of
chemical signatures including radiation-induced ionization in air has been explored in the
past [21-29]. One of approaches explores a method of determining millimeter wave
scattering from radioactive plumes under highly humid conditions, mechanism of which
has been explained based on the ion-cluster aerosol model [22]. This method has been

tested at a stand-off distance of ~2 m by simulating an environment where water droplets
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Figure 2: Schematic representation of a millimeter wave system to detect ionizing
radiation effects by interrogating sensor tags deployed in the vicinity of the source.

were produced by an ultrasonic atomizer and were subsequently charged and discharged
using a NIG and a low energy X-ray source. This method is advantageous in the sense that
no high-power component is required thereby bypassing the need for cryogenic cooling.
However, a drawback of the system lies within the necessary atmospheric condition of high
humidity that needs to be satisfied for detectable backscattering intensities. In another
attempt, Sprangle et al. [27] theoretically demonstrated y-radiation induced frequency
modulation of a 94 GHz millimeter wave probe beam is possible due to elevated plasma
density created by photo-detachment of electrons from 05 ions by using a high power
pulsed laser having a peak intensity of 160 GW/cm? and pulse duration of 1 ns. Further
recently, Kim et al. [28] proposed that lower power of the incident EM wave is sufficient
for plasma breakdown at atmospheric-pressure air and demonstrated experimentally by
utilizing a 95 GHz, 30 kW gyrotron source to induce plasma breakdown in the presence of
radioactive material. However, all these methods are highly susceptible to atmospheric
turbulence which can adversely affect any long-range detection. In addition, all these

systems are bench top compatible and the gyrotron EM sources requires additional



cryogenic cooling for proper operation which are not desirable for rapid deployment or
fieldable solutions.

The shortcomings motivated us to investigate into a new stand-off detection
architecture which is immune to atmospheric turbulence as well as compact and does not
require cryogenic cooling. The demonstrated measurement method utilizes metal oxide
nanowire-based dielectric material which acts as the sensor material and is assumed to be
coexisting within the target environment which can be part of a covertly or overtly placed
tag. A schematic of the detection scheme is shown in figure 2. The signal readout
electronics uses a compact, low power 94 GHz millimeter wave transceiver for stand-off
interrogation of the sensor material in real-time thereby picking up any changes in the
signal reflectivity when it is exposed to ionizing radiation. The utilization of 94 GHz
millimeter wave frequency is a suitable choice for stand-off sensing due to its relatively
high atmospheric transparency as shown in figure 3 and small antenna beam widths which
allows the beam to interrogate small distant objects with higher spatial resolution. Though
this technique can provide real-time information in detecting radioactivity, however it lacks
specificity in determining the nature of the source. To tackle such situations where high
specificity is desired, we subsequently investigated into the development of a microwave-
millimeter wave spectrometer which can detect chemical effluents in real-time by
identifying their rotational signatures. The concept has been introduced and outlined in the

following section.

1.3.2. Millimeter wave spectroscopic detection of gas phase compounds

To ensure safety and security of surrounding environment, there is a need for

chemical sensing systems for wide-area monitoring of stack gas or effluents that are
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Figure 3: Atmospheric EM opacity, Courtesy: National Aeronautics and Space
Administration (NASA).

released from nearby process plants. The requirement for such systems would be to
perform trace gas analysis with high sensitivity and resolution. In this regard, millimeter
wave rotational spectroscopy is a well-known standard laboratory technique for gas or
vapor phase characterization and has found successful applications in areas such as
molecular structure and conformation determinations to measurements of dipole moments
[29]. In its true sense, remote monitoring of chemical signatures in the environment with
high sensitivity and resolution is not feasible. This is partly because, it will require
measurements to be performed at ambient atmospheric pressure which can cause
significant broadening of the spectral lines and reduction in peak intensity [30]. In this

regard, the conventional method is sampling of target airspace followed by detection under



controlled environment such as within a sample gas chamber, where both temperature and
pressure can be precisely monitored. However, the size and complexity of such microwave-
millimeter wave spectrometers and its accessories along with significant acquisition and
processing times has limited their use for in-field real-time applications.

In high resolution millimeter wave spectroscopy, the conventional approach has
been simple direct absorption type measurements where a wide frequency window is
gradually stepped across single frequency point at a time. With this approach, typically
within a second, 1-10 frequency points are acquired having 10-100 kHz of spacing
between them. The spectrometer signal output is then detected through a lock-in amplifier,
thereby enhancing the signal-to-noise ratio (SNR) of the acquired spectrum. Very high
sensitivity can be achieved at the cost of extremely long scanning time for just a single
acquisition and may take up to several hours or even days to acquire time averaged data
depending on the nature and complexity of the experiment. In recent study, Hays et al. [31]
demonstrated a fast-sweep direct absorption millimeter wave spectrometer which takes 1.5
ms to acquire single shot of 2 GHz bandwidth (BW). Further it took almost an hour to
acquire 108 time-averaged data which clearly rules out the possibility of using such
technique for wideband spectral coverage in real-time.

Chirped-pulse Fourier transform microwave (CP-FTMW) spectroscopy invention
at the University of Virginia by Pate and co-workers was propelled mainly due to
considerable advances in high-speed digital electronics for both pulse generation and
broadband detection [32-34]. This technique has made possible truly broadband detection
in the microwave region of 7-18 GHz with >10 GHz per pulse of Fourier-transform spectra

which can now be acquired within a few microseconds thereby having the capability of
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real-time detection. We have further investigated this technique and considering recent and
ongoing developments of high frequency and relatively high power ~(30-200 mW) solid-
state components, have determined WR-08 as one of the optimal frequency bands for in-
field spectroscopic measurements with high sensitivity and specificity. Here we report on
the design and operation of a fast sweep CP-FTMMW spectrometer which can operate
within the 110-140 GHz frequency band and is promising for broadband chemical sensing

in real-time and suitable for in-field applications because of its compact design.

1.4.Dissertation outline

The experimental growth procedure of the In,Os nanowires has been presented in
chapter 2. A detailed analysis on the influence of synthesis process parameters on various
nanostructure morphologies is presented and interpreted using Wulff shape construction.
Further analysis on the crystal quality of the as-synthesized nanowires and their surface
properties has been studied using HRTEM, Raman spectroscopy and XPS.

Chapter 3 discusses on the intrinsic defects present in In2Os and the identification of
nature and position of the defect levels due to surface states in the as-synthesized nanowires
using optical techniques. A detailed analysis on the very first observation of NBE
photoluminescence (PL) broadening due to unintentional heavy doping has been reported.
Further the effect of the carrier trapping due to surface states has been studied using
ultrafast time-resolved spectroscopy. Lastly, the purpose of performing high temperature
passivation treatment has been discussed and its effect in modifying the nanowire surface
properties has been studied.

We have presented in chapter 4 the very first application of InoOz nanowires as sensor

material for stand-off detection of ionizing radiation. The theory behind the interaction of
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y-radiation with semiconductor material and EM wave-plasma interaction has been
discussed. Further, here we report on the design and modeling of a compact 94 GHz
transceiver and related components for targeted stand-off measurements. Finally, we report
on the experimental observation on as-grown and surface passivated samples under
simulated and realistic scenarios by using a NIG and **"Cs source.

Chapter 5 discusses the design, operation and characteristics of a state-of-the-art WR-
08 (110-140 GHz) fast sweep CP-FTMMW spectrometer for broadband chemical sensing
in real-time. The choice for the selected frequency band along with various design aspects
has been discussed in detail. Finally, we report on the successful identification of various
isotopologues of acetonitrile by analyzing a sample gas mixture.

Chapter 6 summarizes the results presented in the dissertation and identifies relevant

areas for future work.



2. METAL OXIDE SEMIDONDUCTORS: INVESTIGATION OF GROWTH

MECHANISM AND MORPHOLOGICAL DEFECTS OF In20s NANOWIRES

(Portion of this chapter is copied from my published manuscript
Mukherjee S, Sarkar K, Wiederrecht GP, Schaller RD, Gosztola DJ, Stroscio MA, Dutta M. Defect induced
structural inhomogeneity, ultraviolet light emission and near-band-edge photoluminescence broadening in
degenerate In203 nanowires. Nanotechnology. 2018 Mar 1;29(17):175201.)

We have investigated here the growth mechanism and defect induced changes on the
morphology and surface properties of In.O3 nanowires. In2O3 nanowires with cubic crystal
structure (c-In.03) were synthesized via carbothermal reduction technique using a gold-
catalyst-assisted VLS method. The structural and compositional characterization results
are presented next where onset of strong optical absorption was observed at energies
greater than 3.5 eV consistent with highly n-type characteristics due to unintentional
doping from oxygen vacancy (V,) defects as confirmed using Raman spectroscopy. A
combination of HRTEM, XPS and valence band analysis on the nanowire morphology and
stoichiometry reveals presence of high-density of V, defects on the surface of the
nanowires. As a result, chemisorbed oxygen species can be observed leading to upward
band bending at the surface which corresponds to a smaller valence band offset (VBO) of

2.15eV.

2.1.Growth of In203 nanowires

Oxide semiconductor nanostructures are well known due to their novel physical,
chemical and optoelectronic properties which finds applications in areas including
nanoelectronics, sensing and nanophotonics. Among oxide materials, In,O3 nanostructures
have been found to be an interesting candidate for a variety of technological applications

including transparent conducting oxides (TCO) [35-37], gas sensors [38], light-emitting
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Figure 4: Schematic illustration of the chemical vapor deposition (CVD) process for
the growth of 1n203 nanowires.

devices [39] and field-emission devices [40]. However, unlike other oxides, the nature of
the electronic band structure (direct or indirect) and energy gap values (2.9 — 3.75 eV) in
In2O3 are not well understood [41]. Also, contrary to the surfaces of the closely related
materials such as ZnO and SnOg, the surfaces of In.O3 have been studied to a much lesser
extent by means of electronic structure calculations [42]. Further, the variations in

morphology and stoichiometry exhibited by the surfaces as a function of the growth



14

Formation of In rich particles

Formation of Au liquid droplet initiating self catalytic growth
In(v) starts saturating on Au-eutetic Nanppar‘tic le fDr.n."lation
resulting in supersaturation at higher deposition zone

temperature (~950 °C)

a4

Crystal nucleation starts at Au-Si Formation of microtowers
interface and continues to grow at ~850 - 900 C

ol W 7 /
Figure 5: Schematic illustration of the Au-catalytic and self-catalytic VLS method

resulting in the growth of In203 nanostructures under varied deposition zone
temperatures.

environment are not well understood. Most of the efforts have been focused on optimizing
the material fabrication and studying the electrical properties. The present work is aimed
to address this deficiency and a comprehensive analysis based on experimental

observations has been reported.
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Most of the band gap values for In.Oz as reported in the literature were obtained either
by transmittance or optical absorption measurements. In2O3 has strong optical absorption
in the ultraviolet (UV) region (~3.75 eV) which has been widely interpreted as a direct
band gap [43], until recently a revised fundamental gap of ~2.67 eV has been revealed
through first-principles calculations and XPS measurements [44,45]. Presence of a
pronounced indirect fundamental gap in In.Oz has also been controversial and recent
reports have proposed either the presence of a parity forbidden direct gap or an indirect gap
with valence band maxima (VBM) away from the I'-point by only 50 meV [46] and is still
being discussed. In.O3 crystal structure can form cubic (c-In203), hexagonal (h-In203) and
rhombohedral (rh-In203) type depending on the nature of precursor being used as well as
growth conditions [47]. The cubic crystalline phase is found to be the most stable and
commonly occurring [46]. Due to cubic crystal structure of In,Os, growth of anisotropic
nanostructures such as nanowires becomes challenging, as the surface energy difference
among {100}, {110} and {111} facets are minimal [48]. Variation in growth environment
and associated process parameters such as source and deposition zone temperatures,
oxygen partial pressure, carrier gas flow rate, introduction of catalyst, etc. can create
significant structural defects in In2Os which can alter the surface energies of various
crystallographic planes [48]. This can modify the external morphology and hence the
properties of the formed In,O3z nanostructures, thereby forming the basis for their broad
range of applications [40]. Understanding the nanostructure morphology, nature of the
surface states and their influence on the electronic band structure are the key factors to
optimize device performance fabricated from these nanostructures for various

optoelectronic and sensing applications.
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Figure 6: (a) Low resolution FESEM image of dense mesh of In203 nanowires grown
on Si substrate using carbothermal reduction process and VLS technique (b)
corresponding high resolution image of a single nanowires with an average diameter
of 100 nm (c) shows low resolution image of In203 nanoparticles with octahedron like
morphologies grown using In metal source as the precursor on Si substrate (d)
corresponding high resolution image of the substrate background showing the
presence of truncated nanowire like features.

2.1.1. Experimental details

In2O3 nanowires were synthesized on silicon substrates coated with ~3 nm Au
catalyst deposited using e-beam evaporation. A mixture of In.O3z and graphite at a weight
ratio of 4:1 was used as a source to prepare the In2Os nanowires. The mixture was then
transferred into a ceramic boat and placed inside a 2’’ diameter quartz tube in a single zone

furnace. The boat was positioned in the center of the quartz furnace tube and the Au coated
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Si substrate with <100> crystal orientation was placed downstream from the mixed
powders [37]. Figure 4 represents a schematic illustration of the CVD process steps. The
source was heated up to 950 °C in about 35 mins and the temperature of the deposition
zone was adjusted by varying the distance of the substrates from the source. The nanowire
growth was carried out at a deposition zone temperature of 900 °C which is ~6 cm
downstream from the center of the furnace for 45-50 min duration at a constant flow of 300
standard cubic centimeter per minute (sccm) of Argon as a carrier gas. Nanoparticles with
octahedron like morphologies were synthesized using Indium metal shots of 2-5 mm
diameter as the source. The nanoparticle growth was performed at a higher deposition zone
temperature of 950 °C with the substrates placed adjacent to the source boat at the center
of the furnace. The growth duration was varied in between 30-60 min keeping other
experimental conditions same as that used during the nanowire growth. A schematic
illustration of the VLS growth model is presented in figure 5.

Low resolution images of randomly assembled nanostructures were obtained using
a JEOL JSM7500F field emission scanning electron microscope (FE-SEM). HRTEM
images of the nanostructures were obtained using a JEOL JEM 3010 electron microscope.
XPS measurements were performed using a Kratos AXIS-165 spectrometer equipped with
a monochromatic Al Ka source (1486.6 eV). The take-off angle of the spectrometer was
zero with respect to the sample surface and the 20 eV pass energy was used with a step size
of 0.1 eV. Optical properties were investigated using Raman spectroscopy using Renishaw
inVia Confocal Microscope with 633 nm non-resonant and 325 nm resonant excitation
wavelengths, PL spectroscopy at room temperature with 290 nm excitation from a xenon

lamp and collected using Horiba Jobin-Yvon Nanolog Spectrofluorimeter
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Figure 7: Low resolution SEM images of (a) perfect octahedrons and (b) truncated
octahedrons like structures, inset in (a) and (b) shows corresponding computed Wulff
shapes where the planes (110), (100) and (111) are represented with colors yellow,
purple and cyan respectively.

while low temperature PL investigation was done in a closed cycle helium cryostat capable
of reaching down to 10 K. All experiments were repeated over multiple samples for

reproducibility.
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2.1.2. Influence of synthesis process parameters on the nanostructure morphology

Figure 6(a) shows SEM image of a dense mesh of In.O3 nanowires synthesized via
the carbothermal reduction technique. In2O3 powder couldn’t evaporate by itself due to its
very high melting point (1910 °C). As a result, there are intermediate reaction steps
involved at both the source and deposition sites. Redox reactions at the source generate
In2O(Vv) which possesses a very high vapor pressure and is transported downstream to the
Au coated silicon substrates where it gets absorbed by the Au-catalytic droplets and
decomposes to In(l) and In203(s). The In(l) further reacts with Au clusters to form an Au-
In eutectic which becomes the preferred absorption site for incoming In20(V).
Supersaturation of the eutectic results in the precipitation of In(s) at the liquid-solid
interface where it reacts with oxygen to form In,0s(S). Au-catalyst assisted 1-D growth
continues as long as there is sufficient supply of InoO(v). The possible reactions steps can

be described by the following [49]:

In,05(s) + C(s) » In,0(v) + CO,(v) (2. 1)
3In,0(v) » 4In(l) + In,05(s) (2.2)
In(l) +3204(g) > Iny05(s) (2.3)

The nanowires were found to have an average diameter of ~100 nm as shown in
figure 6(b). Attempts to grow In2O3 nanowires by directly heating an indium metal source
was not successful. From figure 6(c) and figure 6(d), we observe that the 1-D growth
appears to have stopped intermittently. This might be due to high supersaturation ratio of
oxidized indium vapor which essentially facilitates the growth of nanoparticle like
structures [48]. The computed Wulff shape based on the ratio of growth rate (r)

perpendicular to different low-index crystallographic planes reveals perfect



Full scale counts: 898 Base(2)_pt1 Base(2)

- T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
kev

Figure 8: (a) Energy-dispersive X-ray (EDX) mapping of In2Os nanoparticle sample
and (b) wide area EDX profile of the background labelled as ‘1’ in the inset which
clearly shows the evidence of Au catalyst thereby confirming the growth of truncated
nanowire features following the VLS route.

octahedron formation when rgi03:rg1113 = 1.73 as shown in figure 7(a). We also observed

truncated octahedron like features shown in figure 7(b) which could be due to
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environmental disturbances inside the quartz tube. Formation of these structures
corresponds to rguioy:r{zooy:rg111y = 1.2:1.2:1, which agrees well with the experimental
observations and with literature reports [48, 50]. Unlike the growth of uniform diameter
nanowires, the size of the nanoparticles with octahedron like morphologies varied
considerably ranging from 200 nm to 1.5 pum in diameter. This variation in the size of the
nanoparticles could be due to their uncontrolled growth from self-catalytic nucleation sites
as no evidence of Au catalyst was found from corresponding elemental mapping as shown
in figure 8(a).

Nanoscale features present in the background of the nanoparticle samples labelled
as region 1 in the inset of figure 8(b) were found to be truncated nanowires whose growth
had stopped intermittently. EDX wide area measurement on region 1 as shown in figure
8(b) reveals presence of Au catalyst which confirms growth of these features were initiated
from Au-catalytic nucleation sites. The In2Os nanoparticles are believed to be growing
from self-catalytic nucleation sites instead of Au catalyst assisted growth while using
indium metal as the source. Low melting point of indium which is 156.6 °C at 1 atm, leads
to the formation of oxidized indium vapor at a much faster rate. In,O(v) is the dominating
evaporating component and is transported downstream by the carrier gas which gets
adsorbed by Au-catalytic droplets and decompose into In(l) and In203(s). Due to high
supersaturation ratio of oxidized indium vapor to saturated oxidized indium vapor, In(l)
droplets with high surface energy becomes preferred absorption sites where similar growth
rates perpendicular to {100}, {110} and {111} facets leads to the formation of octahedron
like morphologies. Unlike 1D growth, here the growth occurs laterally through side

surfaces and any small variation in the size of the initial nucleation
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Figure 9: (a) TEM image of a single In203s nanowire, inset shows surface roughness.
(b), (c) HRTEM image and SAED pattern of In203 nanowires which reveals growth
along [100] direction and single crystalline properties with cubic crystal structure. (d)
EDX spectrum shows elemental constituents at and below the tip of the nanowire.

site could have a remarkable effect on the overall nanoparticle size depending on the

growth time.
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2.2.Structural and compositional characterization

HRTEM, selected area electron diffraction (SAED) and EDX characterization were
performed on individual In,0; nanostructures to gain insight regarding the morphology and
the representative results are shown in figure 9 and figure 10. The nanostructures were
found to be single crystalline in nature with body-centered cubic (bcc) crystal structure as
observed from the HRTEM and corresponding SAED images shown in figure 9(b)-9(c)
and figure 10(b)-10(c). The interplanar spacing of the lattice fringes along the longitudinal
and transverse directions was measured to be 0.506 nm and 0.715 nm which correspond to
(200) and (011) planes respectively [49]. From the SAED patterns and lattice images, the
growth direction of the nanowires was determined to be along [100]. Point EDX
measurements performed at two different sites on a single nanowire as numerically labeled
in figure 9(d), reveals that the tip of the nanowire is rich in Au-In, thereby confirming the
nanowires have grown following the Au-catalytic VLS route as discussed earlier.
Consistent with our EDX mapping results shown in figure 8(a), point EDX measurement
on the tip of a nanoparticle as shown in figure 10(a) and figure 10(d) which provides higher
resolution, also didn’t reveal any traces of Au catalyst thereby reaffirming that the growth
occurred through a self-catalytic VLS route. HRTEM images taken at the edge of the
nanowires reveals a rugged morphology on the nanoscale where the angle between the two
consecutive edge planes was determined to be ~113° and appears to be symmetric with
respect to the edge normal as shown in the inset of figure 9(a). Since the inclusion angle
between (100) and (111) planes is 54.7°, the edges are believed to be {111} planes and has
been previously reported by Jean et al. [49] which was observed during In,0; nanotower

formation.
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Figure 10: (a) Low resolution TEM image of In203 nanoparticles (b), (c) HRTEM

image and SAED pattern of In20s3 particles which reveals presence single crystalline

properties with cubic crystal structure. (d) EDX spectrum shows elemental
constituents at the tip of the nanoparticle which shows no evidence of Au catalyst.

2.2.1. Analysis on the crystal quality of the as-synthesized nanowires using Raman

spectroscopy

Raman spectroscopy analysis was carried out at room temperature to study the

crystal quality of the In,Os nanowires as shown in figure 11(a). From the Raman spectrum,
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we see in total 11 modes of Ag, Eq and T4 symmetry that are ascribed to typical modes in
c-In203. Phonon modes having weak scattering intensities however can be expected to be
visible with resonant excitation as shown in the inset of figure 11(a), where the phonon
mode at 307 cm™ is resolved into two constituent modes of E4 (306 cm™) and T4 (319 cm
1y symmetry respectively. However, with resonant excitation, a significant fluorescence
background was present and needed to be subtracted which resulted in the overall spectra
to appear noisier. A breakdown of the usual g = 0 selection rule occurs if defects due to
doping, impurities or lattice disorder are introduced into the crystal, thereby resulting in
asymmetry as well as broadening of the Raman line shape. We observe significant
broadening of the phonon mode centered at 307 cm™ having an FWHM of ~12 cm™. This
mode corresponds to the stretching mode in In,O3 and is very sensitive to V, [40]. V,
defects are expected to be present in very high concentration because of significantly lower
formation energies [46] and correlates well with our absorption measurements.
Comprehensive optical analysis has revealed that strong optical transitions occur only from
~0.8 eV below the top of the valence band [44]. From optical absorption measurements as
shown in figure 11(b), we observed the onset of strong absorption at energies between 3.5-
3.75 eV. However, a well-defined value of the optical gap could not be ascertained by
analyzing a long-section wavelength of the absorption edge. The observed characteristic
could arise due to the presence of additional energy states near the conduction band edge
because of V,, defects formed mostly on the surface of the nanowires [41]. These surface
states can trap electrons from the valence band and make a contribution to the absorption.
Unintentional doping because of V,, defects results in an n-type characteristic as two free

electrons are added to the crystal lattice every time a vacancy is
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Figure 11: (a) Room temperature non-resonant Raman spectra of In203 nanowires
showing significant broadening of phonon mode at 307 cm-1 associated with V,
defects present in the crystal lattice (inset shows corresponding resonant Raman
spectra) (b) UV-Visible absorption spectra of 1203 nanowires.
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created. High density of V, defects thereby may shift the Fermi level close to the
conduction band edge resulting in the In2O3 nanowires to become highly n-type

semiconductor.

2.2.2. Nanowire surface modification through faceting and chemisorption

It is well known that stabilization of surfaces with a resultant non-zero dipole
moment perpendicular to the surface occurs through rearrangement of surface charges or
through introduction of compensating charges into the outermost surface planes. Such
reconstruction can significantly affect the surface geometric structure as well as
stoichiometry and often has been associated with surface roughening or adsorption of
foreign atoms [51]. The bcce-structure of In2Oz is related to a 2 x 2 x 2 supercell of fluorite
and its bixbyite surfaces are very similar in appearance to those of the parent fluorite
structure [46]. The (001) surface of fluorite is a “Type III” ionic surface within the Tasker
classification and contains alternating cation and anion planes thereby giving rise to a
surface dipole [52]. This may be stabilized in a simple manner through faceting [52] as can
be observed in figure 9(a) where (111) facets have formed, which is the overall most stable
surface of c-In.Oz followed by the (011) surfaces. The (111) surface is highly sensitive to
oxygen chemical potential. As a result, V,, defects can easily form on the surface compared
to the bulk which might result in chemisorption of oxygen species on the In203 surface as
well as band bending effects due to surface states [53].

High resolution XPS measurements were performed and the binding energies were
corrected with respect to the well-known C(1s) peak at 284.6 eV as shown in figure 12(a).
The In 3ds2 peak and O(1s) peak are observed at 444.85 eV and 530.3 eV respectively,

suggesting that the major constituent phase is In.O3 as shown in figure 12(b). Background
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Figure 12: High resolution XPS spectrum of (a)-(d) C(1s), In (3d) and O(1s). O(1s)
spectrum in figure 12(c) and 12(d) shows presence of a minor second peak at higher
binding energy associated with chemisorbed oxygen species on the surface of the
nanowires.

subtraction was performed using the Touggard function. The atomic concentration of
indium and oxygen were calculated to be 33% and 67% respectively providing evidence
of a significant amount of chemisorbed oxygen species on the surface. The asymmetric
O(1s) peak shown in figure 12(c) was deconvoluted using a Gaussian function and a
reasonably good fit with the experimental data was obtained. Two peaks were required to

fit the measured O(1s) spectra with resolved peak positions at 530.3 eV and 531.6 eV
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Figure 13: XPS valence band photoemission spectra of In2Os nanowires. The
separation between the VBM to surface Fermi level was calculated based on linear
extrapolation of the leading edge of valence band photoemission spectra.

respectively. In figure 12(c), the feature at 530.3 eV is the lattice oxygen 02~ on the surface
whereas the feature at 531.6 eV is believed to be from chemisorbed oxygen species [54,
55]. Occasionally we also observed a minor peak at 532.29 eV as shown in figure 12(d)
due to the hydroxyl and/or oxy-hydroxyl oxygen species, possibly from water as the (111)
and (011) surfaces in In,O3 are known to adsorb water and promote dissociation of
molecules [42]. At high temperatures (> 200 °C), oxygen molecules dissociate into atomic

form which can reside on the surface either as neutral 045 or charged O(gq) UpON

trapping an electron from the semiconductor [55]. Due to adsorbed species on the surface
of the In.O3 nanowires, the surface Fermi level can vary by up to 1.5 eV depending on the
sample preparation [56]. It is known that the combination of core level and valence band

XPS constitutes a useful method of determining VBOs in a rather direct fashion [55]. The
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VBM to surface Fermi level separation was determined to be 2.15 £ 0.2 eV as shown in
figure 13 based on the linear method [56]. The value obtained for VBO is smaller compared
to values reported in the literature mostly for thin-film samples [57] and could be attributed
to upward band-bending due to negatively charged oxygen species residing on the surface.
This puts the surface Fermi level below the CBM which makes the surface less n-type. The

carrier concentration (n) is given by [58]

3

n=2 [w]z exp (ﬂ) (2. 4)

hZ2 KgT

where m; = 0.3 m, [46] is the effective electron mass. Taking T = 300 K, the net electron
concentration at the surface was estimated to be 1.65 x 10 cm™. Hence, our XPS
measurements confirm the presence of a high-density of V,, defects on the surface of the
nanowires. Depending on the nature of the surface states in nanostructures, a strong
influence on the optoelectronic [53, 59] and chemical sensing [55] properties can be
observed. This has been further investigated using optical techniques as discussed in the

next chapter.

2.3.Conclusion

This chapter discusses on the synthesis and growth mechanism of In2Os nanowires
using a carbothermal reduction process where the nanowire growth occurs through a Au-
catalytic VLS route. Non-uniform diameter nanoparticles with octahedron like
morphologies were found to grow when In metal was used as the precursor. Wulff shape
construction was used to analyze the growth rates among various low indexed
crystallographic planes which could lead to the formation of such morphologies. The
nanowire samples were found to have an average diameter of ~100 nm and micron scale

in length. TEM-EDX characterization revealed presence on Au catalyst on the tip and the
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growth of the nanowires was determined from the HRTEM data to be along <100>. SAED
pattern reveals single crystalline properties however, Raman characterization and
absorption measurements showed presence of high density of V,, defects present in the
crystal lattice. The V,, defects were found to be mostly present on the surface of the
nanowires which resulted in nanoscale faceting as well as adsorption of foreign oxygen
derivatives leading to an upward band bending as confirmed using high resolution XPS

and valence band measurements.



3. DEFECT CHARACTERIZATION USING OPTICAL TECHNIQUES AND
INFLUENCE OF PASSIVATION TREATMENT ON In20s NANOWIRE

PROPERTIES

(Portion of this chapter is copied from my published and unpublished manuscripts
Mukherjee S, Sarkar K, Wiederrecht GP, Schaller RD, Gosztola DJ, Stroscio MA, Dutta M. Defect induced
structural inhomogeneity, ultraviolet light emission and near-band-edge photoluminescence broadening in
degenerate In203 nanowires. Nanotechnology. 2018 Mar 1;29(17):175201.

Mukherjee S, Sarkar K, Wiederrecht GP, Gosztola DJ, Stroscio MA, Dutta M. Influence of surface states
and passivation treatment on the carrier dynamics of In,O3 nanowires, under preparation.
Mukherjee S, Sarkar K, Wiederrecht GP, Gosztola DJ, Stroscio MA, Dutta M. Morphology dependent
carrier dynamics in In,O3 nanostructures, under preparation.)

In (Section 3.1) is discussed on the commonly occurring V,, defects in In2O3 surfaces.
The nature and position of the surface states were investigated using temperature dependent
PL spectroscopy which shows broadened NBE emission even at very low temperatures
indicating very high doping. A quantitative analysis of the doping concentration was
performed based on the impurity band broadening model. Further, the role of surface states
in carrier trapping which can lead to enhanced dielectric behavior in nanostructures was
studied using ultrafast time-resolved transient absorption (TA) pump-probe spectroscopy.
Next is discussed the effect of passivation treatments to tune the density of the surface
states, by performing high temperature annealing. XPS characterization shows increased
concentration of lattice oxygen atoms as well as negatively charged hydroxyl and/or oxy-
hydroxyl oxygen species on the surface. Raman and PL characterization revealed
significant improvement of the crystal quality which directly correlates with time-resolved
measurements and shows large relaxation time constants of carriers following excitation in
comparison to the as-synthesized nanowires indicating significant reduction in carrier

trapping due to surface states.

32
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Figure 14: Structural visualization using VESTA of (a) the crystal structure of c-
In203 where the In atoms are labelled with cyan and pink respectively, (b) octahedron
morphology dominated by the {111} surfaces.

3.1.Defects in In203

In203 is known to crystallize in three different phases belonging to the space group
symmetries 12,3 (no. 199, cubic bixbyite structure), Ia3 (no. 206, cubic bixbyite

structure), and R3 (no. 167, rhombohedral structure) respectively [60]. The stable phase
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belonging to space group 206 has 8 formula units (f.u.) per unit cell (40 atoms in the
primitive unit cell and 80 atoms in a conventional cell). Distinct from the first cubic
bixbyite structure, it has different bond lengths and arrangements of atoms. It consists of
two types of In atoms and one type of O atom which are located at Wyckoff positions 8b,
24d, and 48e, respectively [61, 62]. The two types of In atoms are surrounded by oxygen
in the octahedral and trigonal prismatic coordinations alternatively, as shown in figure
14(a) [47]. It is well known that the most common defects occurring in nano- and
polycrystalline oxides are oxygen vacancies which can significantly modify the band
structure creating additional energy levels within the band gap itself [63]. These defects
can exist in three different charge states. A neutral charge state (V) is formed when from
an otherwise perfect crystal lattice, an oxygen atom is missing which leaves behind two
electrons in a defect state which is a symmetric coordination of four In dangling bonds
[61]. The singly ionized (V) state is when one electron has been captured and the (V5 )
state is doubly positively charged relative to the lattice as it has not captured any electrons
[64].

The structure of In2Os surface has recently been addressed in a combination of
computational and experimental investigation where the (111) terminated structure was
found to be the lowest in energy and therefore under thermodynamic equilibrium,
constitutes the most abundant crystal face [65]. Consequently, synthesis of nanostructures
often results in the formation In.O3 nanoparticles with octahedron like geometry where the
external morphology is dominated by the {111} planes as shown in figure 14(b). It has
been recently demonstrated for In.O3 using density functional theory (DFT) calculations

that due to lowering of the coordination environment, the energy required for the formation
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Figure 15: Low (10 K) and room temperature PL spectra fitted with multiple
Gaussian peaks identifying corresponding transition energies.

of a v, defect rapidly decreases towards the (111) surface [65, 66]. As a result, donors are
produced at chemically reduced extended defects often resulting in an insulator-metal
transition which is commonly observed in most metal oxide systems. We have
experimentally demonstrated this behavior in In.Oz nanowires where we observed
nanoscale faceting of {111} surfaces as well as adsorption of foreign atoms resulting in
surface band bending [67]. High density of surface defects has been associated with
enhanced dielectric behavior in oxide nanostructures thereby forming the basis for various
sensing applications [55]. The nature and position of these surface states are further studied

using various optical techniques.
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3.1.1. ldentification of nature and position of the defect levels due to surface states

using photoluminescence spectroscopy

Figure 15 shows the PL spectrum in an extended wavelength range taken at 10 K
and at room temperature. Both spectra show strong UV emission but an even stronger peak
in the visible part of the spectrum can be observed. Let’s first focus on the observed UV
emission from In,O; nanowires at room temperature which has been rarely reported [39, 41,
68]. It is interesting to note that the observed NBE peak centered at 3.24 eV at room
temperature is a broad peak with full width at half maximum (FWHM) of ~160 meV and
does not get resolved into expected narrow emission peaks even at very low temperatures
as can be observed from the 10 K spectra. To the best of our knowledge, this type of
observation has not been reported before for In,0;. The origin of the NBE peak is believed
to be from a series of shallow donor levels formed due to v defects present on the surface
of the nanowires [41]. Broadened NBE emission with no excitonic emission features even
at very low temperatures is clearly an indication of very high doping which causes the
discrete shallow donor levels to merge into an impurity band. The feature at 3.57 eV arises
due to the presence of a weak fluorescence background signal from the quartz coverslip on
which the nanowires were transferred for low temperature PL measurements. Control
measurements were performed on the substrate and subtracted from the overall spectra that
does correct most if not all the background features which can be due to experimental
fluctuations. In the experimental setup, we have utilized a 320 nm long pass filter to block
the tail of the 290 nm excitation. The effect of the filter can be observed from the 10 K
spectra in figure 15 where the background signal at ~3.8 eV (320 nm) and higher energies

goes down to zero whereas at energies lower than 3.8 eV, a weak
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Figure 16: Temperature dependence of the PL (a) NBE and (b) below band edge
spectra in In203 nanowires.

fluorescence from the substrate persists creating an impression of a broad Gaussian peak
like feature. The fitting function identifies this feature as an additional peak while
performing deconvolution of the overall spectra to extract individual components and

associated peak positions.
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Figure 16(a) and figure 16(b) shows the temperature dependent PL spectrum (10
K-300 K) of the NBE and midgap defect peaks. The intensity of the broad NBE peak
decreases progressively with increasing temperature and shows a characteristic red-shift of
90 meV at room temperature relative to the 10 K spectra and merges into a broader peak
possibly due to phonon scattering effects. From the 10 K spectra in figure 15, we also
observe an emission peak centered at 3.03 eV, which is below the band-edge and appears
to have merged with the NBE peak at temperatures above 140 K. The below band edge
peak at 3.03 eV is believed to originate from donor levels formed due to V; defects. It can
be observed from figure 17(a) that the high energy edge of the NBE peak defined as 1% of
the peak intensity point decreases monotonically with increasing temperature and can be

described by the well-known Varshni equation [69].

E(T) = [E(0) - 2= (3. 1)

T+pB

where E(0) is the excitonic band gap at 0 K, and a, B are the corresponding fitting
parameters. A good fit was obtained (red curve) with the experimental data (black squares)
and the value of E(0) was found to be 3.41 eV which can be considered as the lower bound
of the optical gap and is in close agreement with previously reported values for highly n-
type In203 nanostructures [41]. The extracted fitting parameters o = 3.507x10™* eV/K and
B = 140420 K are consistent with previously reported values by Wei et al. [60]. A smaller
value of the parameter B [69] indicates in general poor lattice thermal conductivity of the
nanowires and has previously been observed for highly doped n-type semiconductor [70].

However, most literature reports have shown doped materials to have high thermal

conductivity and thus our observation calls for further investigation. From the temperature
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Figure 17: (a) Temperature dependence of the high energy edge of the NBE peak. (b)
Thermal quenching behavior of NBE peak.

dependence of the NBE peak, we estimate the nature of the quenching channels present as

shown in figure 17(b) which is described by the modified Arrhenius equation: [37]

I(T) =

1(0)
(3.2)
)

E E
(1+A1 exp(—ﬁ}].)+A1 exp(—F?T
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where, I(T) and 1(0) are the PL intensities at temperature T and 10 K, respectively; E; is the
activation energy, Kg is the Boltzmann constant, and Ai is a constant. By using a two-
channel fit and considering both A; and A, constants, we found E; and E2 to be 6 meV and
75 meV, respectively. These correspond to effective ionization energy of donors and
acceptor like states respectively. The acceptor like states may be a series of shallow
oxygen-indium vacancy pairs (Vo-Vin) or deeper indium vacancies (Vin) which act as
compensating centers [41] and can significantly contribute towards defect emissions from
below the band-edge resulting in broad visible emission peaks centered at 2.45 eV and 1.98
eV in the 10 K PL spectra. Due to thermal ionization effects at higher temperatures, these
peaks ultimately merge into a single broad peak centered at 2.34 eV as observed from the

temperature dependent PL spectra in figure 16(b).

3.1.2. First observation of near-band-edge photoluminescence broadening due to

heavy doping

The Burstein-Moss effect and impurity band broadening are the two proposed
mechanisms for such modified NBE emission spectrum [71]. The Burstein-Moss effect is
a result of band edge shift to higher energies when doping exceeds the degeneracy limit
(~2.5x10*° for In,05) and is frequently observed in heavily-doped semiconductors whereas
impurity band broadening occurs because of potential fluctuations due to randomly
distributed impurities which can cause discrete donor levels to evolve into impurity bands
ultimately leading to a band tail. For heavily doped samples, the FWHM predicted by the
Burstein-Moss model is expected to be significantly higher than what we observe here (~95
meV at 10 K) [71]. We also do not observe a sharp cutoff on the high energy side of the

NBE peak which is the characteristic of momentum non-conserving indirect transitions
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Figure 18: (a) Dependence of NBE peak FWHM on temperature. (b) NBE PL line
width as a function of effective carrier concentration based on the impurity band
broadening model.

[72] which leads us to believe that broadening of the impurity band plays a major role in
the observed PL. The width of the band tails, and thus the dependence of the NBE peak
line width on carrier concentration, can be calculated based on the impurity band

broadening model proposed by Morgan et al. [73].
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Figure 18(a) shows the FWHM of the NBE peak as a function of temperature,
where the red curve is a guide to the eyes. v defect levels expand into a defect band which
overlaps with the conduction band thereby shifting the edge to the low energy side and a

band tail is formed [74]. The FWHM of the PL line width can be expressed as [71]
3

3 212
FWHM = [FTZ +(22m2q;) ] (3.3)
't is the broadening due to thermal and lattice disorder (typical ~20 meV) and can be
ignored in this case. o is the second moment of the Gaussian-shaped potential fluctuation

distribution function [71] and is given by,

5 2 1
Cicnsexp| —C, /H—ln 4

where c~1 is the compensation ratio, n is the net electron concentration and C; and C; are

3

2

o’ = (3.4)

constants as derived by Ilipoulos et al. [75]. We thus estimate an electron concentration of
1.2x10%° cm at 10 K and the corresponding plot of equation (3.3) is shown in figure 18(b).
The calculated electron concentration is higher than the degeneracy limit in In,0;, hence
the 1n,0; nanowires were found to be degenerate with Fermi level lying ~0.05 eV above the
CBM. A representative schematic of the flat-band structure, probable energy transitions
and the effect of band tailing in 1n,0; nanowires is shown in figure 19(a) whereas figure
19(b) shows representative upward band bending (~0.51 eV) on the surface of the
nanowires due to presence of chemisorbed oxygen species. Absorption occurs from the
valence band to the Fermi level whereas luminescence occurs from the band tail to acceptor
like states. Similar observations of remarkable PL broadening have previously been

observed for n-GaN films [75] and indium doped n-type ZnO nanowires [71].
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Figure 19: (a) Schematic band diagram of In20s nanowires showing energy
transitions due to different charge states of V, defects and band tailing effect. (b)
Upward band bending on the surface due to chemisorbed oxygen species.

3.1.3. Ultrafast pump-probe spectroscopy to study the carrier trapping rates due to

surface states

The influence of surface states in carrier trapping has been studied using ultrafast
TA spectroscopy based on a pump-probe technique. TA spectroscopy is an extension of
absorption spectroscopy which measures the absorbance at a range of wavelengths of a
sample following excitation by a short light pulse. Generally, an intense femtosecond laser
pulse is used as the ‘pump’ to excite carriers within the sample into a non-equilibrium state.
The pump-induced changes are then measured by a weak ‘probe’ pulse as a function of
time delay in between the pump and probe beams. The recorded data is usually represented

as normalized differential absorption or transmission given by [76]
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Figure 20: (a) Schematic showing the pump-probe measurement in transmission
mode on a semiconductor nanowire sample [76]. (b) 2D surface plot of the AA spectra
as a function of probe wavelength and time delay in between pump and probe.

[(TE TO)] (3 5)
where, T, and T represents the probe pulse transmission in the absence and presence of
the pump pulse respectively. Therefore, while there is no pump pulse present, only the

linear transmission of the sample is measured by the probe pulse. Cross-correlation

between the pump and probe pulses spatially overlapping on the sample ultimately
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Figure 21: Experimental setup of the ultrafast TA pump-probe spectroscopy system
having a pump wavelength of 310 nm (tunable) and optical probe in the wavelength
region 350-700 nm.

determines the temporal resolution of the system. A schematic representation of the pump-
probe technique is shown in figure 20(a). Figure 20(b) shows a representative 2D surface
plot after background subtraction where the differential absorption (AA = 1- AT) spectrum
is plotted on the vertical axis.

The experimental setup is shown in figure 21. A 120 fs pulse at 800 nm was
produced by a regenerative amplification process using a Ti:sapphire (Al203) laser system
(SpitFire Pro low power pulse/800 nm/120 fs/ 75 MHz and Newport Tsunami — high power
pulse/800 nm/100 ns/5 kHz) with a repetition rate of 5 kHz. In the regenerative
amplification process, the low power pulse is dispersed (stretched) by a factor of thousands
for safe amplification by a pair of grating. Using an optical switch (polarizer), the low and
high-power pulses are trapped inside a cavity until the low power pulse is adequately

amplified by extracting the energy stored in the gain medium. A second pair of grating
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Figure 22: (a) Shows AA spectra at various time delays following the 310 nm pump
excitation where both probe induced absorption and state-filling could be observed.
(b) corresponding carrier Kkinetics at various probing wavelengths.

recompresses the pulses which are now high power and of ultrashort duration. The intense
light pulse is split into two components, 90% of which is used to drive an optical parametric
amplifier (OPA) that generates a 120 fs pulse at 310 nm thereby serving as the pump beam.
The remainder of the amplified beam is passed through a variable delay track (0-3 ns) and
is used to excite a calcium fluoride (CaF2) crystal to generate a white light continuum
having wavelength from 350-750 nm. This white light continuum acts as the probe pulse,
fluence of which is <10% of the pump. A mechanical chopper synchronized with the
regenerative amplifier was used to modulate the pump pulse at 2.5 kHz [8]. This ensures
that the spectrometer alternatively measures the probe transmittance in the presence (Ty)
and absence (T,) of the pump pulse respectively. The pump and the probe pulses were

focused
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Figure 23: (a) Carrier kinetics at above band edge (356 nm) and midgap states with
corresponding fits showing bi-exponential decay profile where the initial fast
component (~20 ps) is associated with carrier trapping by lower lying defect levels
due to surface states and the longer component (~1.5 ns) is attributed to electron-hole
recombination process. (b) schematic representation of associated carrier relaxation

processes.

onto the sample using macro optics for them to spatially overlap. All measurements were

performed under ambient conditions.
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TA measurements were performed on as-synthesized In,Os nanowires using optical
excitation at 310 nm and different probing wavelength in the UV-Vis region. Figure 22(a)
and figure 22(b) shows the differential absorption spectra and kinetics at various time
instances and probe wavelengths respectively following excitation. We observed complex
behaviour over the entire probing spectral range. In some cases, especially near the
conduction band edge, positive change in the AA spectra was observed due to secondary
carrier excitation to higher energy states by the probing pulses. Negative change in the AA
spectra could be observed throughout the midgap states due to occupation of energy levels
by photogenerated carriers which is otherwise known as state filling. Throughout the
probing wavelengths, we observed both effects to be present, while the dominant effect
ultimately determines the sign. It is well known that above band gap excitation will
generate free carriers in the conduction and valence band respectively which would occupy
states resulting in state-filling. Thus, state-filling is expected to be the dominant mechanism
at energy levels higher than the band gap as has been previously observed for In2Os
nanocrystals [77] and nanowires [78]. However, this behaviour is not observed in our as-
synthesized nanowires. The band gap of our as-synthesized In.Oz nanowires is 3.41 eV
[67] and near the band edge, the dominant effect was observed to be probe induced
secondary carrier absorption determined by the carrier density in the initial states and
interband coupling coefficient [78]. As observed from figure 22(a), the defect levels due to
surface states within the band gap are bleached within 300 fs after excitation. We observed
two competing process to occur thereafter where (a) the carriers move out of the shallow

defect levels and subsequently gets trapped by the underlying deep level traps
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Figure 24: (a)-(b) Pump fluence dependent kinetics at two different probe
wavelengths near the band edge and midgap states showing influence of hole trapping
at the surface due to adsorbed oxygen species.

within the midgap states and (b) carriers recombine with holes from the valence band

localized in acceptor trap states.
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The carrier kinetics at various probe wavelengths above and below the band gap as
shown in figure 22(b) were fitted with biexponential decay functions to extract the carrier
relaxation time constants. The raw data and corresponding fit at two probe wavelengths is
shown in figure 23(a), where a fast component of 10—40 ps and a slow component of 500
ps—2.8 ns could be observed. The initial fast component could be assigned to the
phenomenon where carrier trapped in the defect levels move out and subsequently gets
trapped by underlying defect states and has been previously observed in defect induced
SnO, nanowires [79, 80]. The longer time constant is believed to be due to relaxation of
carriers towards equilibrium where they recombine with holes producing UV and visible
luminescence as confirmed previously using PL measurements [67]. A schematic
representation of various defect levels at the nanowire surface and proposed relaxation
pathways are shown in figure 23(b).

Pump fluence dependent kinetics as shown in figure 24(a) and figure 24(b), shows
faster carrier relaxation with increasing pump fluence. Different mechanisms can be
responsible for such behaviour. The as-synthesized nanowires were found to have high
density of surface v, defects which caused chemisorption of oxygen and formation of a
space charge layer where the holes were trapped near the surface to maintain overall charge
neutrality in the nanowires [55]. The negative electric field spatially separates electrons
and holes at the surface of the nanowires. It is well known that photodesorption occurs on
the nanowire surface upon excitation with UV light [64, 55]. This leads to a reduction of
the surface electric field. As a result, with increasing pump fluence, the photodesorption
process is significantly enhanced leading to faster recombination of electrons and holes.

This type of behaviour has previously been observed in as-synthesized SnO2 nanowires
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TABLE I: CHARACTERISTICS OF PHONON MODES IN IN203 NANOWIRES
BEFORE AND AFTER THERMAL ANNEALING TREATMENT SHOWING
DISTINCT INCREASE IN THE PEAK INTENSITY AS WELL AS REDUCED
BROADENING POST TREATMENT.

Phonon mode Samples Area under the  Peak intensity FWHM
phonon peaks (a.u.) ( cm-l)
(a.u.)
-1
Tg mode at 110 cm As-grown 10689.196 1873.647 4.171
Annealed 12883.895 2622.036 3.436
-1
Tg mode at 119 cm As-grown 2285.926 835.665 3.472
Annealed 2823.588 991.851 3.179
-1
Ag mode at 133 cm As-grown 46518.298 8472.482 3.478
Annealed 60018.376 11007.24 3.321
-1
Tg mode at 154 cm As-grown 4725.522 809.634 5.825
Annealed 5689.835 1043.912 4.93
-1
Eg mode at 172 cm As-grown 357.9 533.66 3.55
(weak) Annealed 411.98 578.06 3.26
Overlap modes at 307  As-grown 83700.847 6091.473 9.386
-1
em (2T,A,E)  Annealed 110344.928 7851.151 9.504
-1
Tg mode at 365 cm As-grown 24656.815 2243.763 9.518
Annealed 33259.762 2699.2 9.988
-1
Ag mode at 495 cm As-grown 25251.203 2077.048 10.904
Annealed 31343.033 2477.301 10.762
-1
Tg mode at 628 cm As-grown 13790.633 1370.86 9.994
Annealed 13817.408 1448.039 9.086
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Figure 25: Comparison of non-resonant Raman spectra before and after annealing at
700°C for 2 hrs in an oxygen rich environment.

[55]. Unlike the data reported by Kar et al. [55] here we observed distinct changes in the
pump fluence dependent relaxation kinetics when probing near the band edge and midgap

states due to the presence of very high density of surface defects.

3.2.Effect of passivation treatment on the nanowire properties

Due to large surface to volume ratio in nanostructures, surface and near-surface defects
and adsorbates offers alternative relaxation pathways for carriers following excitation as
demonstrated under subsection 3.1.3. Thus, carrier transport in semiconductors are often
dominated by surface and interface states which can create unexpected high mobilities in
nanoscale silicon-on-insulator (SOI) structures [80] or enhanced carrier trapping in oxide

[81] and nitride [76] based nanostructured devices. Carrier trapping by surface defects



53

1.50E+04

asgrown
annealed

1.25E+04 4

1.00E+04

7.50E+03 -

5.00E+03 -

PL intensity (a.u.)

2.50E+03 1

0.00E+00 -

400 500 600 700 800
Wavelength (nm)

Figure 26: Room temperature PL spectra showing significant reduction of defect
emissions post annealing treatment at 700 °C for 2 hrs in an oxygen rich environment.

such as vacancies and dangling bonds are prone to polarization in an EM field thereby
contributing to the nanostructure dielectric properties [19]. Post-synthesis of the
nanostructures, thermal annealing treatments in an oxidizing or reducing environment can
be used to tune these intrinsic defects thereby modifying the surface states which can be
exploited for various chemical sensing purposes [55]. Here, we have investigated the
change in the nanowire properties post thermal annealing treatment in an oxygen rich

environment.

3.2.1. Comparison of nanowire structural and luminescence properties post thermal

annealing treatment

It is well known for oxide semiconductors that high temperature annealing (> 400
°C) can significantly improve the crystal quality due to reduction of vacancy clusters

whereas low temperature annealing may provide some relaxation at the interfaces but is
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Figure 27: High resolution XPS spectra of O(1ls) peak before and after high
temperature annealing showing increase in the lattice O% peak and adsorbed charged
oxygen species.

unable to remove any lattice disorders [82]. The as-synthesized samples were annealed at
700 °C for 2 hrs under constant flow of 300 sccm of oxygen in a KSL-1100X high
temperature muffle furnace. Figure 25 shows the Raman spectra of In,Os nanowires pre
and post thermal annealing treatment. We do not observe any change in the phonon
frequencies which lies within the experimental errors (<1 cm™) or asymmetric broadening
as no phonon confinement effect is expected due to relatively larger diameter of the
nanowires. However, we do see an increase in the peak intensities of the phonon modes as
well as reduction in the FWHM post thermal annealing treatment as reported in table |.
Figure 26 shows the room temperature PL spectra of the sample excited by a 290 nm

wavelength from a Xenon lamp before and after thermal annealing treatment which shows
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Figure 28: (a) TA kinetics of In203 nanowires post thermal annealing treatment and
(b) comparative kinetics of as-synthesized and treated nanowires showing significant
increase in the carrier relaxation time post treatment.

significant reduction of the NBE and visible luminescence peaks arising out of different v,

defects.
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TABLE IlI: EXTRACTED CARRIER RELAXATION TIME CONSTANTS AND
RELATIVE AMPLITUDES FROM THE FITTED DATA OF AS-SYNTHESIZED
AND ANNEALED SAMPLES AT 700 NM PROBE WAVELENGTH AND 300 pW
PUMP POWER. THE AMPLITUDE OF THE FAST DECAY COMPONENT
REDUCES SIGNIFICANTLY POST THERMAL ANNEALING TREATMENT
THEREBY CONFIRMING SIGNIFICANT REDUCTION IN THE TRAP
CENTERS. FURTHER THE LONG DECAY COMPONENT ASSOCIATED WITH
CARRIER RECOMBINATION IS FOUND TO BE DRASTICALLY INCREASED
DUE TO HIGH DENSITY OF ADSORBED OXYGEN SPECIES ON THE
SURFACE CREATING A STRONG SURFACE DIPOLE.

Sample T3 (ps) Aq (%) T2 (ps) Az (%)
As-grown 22.81 57 303.8 43
Annealed 53.5 37.8 3860 62.2

3.2.2. Modification of nanowire surface properties post thermal annealing treatment

We performed XPS analysis on the as-grown and annealed samples and the
comparative plots of the high-resolution O(1s) peak is shown in figure 27. A clear increase
in the lattice oxygen O? peak at 530.3 eV on the surface is observed along with an increase
in the hydroxyl and/or oxy-hydroxyl oxygen species occurring at 532.29 eV. Increase of
the 532.29 eV peak indicates water adsorption possibly present in the surrounding
environment [83]. These hydroxyl and/or oxy-hydroxyl oxygen species are bound to In
atoms thereby forming strong surface dipoles [84]. To further confirm the reduction of the
density of surface states, we performed time resolved measurements on the annealed
samples as shown in figure 28(a). Two components were needed to fit the kinetics as we
have previously observed for as-synthesized samples. However, relative to the as-

synthesized samples, we observed significant increase in carrier relaxation time constants
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following excitation as shown in figure 28(b) and the values are reported in table Il. The
decrease of the carrier trapping rates clearly signifies that post thermal annealing treatment,
less number of defects are present and as a result, it takes longer time for the carriers to get
trapped.

3.3.Conclusion

In summary, the defects present in In2Os nanowires particularly v, defects on the
surface and its influence on the nanowire properties were studied using optical techniques.
The nature and position of the defect levels were identified using temperature dependent
PL spectroscopy. We observed UV emission from the band-edge and significant NBE PL
line width broadening associated with formed V5 impurity band at the surface which
merges with the conduction band forming a band tail. The optical gap was calculated to be
3.41 eV and activation energies of 6 meV and 75 meV were obtained and related to ionizing
energies of donor and acceptor like defects respectively. An electron concentration of
1.2x10%° cm™ at 10 K was estimated which is above the degeneracy limit of In,O3, hence
positioning the Fermi level 0.05 eV above the CBM.

The influence of the surface states in carrier trapping was studied next using ultrafast
time resolved TA spectroscopy based on a pump-probe technique. Ultrafast TA
measurements reveals that the shallow and midgap states are bleached within 300 fs
following excitation. Thereafter, two competing processes dominate while the carriers
relax towards equilibrium. A faster component of ~20 ps associated with carrier trapping
by underlying defect levels and a slow component of ~1.5 ns was attributed to
recombination of electron-hole pairs. Pump-fluence dependent measurements reveals

significant hole trapping at the surface due to surface states. With increasing fluence,
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carriers were found to relax faster towards equilibrium due to rapid photodesorption.
Finally, the effect of passivation treatment by performing high temperature annealing at
700 °C for 2 hrs in an oxygen rich environment on the nanowire properties were studied.
The crystal quality was drastically improved as evident from the comparative Raman and
PL spectra. XPS results revealed increase in the concentration of lattice oxygen atoms post
thermal annealing revealing the surface states have been modified. Time-resolved
measurements showed a slow recovery towards equilibrium further indicating that the
carrier trapping process has been significantly reduced. Thus, we show here that high
temperature thermal annealing could be used to tailor the surface properties of In.O3

nanowires which could be used in an effective way towards chemical sensing applications.



4. MILLIMETER WAVE STANDOFF MEASUREMENTS OF IONIZING
RADIATION IN REAL-TIME USING In203 NANOWIRES AS SENSOR

MATERIAL

(Portion of this chapter is copied from my unpublished manuscript
Mukherjee S, Sarkar K, ElImer TW, Bakhtiari S, Gopalsami N, Koehl ER, Stroscio MA, Dutta M. Stand-off
detection of *3’Cs y-radiation using In,O3 nanowires based on a millimeter wave technique, under
preparation.)

The present work provides a method and system of performing standoff measurements
of ionizing radiation using millimeter wave technology by interrogating changes in the
dielectric properties of a co-existing tag which is covertly or overtly placed within the
target environment. This method is based on an alternate detection architecture where the
detector and signal read-out electronics are decoupled as opposed to the conventional
ionization [85] or scintillation type detectors [86] and therefore has the potential to perform
long-range measurements. The sensor material in this case belongs to the family of oxide
semiconductor nanostructures which has recently been demonstrated as efficient y-
radiation detector [87]. Here we have utilized surface passivated In2O3z nanowires as the
detection element. (Section 4.1) provide a background on various types of ionizing
radiation, challenges associated with direct detection of microwave-millimeter scattering
due to ionization induced changes in the background atmosphere and interaction of -
radiation with semiconductor material. Subsequently in (section 4.2), we discuss on the
design and implementation of a 94 GHz portable low power transceiver for targeted
standoff measurements of ionizing radiation. A 12’ lens antenna has been used for targeted
detection purposes having a spatial resolution of ~1X\ at the focal point as shown using

COMSOL simulation. We present our experimental observations under (section 4.3) where

59
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we at first investigated the detection concept by utilizing a NIG and observed the
mechanism of diffusion charging to be occurring on the nanowire surface thereby resulting
in increased transmission of the millimeter waves. Various embodiments of detection
scheme are presented here. Finally, we present preliminary results regarding the very first
standoff detection of 3’Cs y-radiation by recording changes in the scattered signal intensity

due to irradiation defects created in surface passivated InoO3 nanowires.

4.1.Background

There has been considerable amount of work utilizing EM waves to remotely track
weather and earth resources such as oil and minerals. Another area of interest is to remotely
detect radiation from nuclear or radiological sources which is theoretically possible as
ionization of air caused by these radiation events can modulate radar reflectivity and has
been previously explored to detect radioactive plumes from nuclear power plants [22, 88].
Experimental demonstration includes, a Russian X-band radar which was able to
successfully detect radioactivity at the 1986 Chernobyl accident site [89]. Despite these
experimental demonstrations, the underlying physics is not well established and further
these efforts could not be successfully reproduced [90]. As a result, these results are not
well acknowledged within the scientific community.

Differing from these initial experimental correlations, it has been found that existing
simple plasma models under-predict the radar cross section (RCS) by several orders of
magnitude. In addition to the lack of understanding surrounding the correlation between
radioactivity and RCS, current radiation detectors based on air sampling (e.g. ionization
counters, scintillators, and semiconductors) are not effective from long distances because

of dilution and atmospheric dispersion. For example, a typical Geiger—Muller counter
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might be able to measure 1 milliCurie (mCi) of Cobalt-60 (*°Co) having a y-radiation
energy of 47 keV, with a resolution of ~1 mSv h'* at a maximum distance of ~3.5 m away
from the source. Specifically, the limited range of conventional detectors is because of
small penetration lengths of alpha and beta particles in air and a decrease of neutrons and
y-rays with the inverse of the square of the distance from the source. Consequently, such
systems are limited to a detection range of approximately 100 meters.

In recent efforts, a South Korean team of researchers were able to remotely detect
radioactivity by inducing plasma breakdown using high power pulsed EM radiation [28].
However, the maximum focal location is limited by air turbulence and depending upon this
condition, the detection range can significantly vary from 50 m to 1 km. Thus, although
the impact of radiation on EM waves in air has been generally understood, there is a need
for a method and system for utilizing such a relationship without the need for close
proximity to the radiation, i.e. a true standoff detection mechanism. In this regard, an
alternate strategy was proposed by a team of researchers from Pacific Northwest National
Laboratory (PNNL) which discusses on covertly or overly placing a sensor tag near the
source and interrogate changes in its EM properties as a function of radiation dosage
remotely using a microwave-millimeter wave radar [91, 92]. Changes in dielectric
permittivity, magnetic permeability, or electrical conductivity and their effects on resonant
cavities were thus explored. The resonant cavity circuit was envisioned as being remotely
placed on a radio-frequency identification (RFID) tag, near a radioactive source that was
desired to be monitored remotely. Microwave or low millimeter wave EM radiation would
be used to interrogate the device through a simple power reflection change or other more

sophisticated designs.
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4.1.1. Microwave and millimeter wave scattering due to radiation induced air

ionization

Atoms consist of relatively large particles comprised of protons and neutrons,
orbited by negatively charged electrons. Under normal circumstances, atoms consist of
equal numbers of protons and electrons, so the atom is neutrally charged. An ion is any
atom or molecule that does not have the normal number of electrons, which means it is not
neutrally charged. lonizing radiation has sufficient energy to kick electrons out of the
atoms, thereby creating free electrons and ions. Radiation, specifically ionizing radiation,
will result in changes to air that is contacted by the same. Put differently, the radiation-
induced ionization of air consists of a progression of mechanistic steps, from the formation
of (a) plasma to (b) molecular aerosols to (c) microdroplet clouds. Previous work has
investigated and estimated the RCS of these models where the molecular aerosol and
microcloud droplet model were found to work only under highly humid and saturated
environmental conditions. Under ambient conditions, the plasma model provides
measurable RCS at radiowave to low microwave frequencies for electron plasma.
Considering the plasma to be ‘cold’ which assumes that only a fraction of the gas molecules

are being ionized, the plasma wave equation is given by

2

y? = _ET‘;’_Z (4. 1)
where y is the complex propagation constant (y = a + jB), a being the attenuation
constant and g is the phase coefficient, w is the oscillation frequency and ¢,. is the complex

dielectric constant of cold collisional plasma
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f being the collision frequency, w, and w; are frequencies of electrons and ions plasma
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respectively. w,; = ( ) are the Langmuir plasma frequencies where n, ; represents

EgMe
electron and ion densities, m,, ; represents electron and ion masses, e is electron charge and
€ IS the permittivity of free space. Hence for a semi-infinite plasma medium, the power

reflection coefficient (PRC) at normal incidence can be written as

2
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The RCS for an incident beam of area A = ma? is related to the PRC as,
RCS = A+ PRC =2 (4. 4)
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where P; and Pr are the incident and reflected power. Since the ions are heavier than
electrons, the plasma frequency due to ions are much lower than that of electrons and hence
has negligible contribution on the PRC and hence the RCS. This is evident from figure 29
where the PRC is plotted showing negligible change even for very high ion densities
considering typical values of n, = 101%m™3 and f = 10°s~1. However, the plasma
cloud effects are not sustainable, because free electrons in the air produced by the
radioactive sources quickly attach to the O, molecules. Further, for targeted detection,
where spatial resolution is a key factor, smaller incident beam area would lead to even
lower RCS values. Hence, standoff detection of radiation induced air ionization solely
based on scattering events are less likely to produce measurable changes in the microwave-

millimeter wave signal.

4.1.2. Interaction of y-radiation with semiconductor material

Depending on the source strength and energy level, nuclear radiation in the form of
a, B or y rays ionizes the air, creating a certain amount of ion pairs/cm?/s that particulate
matter sticks to in an effect similar to static electricity. y-radiation typically have
frequencies above 10'° Hz, are photons emitted from an unstable nucleus with energies in
the (~KeV/MeV) range depending on the source and almost always less than 10 MeV [93].
Since they are not particles, unlike « or  radiation, they can travel long distances from the
source typically losing only half of its energy per 150 meters. For narrow beam of -
radiation, the decrease of intensity with material thickness generally follows an exponential
decay curve. However, for wider beams, absorption is drastically reduced due to scattering
from the side surfaces and is written as I; = I,e %, where u = no is the absorption

coefficient measured in cm™!, o the absorption cross section in cm?, n is the number of
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atoms per cm? in the material, and d is the material thickness in cm. Compton scattering,
photoelectric effect and pair production are the three main processes by which y-radiation
ionizes while passing through matter.

The photoelectric effect occurs when a y-photon ejects an electron out of an atom
because of energy transfer mechanism. The resulting kinetic energy of the electron is equal
to the energy difference in between the incident y-photon and the electron binding energy.
This process is mainly dominant for energies less than 50 keV. Compton scattering on the
other hand, is believed to be the most dominant interaction mechanism for y-photon
energies > 50 keV to 10 MeV. In this process, at first the incident y-photon loses most of
its energy to eject an atomic electron while the rest of the incident photon energy is remitted
in the form of a secondary lower energy y-photon where it has a different emission direction
relative to the incident y-photon. For very high energies of y-photon (> 1.02 MeV), pair
production can become a dominant mechanism where interaction occurs with electric field
of a nucleus ultimately resulting in the formation of two y-photons with each having at

least 0.51 MeV of energy.

4.2 Experimental setup

4.2.1. Compact continuous wave homodyne 94 GHz transceiver design for standoff

detection

A fieldable test setup is illustrated in figure 30. A millimeter wave sensor at 94 GHz
measures radiation-induced changes in the sensor material at short standoff distances. A
Gunn diode oscillator generates 94 GHz continuous millimeter wave radiation at a power
level of ~100 mW. An isolator can be added to shield the input equipment. A 20 dB

directional coupler transmits 99% percent of the millimeter wave power which is radiated
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Figure 30: Schematic representation of the low power 94 GHz transceiver for targeted
stand-off measurements of ionizing radiation effects on the nanowire samples.

out by a 12”’ lens antenna and directed at the target. The remaining 1% of the power is fed
to the reference channel of a homodyne mixer. A 94 GHz circulator is used at the output
such that it enables the reflected signal from the target to be collected by the same lens
antenna. The received signal is amplified using a low noise amplifier and fed to the
measurement channel of the homodyne mixer. A processing component, such as a
computer, was used for signal analysis and processing. The target signal is converted into
in-phase (1) and quadrature-phase (Q) components with respect to the reference signal. The
I and Q components of the target signal may be used to measure amplitude and phase of
backscattered signals from the target as well as Doppler frequency shift if the target is
moving relative to the millimeter wave beam. All data were acquired through 4 channel 24
bit acquisition board from National Instruments. Figure 31 shows the experimental setup

and all relevant components.



67

Figure 31: (a) In-house designed portable low power 94 GHz millimeter wave system
for standoff detection of ionizing radiation, (b)-(e) shows different components
including NIG (Comtech Research, model 1G-133A), lon counter (Alpha Lab, model
AIC20M) and 12> EM lens to focus on an area of ~3 mm?,
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Figure 32: COMSOL modeling and simulation of 94 GHz antenna structure (a) with
(b) without teflon dielectric lens for beam focusing. Corresponding electric field
patterns are shown in (c) and (d) respectively.

4.2.2. COMSOL modeling of lens antenna for targeted detection

A series 857 spot-focusing horn lens antenna from Alpha Industries, Inc. was used
for targeted detection. The antenna consists of a conical feed horn and two equal plano-
convex dielectric lenses mounted back to back. The combination of lenses refracts the

microwave signal in either direction. The dielectric constant and the loss tangent of the lens



69

material at millimeter wave frequencies are 2.53 and ~0.001, respectively. Advantages of
the spot-focus design include small size for energy concentration and near-field operation.
The spot width at the 3 dB point is ~1A and the depth of focus is ~10A. The spot is located

in front of the lens at a distance equal to the diameter of the lens (i.e. F/D = 1). Figure 32

shows the real part (ﬁ) and the norm contour of the electric field which shows the 94 GHz
EM wave propagating towards the horn aperture and subsequently being focused by the
dielectric lens. The lens antenna can be modified by removing the second refracting lens
to focus the beam at infinity for long distance measurements. This type of lens antenna are

suitable for measuring plasma densities, bulk dielectric materials and temperature.

4.3.Experimental observation

4.3.1. Preliminary investigation using a negative ion generator source — diffusion

charging of nanowire surface

The first experiment was performed by simulating the effect of a real nuclear
radiation source using a NIG. A NIG from Comtech Research (model 1G-133A) which can
produce 20x10° ijons/cm®/s was used to generate negative ions in the surrounding
atmosphere. A high negative voltage is applied to a bunch of very sharp needle like
structures. The high electric field at the tip of the needles ionizes the surrounding air where
needles collectively repels the electrons/ions into the atmosphere [21]. An ion counter was
placed in tandem which measures the ion density by drawing air ions into a Faraday plate
and recording the change in voltage. The NIG and the ion counter are shown in figure 31(c)
and figure 31(d) respectively. The NIG was placed in the millimeter wave beam path and
measurements were performed while periodically turning it ‘ON’ and ‘OFF’. Figure 33

shows a typical measurement of millimeter wave scattering from as-synthesized In2O3
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Figure 33: (Top) Scattered millimeter wave signal intensity from as-synthesized
nanowires while being exposed to NIG. Measurable changes in the signal intensity
could not be observed in this case. (Middle) subplot shows the corresponding
differential amplitude and (Bottom) measured ion counts clearly showing the ‘ON’
and ‘OFF’ positions of the NIG. NIG was placed 2 cm away from the sample in the
beam path.

nanowires where the NIG was modulated over five cycles. The data was collected in a
reflection mode where the sample was mounted on a teflon block which is transparent to
EM waves. The acquired data was subtracted from the first data point while the NIG was
off in order to eliminate any background effects. We observed a gradual increase in the
scattered signal intensity, but any measurable fast temporal changes could not be observed
and could be due to enhanced low frequency EM wave absorption in the as-synthesized

nanowires due to high density of intrinsic surface defects which was confirmed previously
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Figure 34: (Top) Scattered millimeter wave signal intensity from surface passivated
nanowires while being exposed to NIG. Measurable changes in the signal intensity is
observed in this case primarily due to diffusion charging of the nanowire surface. NIG
was placed 2 cm away from the sample in the beam path.

using HRTEM, XPS and optical characterization [67]. Point defects in nanostructures such
as vacancies or vacancy clusters are known to be present in very high densities which can
be several orders of magnitude higher than those generally present in micron-sized
particles, and are susceptible to polarization under the influence of an EM field [94]. As
reported by Mo et al. [95], there are mainly three kinds of polarization that may contribute
towards the dielectric properties of nanostructures. They are (a) space charge polarization
which is caused by the trapping of charge carriers in point defects and generally originates
from high density of surface states, (b) rotation direction polarization arising due to ion

vacancies and (c) electronic relaxation polarization which mainly occurs in compact
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Figure 35: Control measurement without the nanowires shows no measurable
changes due to scattering from ionized air under ambient conditions.

textured materials. However, due to the complex nature of various polarization
mechanisms occurring in nanostructures, it is often difficult to isolate and identify
contribution due to each mechanism [96] and as a result, the total contribution is generally
measured. Under the influence of an alternating EM field, damped vibration of dipoles
occurring due to repeated polarization of the surface states in the as-synthesized nanowires,
can result in strong absorption of the EM energy.

However, while using the surface passivated nanowire samples, we observed measurable
changes in the scattered signal intensity as shown in figure 34 with a fast rise time of ~0.5
s when the NIG is turned on and slow decay time of ~10 s after the NIG is turned off. We

propose that there are two possible mechanism for this type of observation. Firstly, there
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Figure 36: Scattered signal measured as a function of distance from the NIG where
no surface charging effect was seen beyond 10 cm of source and sample separation
due to very short lifetime of electrons in ambient atmosphere.

is significant reduction of surface defects due to high temperature annealing in an oxygen
rich environment which leads to lower EM absorbing characteristics of the surface
passivated nanowires. As a result, the nanowires are more transparent. Secondly, when the
NIG is turned on, it leads to diffusion charging of the nanowire due to an external source
of charges which deposits a layer of surface electrons [21]. This could be due to presence
of a well-ordered hydroxylated surface as was confirmed by XPS measurements post
thermal annealing treatment. Similar observation has previously been reported by Sami et
al. [22] and Kar et al. [63]. Charging of the nanowire surface increases millimeter wave

scattering and decreases absorption which could be due to the presence of extra surface
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Figure 37: Scattered intensity measured from three different samples spatially
separated by 0.5 cm along ‘y-axis’ and 1 cm along ‘x-axis’ as shown in the index
showing the ability of the system to perform targeted measurements.

electrons [22]. Adsorption of water in dissociative form, leading to the occurrence of strong

surface dipoles which vibrates in response to the applied oscillatory EM field thereby

causing energy dissipation. Thus, it can be hypothesized that jamming of surface dipoles

due to charging effects may be caused when
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Figure 38: Calibration data showing measured dosage as a function of distance from
the source (Hopewell GC-60-A). Dotted arrow line shows for a 200 Ci source, ~40,000
mr/hr dosage being used in our experiment at a distance of 100 cm from the source.

extra surface charges are present [22]. Further, previous literature reports have concluded
that no change in the inherent nanowire surface properties takes place while being exposed
to an NIG [63] which gives enough confidence to the proposed theory.

Control measurements without any nanowires on a bare polished Si substrate as
shown in figure 35 does not show any measurable change in the scattered signal intensity.
To get an idea about the sensitivity, distance between the NIG and the sample was varied,
and the results are shown in figure 36. It can be observed that the scattered signal intensity
falls rapidly as the source is moved away from the samples which is due to the fact that
electron lifetime in the atmosphere is ~300 ns [97], before they get captured by molecules

in the surrounding atmosphere [21, 22]. This significantly reduces the charging effect
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Figure 39: Actual experimental setup for the ¥’Cs test where (top) image shows the
source, (bottom left) image shows the portable 94 GHz system, (bottom right) the
control station located outside the testing facility to monitor and record real-time data
during irradiation.

on the nanowire surface and hence on the scattered signal intensity. We further
experimented with multiple spatially distributed tags where three different nanowire
samples mounted at different positions as shown in the inset of figure 37 were probed from

a substantial standoff distance of ~30 cm. We were able to detect measurable changes in
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all three samples as shown in figure 37 where the scattering intensity was found to vary

from sample to sample and could be due to non-uniform thickness of the nanowire coating.

4.3.2. Application of In203 nanowires for stand-off detection of 13’Cs vy-radiation

source

Based on our NIG test, one could envision the usage of the surface passivated In203
nanowires towards detection of a real nuclear radiation source. For this purpose, we
performed standoff measurements while exposing the nanowires to 200 Ci of *'Cs y-
radiation with a dosage of ~40,000 mr/hr and photon energy of 667 keV. The dosage vs
distance calibration curve for various sources is shown in figure 38. It is well known that
depending on the source strength, y-radiation causes air ionization by knocking off
electrons from atmospheric nitrogen and oxygen atoms. Unlike electrons from an NIG
source, these electrons have enough energy to get captured by the surface chemisorbed
oxygen species thereby modulating the nanowire surface properties. However, it has been
recently calculated theoretically that air ionization due to the y photons generates 10
electrons/cm? within a few millimeters of the detector [63, 97] and this effectively reduces
air ionization contribution to the changes seen here which is discussed next.

Figure 39 shows the actual experimental setup where the nanowire samples were
placed at a distance of ~100 cm away from the source. Irradiation of semiconductor devices
with high-dosage of y-photons leads to production of lattice defects and surface traps at the
semiconductor surface [87, 98]. The primary interaction for 662 keV y-rays with the sample
is expected to be through Compton scattering [99], in which case the high-energy photons
inelastically scatter from both electrons and nuclides. In the first case, electrons are initially

ionized, but as the energy is gradually reduced through interactions, electrons are excited
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Figure 40: Shows real-time data collected on two surface passivated samples with 10
and 20 mins of ¥’Cs irradiation. Approximately 10 mins of data was collected before
irradiation which shows near constant response whereas during irradiation,
scattering intensity decreases progressively with time due to formation of V, defects
in the nanowires thereby becoming more lossy. Under post-irradiation condition,
again the scattering intensity does not change.

high into the conduction band. For oxide materials, the 662 keV y-rays have enough energy
to form oxygen vacancies within the lattice [99]. Most of the defects are created on the surface
of the nanowires as previously reported by kar et al. [63] where significant increase in the
defect emissions due to V,, surface states was observed post irradiation.

Figure 40 shows the experimental results where the nanowire samples were exposed to
137Cs y-radiation. Between each successive measurement, the data was subtracted from the first
data point of pre-exposure test to record the relative change with respect to the initial condition.

We have presented real-time data acquired for two samples which were exposed for 10 mins
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and 20 mins respectively. Before exposure, for both samples background data was collected
for ~10 mins which does show an initial increase in the scattered signal intensity and finally
becomes constant and could be due to thermal drift of the receiver. The pre-exposure data
collected at different time instances for both samples shows similar trend where the blue data
points lie in the background and cannot be seen in figure 40 which further shows the overall
stability of the system. Consequently, during irradiation, we observed a gradual decrease in the
scattering intensity for both samples. However, an uniform trend for both samples could not
be ascertained and hence calls for further investigation. Nevertheless, the preliminary results
are encouraging as the gradual decrease in the scattering intensity can be directly correlated
with more surface defects (/) being created while being irradiated. Basically, an increase in
the density of point defects on the nanowire surface leads to an increase of the EM absorbing
property of the nanowires [87] due to various polarization mechanisms as discussed earlier
especially the space charge polarization and rotational direction polarization processes. The

imaginary part, €', of the complex permittivity, (e, = €’ + je'") , increases [19] and hence the

"

nanowires become more lossy due to an increase in the loss tangents (i—,) Post irradiation, the

changes in the nanowire properties were found to be permanent [63] and the scattering intensity
could be seen to be nearly constant which does not change over a period of ~10 mins. For
sample 1, it can be observed that between each successive measurement, there is a drop in the
scattering intensity relative to the last data point. This can be attributed to the ground vibration
from a nearby operating vacuum pump in the building which might have slightly displaced the
sample from its initial position due to the presence of a weak coupling between the sample and
the mount. For sample 2, we do not observe such change once we made sure that the sample

has been properly mounted.
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4.4.Conclusion

To summarize, here we have presented an alternate approach to perform stand-off
measurements of ionizing radiation by probing its effect on nearby structures covertly or
overtly tagged with a sensor material. One of the advantage of this alternate detection
methodology is that it is not dependent on atmospheric turbulence which can significantly
reduce the detection range. To perform stand-off measurements, a low power 94 GHz
portable transceiver has been designed which coupled to a lens antenna was able to
successfully detect changes in the scattered signal intensity from spatially distributed tags
upon exposure to a NIG source. No changes in the scattering intensity could be observed
while using as-synthesized nanowires which could be due to strong absorption of EM
waves in these samples due to high density of surface V,, defects. The surface-passivated
samples however showed measurable changes as long as the NIG was within 10 cm from
the sample. This behavior was attributed due to a decrease in density of surface states
thereby making the nanowires more transparent to EM waves and due to diffusion charging
of the nanowire surface while the NIG was turned on due to the presence of an uniform
hydroxylated surface. Presence of extra surface charges during charging of the nanowires
causes jamming of the surface dipoles which results in increased overall transmission
through the sample. The surface passivated nanowires were further tested by exposing to a
137Cs y-radiation source which emits photons of energy 667 keV resulting in the formation
of high density of V,, defects on the surface of the nanowires. This change in the density of
the surface states directly correlates with the EM absorbing properties of the nanowires
mainly due to space charge polarization and rotational direction polarization process.

Overall the change in the EM absorbing property of the nanowires were detected by
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probing the samples at 94 GHz millimeter wave frequency. We observed a gradual
decrease in the scattering intensity due to increased absorption while the nanowire was
being irradiated. Under pre- and post-exposure conditions, the scattering intensity does not
change. This results from this preliminary investigation is encouraging to pursue advanced
research in this direction. The same nanostructured dielectric material could also be used
in a resonator cavity to enhance the sensitivity. One could argue that a plausible drawback
of this technique is the deployment of the sensor tags for covert operations. Given that the
material is in dispersed form (which can possibly be applied as sensor paints on target
surfaces) as well as can be synthesized to be transparent by doping with Sn, which would
provide tremendous advantages in terms of the size and applicability for such scenarios.
Another major drawback of this system is its inability to classify the nature of the radiation
source i.e. the system lacks specificity. Nonetheless, while this area of research is still naive
after decades of research, we believe that this alternate approach adds some merit in solving
the existing problem of performing true long-range ionizing radiation detection and

monitoring in real-time.



5. DEVELOPMENT OF FAST SWEEP CHIRPED-PULSE FOURIER
TRANSFORM MILLIMETER WAVE SPECTROMETER FOR BROADBAND

CHEMICAL SENSING IN REAL-TIME

(Portion of this chapter is copied from my unpublished manuscript
Mukherjee S, EImer TW, Bakhtiari S, Gopalsami N, Koehl ER, Stroscio MA, Dutta M. Design and
operation of an ultrafast and compact chirped-pulse Fourier transform millimeter wave spectrometer
operating in the 110-140 GHz range for real-time chemical analysis, under preparation.)

A small change in molecular mass distribution can significantly affect its rotational
inertia, thereby opening the possibility to easily distinguish between its isotopologues,
isomers and conformers by resolving corresponding rotational spectra. In this regard, EM
waves at microwave and millimeter wave frequencies have evolved to be standard
powerful tools for high resolution rotational spectroscopy [32-34, 100]. Of particular
interest is the millimeter wave region of the EM spectrum which has found significant
applications to study Rydberg-Rydberg transitions at medium-to-high values of the
effective principle quantum number (n*) [101, 102], detection of astronomical molecules
[103] and for room temperature detection of molecules with high sensitivity and resolution
[104-106]. However, a particular area that has been relatively unexplored is the use of such
spectroscopic technique for in-field real-time trace gas analysis for environmental
monitoring purposes. Application for in-field real-time measurements would require
scaling down of system dimensions and the ability to perform fast broadband sweeps for
multi-point identification as well as quantification through library matching due to

unknown composition of the sample.
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5.1.Background on the chirped-pulse Fourier transform technigue

In recent times, there has been significant development in microwave and millimeter
wave gas phase spectroscopy particularly to reduce long acquisition time using fast sweeps
in frequency domain [107, 108] and to automate precise tuning of cavity resonance
frequency in Fabry—Pérot FTMW [109-113] and FTMMW [105, 113-117] spectroscopy.
These efforts have been successful to some extent, however the major breakthrough came
with the invention of the CP-FTMW spectroscopy technique [32-34] that provides true
broadband capability with relatively shorter acquisition times. The chirp pulse
spectrometer takes advantage of the recent advancement in arbitrary waveform generators
(AWG) and broadband detectors to perform time domain rotational spectroscopy. In this
technique, a short chirp pulse is generated typically of duration <1 ps and produces a
broadband linear frequency sweep to polarize all the transitions of the sample that lies
within the chirp BW. Following the chirp excitation, the molecules in their excited states,
quickly decays to their ground state thereby emitting a broadband free induction decay
(FID) signal which is then detected and averaged in time domain by a fast digitizer. Figure
41 shows a typical time domain and frequency domain signal in CP-FTMMW
spectroscopy.

One of the key advantages of CPFT technique for high resolution spectroscopy is that
each individual spectral line width is determined by the relaxation rate of the corresponding
coherent molecular FID which is significantly longer than the inverse of the spectrum BW
being measured [118]. The chirp pulse signal scales favorably as BW is increased in
contrast to Fourier-transform limited pulse [119] where the duration of the pulse is

determined by the full measurement BW for optimal excitation. Recent advancement in the
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Figure 42: Currently available source power from solid-state components in the
millimeter wave and terahertz frequency bands.

area of high-speed digital electronics has made possible to achieve fast sweep rates in
AWGs where pulses of 0.01-1 ps duration with 10-100 GHz of BWSs can be produced,
which is required for CPFT spectroscopy [118]. Conventional microwave sources are
unable to achieve such fast sweep rates, however they have sufficient phase stability and
spectral purity for application in targeted millimeter-wave spectroscopy [120] where single
frequency excitation is needed. If the target sample is well known, the associated
frequencies can be obtained from a standard molecular spectroscopy database. An
important aspect of CPFT technique is to perform time domain averaging on the coherent
FID signal to increase the sensitivity and the dynamic range. To achieve this, phase
reproducible chirp pulses are needed which can be provided by the AWG. Further due to

significant advancement in the IC manufacturing, currently very fast digitizers with wide
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analog BW and faster sampling rate are available which can perform high-speed waveform
digitization and processing [121]. These recent advances in digital electronics has
significantly contributed towards the realization of fast sweep CPFT spectrometers for near
real-time chemical analysis.

CPFT technique relies on proper synchronization of the AWG and the digitizer which
is achieved by using highly stable frequency standard typically a 10 MHz rubidium crystal
oscillator. Another important aspect in CPFT millimeter wave spectroscopy is the
availability of source power. Currently available solid-state millimeter wave sources can
generate output powers up to 200 mW over entire W-band millimeter wave frequencies
which is well above the threshold that is required for saturation [122]. Further state-of-the-
art AMCs can be used to increase the spectral coverage by efficiently upconverting the
AWG chirp BW to millimeter wave frequencies without changing the pulse duration.
Figure 42 shows a representative plot of currently available source power over full-band
from solid-state sources within the millimeter-sub terahertz (THz) region [123]. Compared
to traditional frequency-tuned absorption spectroscopy, where optimization of source
power is needed to avoid power saturation for each individual molecule, CPFT technique
operates in the weak pulse limit thereby bypassing this need.

Within the last few years there has been successful implementation of high sensitivity
and high resolution CP-FTMMW spectrometer in the 70 — 102 GHz [119], 260 — 295 GHz
[118] and 530 — 620 GHz range [124]. Here we demonstrate the design and operation of a
CP-FTMMW spectrometer which can operate in the WR-08 band having a 30 GHz BW
from 110 — 140 GHz and capable of acquiring 13 GHz in a single shot. The spectrometer

uses AMCs and medium PAs to produce an average output power of 32 mW. The
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Figure 43: Absorption spectra of 100% (a) acetonitrile and (b) ethanol at 20 mTorr.

spectrometer has been tested with marker chemicals for accuracy and preliminary
observation on room temperature detection of various isotopologues of acetonitrile

(CH5CN) is reported.
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5.2.Design and operation of a prototype 110-140 GHz broadband spectrometer

It can be observed from figure 42 that there is almost a 60% decrease in the available
source power from solid-state sources at higher frequencies above the 125 — 225 GHz
range. Further, most of the high frequency sources are not able to provide uniform power
over the entire BW. This would require the chirp intensity to be compensated for wideband
measurements for accurate quantification during chemical analysis as the relative
intensities of the peaks will vary based on the excitation power at each individual frequency
point within the chirp. The power of the chirp signal might saturate the detector and as a
result, scaling the FID data based on the chirp intensity itself might result in incorrect
estimation of relative peak intensities of different transitions. Further, a high-power chirp
pulse especially in the WR-10 and lower frequency bands where GaN based PAs and
AMC:s are available, can burnout the receiver if proper protection is not implemented. To
protect the receiver, high-speed PIN diode switches with sub-nanosecond switching speed
are used. Sub-nanosecond switching speed is critical to block the tail end of the chirp signal
which otherwise would overwhelm the FID signal. The effect of chirp-tailing on the overall
signal characteristics will be discussed later under subsection 5.3. The application of high-
speed switches at millimeter wave frequencies is limited by their operating BW where a
maximum of ~5 GHz around a center frequency can be obtained at present. However, this
can be useful for targeted spectroscopy where a narrow BW is required for operation.

One important aspect of detection at higher frequencies is due to increased absorption
strength of most molecules of interest as can be observed from the simulated absorption
spectra of ethanol (C,HsOH) and CH5;CN as shown in figure 43. The intensity of the

rotational lines is mainly determined by their corresponding probability of transitions
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Figure 44: Boltzmann distribution of CH3;CN (room temperature 293K, dry ice 195K,
liquid nitrogen 77K and liquid helium 4K).

which in turn is proportional to the population of the initial states involved which is given

by the Boltzmann distribution and associated degeneracy as:

Ny _ BhcJ(J+1)
T=@+ 1)exp( T ) (5. 1)

where N; is the number of molecules in an excited state with quantum number (J) and N,

represents the number of molecules in the ground state. Simulating for CH;CN, with B =
9.19889816(54) GHz [125] being the rotational constant, it can be observed from figure 44
that the maximum line intensity shifts towards lower frequency with decreasing
temperature. However, for in-field applications, going down to sub-millitorr pressure or
lower temperature is often a challenge due to limitations of the vacuum pump power and

availability of cooling components and reagents. As a result, measurements are often



90

needed to be performed at higher millitorr pressures and room temperature which can result
in significant line broadening at higher frequencies particularly for symmetric top
molecules with closely packed k-stacks thereby decreasing the spatial resolution of the
spectrometer. Based on all these factors, WR-08 band was identified to be an optimal range
for room temperature in-field rotational spectroscopy. The

schematic of the designed system and description of the spectrometer components has been

presented and discussed below.

5.2.1. Chirped pulse excitation source

The chirp is generated by a high-speed (12 GS/s) AWG (Keysight, M8190A) on
channel ‘1’ which is then mixed with local oscillator (LO) fixed frequency and upconverted
by an active multiplier chain (AMC) to produce the required signal. The 12 GHz fixed LO
frequency is generated by mixing a 15 GHz signal from a phase locked synthesizer (PLS)
with a 3 GHz continuous wave signal generated on the channel 2 of the AWG. The 12 GHz
LO is used to drive a high performance low frequency mixer operating in the 2-18 GHz
range which produces the required low frequency chirp (11.25-17.5 GHz). A combination
of custom designed band pass and band stop filters are used to block the LO leakage from
transmitting as well as to get rid of any spurious signals lying outside the desired band. A
(x8) AMC is used to produce the required signal at 90-140 GHz which is then amplified
using a medium PA thereby producing an average output power of ~15 dBm (32 mW). A
conical horn antenna is used to transmit the millimeter wave which is collimated into the
gas cell by using a 3’ diameter teflon plano-convex lens (Thor Labs) having a focal length
of 10 cm. The PLS and the AWG derives their clock frequency from a highly stable 10

MHz rubidium crystal oscillator (FS725, Stanford Research Systems).
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Figure 45: Schematic of a fast-sweep dual channel 110-140 GHz CP-FTMMW
spectrometer for broadband trace gas sensing.

5.2.2. Receiver

The transmitted signal is focused by a different set of 3’ diameter Teflon lens on
to the receiving antenna. Another set of PLS capable of generating frequencies within 14.6—
16.4 GHz is upconverted by a X8 AMC and is used as the LO for down conversion. The
LO frequency can be adjusted to down convert the RF within 13 GHz operating BW of the
digitizer. The intermediate frequency (IF) signal was amplified and filtered before being
fed into a high-speed digitizer (40 GS/s, ADC6131, Guzik Technical Enterprises). The
digitizer and the receiver PLS are also locked onto the same 10 MHz reference signal. A
marker signal triggered from the AWG is used to initiate the digitization. The overall
system BW is limited by the operating range of the high frequency mixer (110-140 GHz)
on the receiver. The AWG, digitizer and the embedded controller are integrated together

in a single M9505A PXle Chassis.

5.2.3. Gas Cell
The single pass gas cell is made up of stainless steel with a cylindrical geometry

(length ~1 m) having a total volume of 2 L. There is a single inlet port which can be
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Figure 46: Time domain signal (top) without and (bottom) with LO leakage being
transmitted.

configured for both liquid and gaseous sample injection while utilizing a rubber septum for
the former. The liquid samples were injected using a microneedle having a total volume of
1 pL. The pressure in the gas cell was monitored using a MKS 900 series digital vacuum
transducer and controller unit. Another outlet port on the gas cell is connected to a vacuum
pump capable of reaching down to 0.01 mTorr. Both sides of the gas cell were fitted with
0.25°” thick teflon blocks. The cell pressure was found to rise 0.5 mTorr/hr which shows
that good sealing was obtained. A representative schematic of the spectrometer is shown

in figure 45.

5.3.Preliminary experimental observations

A single shot acquisition is limited by the digitizer range (13 GHz). Since the system

has a total BW of ~30 GHz, it is necessary to be able to separately control the LO
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Figure 47: Segmented measurements using a narrow 20 MHz chirp of C,H5OH peaks
centered at 119.539 GHz and 120.094 GHz.

frequencies on the transmitter and receiver arm. In our initial design as shown in figure 45,
we were using two separate PLS on the transmitter and receiver arm to achieve this.
However, to reduce the number of components for a compact design, we used a power
divider after the transmitter PLS to utilize one of the outputs as a receiver LO. The other
output was modulated by the CW frequency on channel ‘2’ of the AWG to produce a fixed
12 GHz LO before being mixed with the chirp on channel ‘1’ to generate the required RF.
A fixed LO lying outside the system BW is used for the purpose of efficiently blocking
any leakage post mixing from transmitting. This was achieved by using a custom designed
12 GHz notch filter with > 60 dBc stopband rejection. LO leakage can have a significant

impact on the system performance as shown in figure 46. This kind of leakage can
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Figure 48: Signal intensity plot at varied FID delay shows the chirp-tailing effect
which overwhelms the FID signal.

overwhelm the relatively weak FID signal resulting in poor sensitivity. We also observed
that the LO leakage caused the system response to become unstable which resulted in the
baseline to drift overtime. As a result, post processing subtraction of baseline from sample

data often resulted in removal of weak intensity peaks.

5.3.1. Demonstration of spectrometer accuracy using marker chemical

The spectrometer characteristics is benchmarked using C,HsOH. We performed

segmented chirp-based measurement for multipoint identification as shown in figure 47. A
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Figure 49: Detection of CD3CN (J = 8«7,k = (7 <0)) and CH3CN (J =7 <6,k =
(6 <0)) simultaneously present in a mixture ratio 1:1 at 20 mTorr pressure with a
200 MHZz chirp excitation.

narrow 20 MHz chirp around the center frequencies of corresponding transitions has been

used as the excitation. The spectrum is an average of 100,000 FIDs and was taken at 30

mTorr cell pressure. The NASA Jet Propulsion Laboratory (JPL) simulation [126] has been

plotted in red. The targeted peaks clearly match and lies within 100 kHz of the

corresponding simulated spectra. Also, we observed a chirp tail that persisted for ~30 ns

after the pulse. Due to chirp-tailing effect, processing needs to be done on a subset of the



96

-7

o . CIT|3CN: J$7<-6)

BeHCN: J(7<-6) CD,CN: J(8<-7)
3 ; , A 3 =10

09r b | 5
0.8r

0.7

o
o

|Signal| (linear)
|Signal| (linear)

|Signal| (linear)
o
o
e

o
~

0.6

o
w

0.4

[ H . AT

0 - ‘ ‘
12485 1249  124.95 125 1256 12565 1257 12575 12865 1287 12875 1288
Frequency (GHz) Frequency (GHz) Frequency (GHz)

o
o

o

o

Figure 50: Detection of isotopologues of CH3CN at 20 mTorr present in a gas mixture
with varied concentration where the ratio of the mixture components

(13CH33CN/CD3;CN/CH;CN) is 1:4:5.

FID data ignoring the initial few points within the 30 ns time window. As it can be observed
from figure 48, when the FID delay is reduced below 30 ns, the overall signal strength
increases, however the FID peak is not clearly detectable. A 100-point median filter was
applied during post processing to filter out any residual baseline components from chirp-
tailing.

5.3.2. Analysis of a gaseous mixture — detection of various isotopologues of

acetonitrile

CH;CN and its isotopologues (a) Trideuteroacetonitrile (CD;CN) and (b)
13CH,13CN belongs to the Cs, point group and can be classified as symmetric top
molecules. To the best of our knowledge, there are no known reported transition features

of CD3CN in the 110-140 GHz range. Hence, we analytically estimate the transition
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Figure 51: Shows real-time averaging capability of the digitizer to reduce the noise in

the signal and increase the dynamic limit.

frequencies. The rotational Hamiltonian for ground state prolate C5,molecule can be

written as [125, 127]

E(J,k) = BJ(J + 1) + (A — B)k? = D;J2(J + 1) — DjJ(J + 1k? — D k*

+H;J3(J + 13 + HigJ*(J + 1)%k?* 4+ Hy J(J + Dk* + Hk®

(5. 2)

The specific selection rule of symmetric top molecules states that during a transition, the

allowed energy changes in the J, k quantum numbers are A = +1 and Ak = 0. Hence the

corresponding transition frequencies are given by



98

10° CHacN Dephasing time vs pressure
3.5 T T T T

——T75 mTorr
=50 mTorr

25 mTorr
—— 10 mTorr

Signal (V)

ot
w
T
1

0.5

oL 1 I I t |
0 0.1 0.2 0.3 0.4 05 0.6

FID delay (i s)

Figure 52: FID of CH3CN as a function of cell pressure which shows rapid dephasing
at higher pressures.

Av =2B(J +1) —4D;(J + 1)* = 2D, (J + Dk* + H;(J + 1)3[(J + 2)°* — J3]
+4H; (J + 1)%k? + 2Hy,;(J + Dk* (5. 3)

where (D;, Dy, Dy) in kHz and (H;, Hyy, Hy;, Hy) in Hz represents the quartic and sextic
centrifugal distortion terms. Typical value of B is in MHz. Neglecting the centrifugal
distortion terms, the lines in the frequency spectrum for different transitions are going to
be equally spaced by ~2B. The reported value of B for CD;CN is 7857978.7 +1 kHz.
With our first mixture measurement, we could observe all the frequencies
corresponding to every possible energy transitions for both the chemicals present in the
mixture as shown in figure 49. The measurements were done at 20 mTorr and were

collected in segments. The acquired data was normalized by the corresponding chirp
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Figure 53: Detection of CH3;CN at varied pressure clearly showing the effect of line
broadening.

intensities to do a meaningful comparison of the relative strength in peak intensities. Due
to similar nature of the transition dipole moments, the relative peak intensities are similar
and agrees with literature reports. The observed frequencies should be multiple of 2B and
we can verify this by simply multiplying the frequency (x4) that was observed for CD;CN
(J =2«1,k = (1<0)) centered at 31.43 GHz [127-129]. We do see a corresponding
peak at 125.72 GHz which further confirms our observation. From figure 50, we could
successfully claim simultaneous detection of all three isotopologues present in the mixture

through segmented chirp-based measurement of 200 MHz BW. The observed peaks for
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CH;CN and 3CH;'3CN completely agrees with the simulated peaks reported in the
NASA, Molecular Spectroscopy, JPL database [126] and their relative peak intensities are
in accordance with the prepared mixture concentrations.

Now that we have demonstrated the accuracy and mixture analysis capability of the
spectrometer, we discuss about the feasibility for real-time infield applications. FPGA-
based fast averaging capability of the Guzik digitizer was used for this purpose [130] where
10° cycles of 8 ps duration signal could be acquired and integrated in real-time. This
capability was found to drastically reduce the noise in the signal thereby increasing the
dynamic range as shown in figure 51. Another important aspect for in-field applications is
the ability to perform measurements at higher pressures due to limitation of the pump down
capability of portable vacuum pumps which can significantly reduce the dephasing time of
FID as shown in figure 52. An estimate of the dephasing time to optimize the minimum
inter-pulse interval is required to help speed up acquisition. Figure 53 shows a pressure
dependent study of CH;CN where we could observe transition features at pressure as high
as 300 mTorr. However significant line broadening could be observed at higher pressures
> 100 mTorr which might call for usage of additional deconvolution and peak fitting
algorithms to avoid false identification of closely packed peaks in a gaseous mixture.
5.4.Conclusion

We have demonstrated here the design and operation of a fast-sweep CP-FTMMW
spectrometer capable of detecting gaseous molecules in real-time under ambient
conditions. The compact design and real-time detection capability clearly provides an
advantage for in-field applications particularly for targeted environmental monitoring

purposes. The accuracy of the spectrometer has been tested by detecting multiple transition
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in C,H;OH where observed transition peaks were found to occur within 100 kHz of
reported values in the JPL molecular spectroscopy database. Subsequently the
spectrometer was successfully able to identify CH;CN and it’s isotopologues present in a
gaseous mixture at different concentrations. The effect of various design aspects in
particular LO leakage and chirp-tailing effect on the spectrometer characteristics has been
discussed in detail. To the best of our knowledge, there is no literature data reported so far
regarding experimental observation of (J = 8«7,k = (7 «<0)) ground state transition in
CD;CN and we believe our observation would be the first known evidence in this regard.
Measurements at higher pressure were performed to emulate in-field scenarios where we
observed considerable line broadening thereby portraying the need to implement additional
data processing functionalities to resolve such complex overlapped spectra. The effect of
ultrafast real-time averaging was found to significantly reduce the noise present in the
signal thereby increasing the dynamic limit of the system. We are currently working on
determining the lower detection limit of the system as well as performing sensitivity

analysis, values of which are going to be reported in future publications.



6. CONCLUSIONS AND FUTURE WORK

6.1.Conclusion

The present work investigated the synthesis and development of compact, low-cost and
scalable sensors and instrumentations to detect CBRNE signatures in real-time applicable
under varied scenarios in the areas of homeland security, environmental monitoring and
under various medical and industrial settings. In one embodiment, an alternate detection
method by decoupling the sensor material and signal readout electronics has been presented
which has the capability to perform long range measurements of ionizing radiation present
in the target environment. In2O3 nanowires were used as the sensor material and millimeter
wave technology was used for stand-off monitoring.

The In.O3 nanowires were grown using a carbothermal reduction process following the
VLS route using Au as a catalyst. We observed formation of non-uniform diameter In,O3
octahedron-like nanoparticles while using indium metal as the source due to high
supersaturation ratio of the oxidized indium vapor. An in-depth analysis on our
experimental observation of various structural morphologies of nanoparticles instead of
nanowires was performed using Wulff shape construction. The nanowires were found to
be ~100 nm in diameter with evidence of Au nanoparticle at the nanowire tip suggesting
growth occurred following the VLS route. HRTEM and SAED characterization revealed
nanowire growth along [100] direction and single crystalline properties with cubic crystal
structure. Raman scattering investigation showed significant broadening of the phonon
mode at 307 cm* which is associated with the stretching mode in InoO3 and is very sensitive
to IV, defects. High density of V,, defects was found to be present on the nanowire surface

leading to surface stabilization through nanoscale faceting (formation of (111) facets) and

102
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chemisorption of foreign atoms. High resolution XPS and valence band analysis confirmed
the presence of chemisorbed oxygen species leading to an upward band bending at the
nanowire surface. The VBM to surface Fermi level was determined to 2.15+0.2 eV.

The nature and position of the defect levels due to surface states were further
investigated using optical techniques. We observed UV emission from the band-edge and
significant NBE PL line width broadening associated with formed V5 impurity band at the
surface which merges with the conduction band forming a band tail. The optical gap was
calculated to be 3.41 eV and activation energies of 6 meV and 75 meV were obtained and
related to ionizing energies of donor and acceptor like defects, respectively. An electron
concentration of 1.2x10%° cm™ at 10 K was estimated, which is above the degeneracy limit
of In203, hence positioning the Fermi level 0.05 eV above the CBM. The surface states
were found to have a significant influence in carrier trapping mechanism as revealed using
ultrafast TA spectroscopy leading to enhanced dielectric properties of In,Os nanowires.
Surface passivation treatment by performing high temperature annealing at 700 °C for 2
hrs was further utilized to tune the density of the surface states. Thermal annealing led to
significant reduction in the V,, defects as was confirmed by PL and Raman characterization.

Enhanced dielectric behavior of In.O3 nanowires and the ability to tune such properties
using passivation treatment was further utilized towards stand-off detection of ionizing
radiation. A portable low power 94 GHz millimeter wave transceiver was designed for
targeted detection. At first, an NIG was used to simulate ionizing radiation conditions and
the preliminary test results showed no measurable change in the scattered signal intensity
from the as-synthesized samples. This was attributed due to strong EM absorption in these

samples due to the presence of high density of surface V,, defects. However, with the



104

surface passivated samples, we observed detectable change in the scattered signal intensity.
Post thermal annealing treatment, due to replenishment of the V,, defects, these samples
were more transparent to EM waves. Further, diffusion charging on the nanowire surface
resulted in the formation of an electron plasma effectively jamming the surface dipoles and
causing enhanced scattering. A fast charging time of ~0.5 s and slow discharging time of
~10 s was observed. Control measurements without the presence of any In2O3 nanowires
showed no change in the interrogating signal. Due to short free electron lifetime in air
(before they get captured by surrounding molecules), the NIG needed to be placed within
10 cm of the sample for changes to be detected. We further extended our investigation to
detect real radioactive source. The In,O3 nanowires were exposed to 200 Ci of 3/Cs y-
radiation where the dosage was ~40,000 mr/hr at a distance of 100 cm from the source. We
observed in real-time change in the intensity of the scattered signal intensity during
irradiation. The signal intensity decreased overtime due to the formation of ionization
induced V, defects in the nanowires leading to higher absorption. Under pre- and post-
irradiation conditions, no detectable change in the scattered signal intensity was observed.
Thus, in one embodiment, we have successfully demonstrated the use of In2O3 nanowires
as efficient ionizing radiation sensors which can be used as a part of covertly or overtly
deployed tags on target surfaces for stand-off monitoring.

Another important aspect in CBRNE detection is to develop a system for in-field
operation which can identify in real-time chemical constituents present in a target
atmosphere with high sensitivity and specificity. A prototype fast-sweep WR-08 band CP-
FTMMW spectrometer was designed for this purpose having a total BW of 30 GHz (110—

140 GHz) and capable of producing ~32 mW of average output power over the entire BW.
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The system takes advantage of recent progress in the area of solid-state electronics. An
AWG was used to produce a low frequency chirp which was then upconverted to the
desired BW using AMCs. Various stages of custom designed band pass and band stop
filters were used to produce a clean chirp. A pair of 3”* diameter teflon plano-convex lens
was used to collimate the transmitted millimeter wave beam inside a 2 L single pass gas
cell made from stainless steel having teflon windows and further to focus the outgoing
beam onto the receiver. The gas cell has the provision for both liquid and gas sample
injection in which the pressure was monitored by a digital vacuum transducer. The receiver
was designed to down convert the signal within 13 GHz of the digitizer BW. The high-
speed digitizer has the capability to perform real-time averaging which was found to
considerably improve the system dynamic range. The accuracy of the spectrometer was
tested by performing tests with C, H; OH which is known to have rotational lines distributed
throughout the entire system BW. The observed transitions were found to lie within 100
kHz of the simulation based on the JPL database. Finally, we report on the analysis of a
gaseous mixture containing various isotopologues of CH;CN present in different
concentrations. Thus, in another embodiment of CBRNE detection, a state-of-the-art CP-
FTMMW spectrometer is demonstrated which is capable of performing in-field trace gas

analysis in real-time.

6.2.Future work

Currently work is under progress to quantify the sensitivity of the spectrometer.
Options including double resonance modulation [21], sample pre-concentration [131] and
multi-pass cell [25] design are being investigated to improve the system specificity and

sensitivity.
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The immediate next step is to experimentally demonstrate the feasibility of the
proposed ionizing radiation sensing method in long-range detection.  Recently
demonstrated GaN based PA operating in the 92-96 GHz band having an output power of
~3W from Millitech Inc. can be used at the output of the transmitter to extend the detection
range (> 500 m neglecting atmospheric attenuation). A custom designed circulator from
Millimeter Wave Products Inc. with high isolation (>30 dB) between port 1 and 3 will be
used in conjunction with the PA to protect the receiver. Further, sophisticated detector
design based on metal oxide semiconductor nanowires can be envisioned where the sensor
material can be integrated into a resonant circuit which acts as the read-out of the ionization
induced EM changes [132]. Different mechanisms can then be employed to wirelessly
communicate the output of the detector to a remote device such as a central base station.

Another area of interest would be to investigate In»Os nanowires for terahertz
applications. Oxide materials possess several terahertz application advantages such as good
absorption coefficient, high breakdown voltage and low cost. Very high carrier mobility (>
4000 cm?/Vs) can be achieved by careful crystal growth, passivation treatments and device
fabrication. V,, defects were found to be most commonly occurring on the surface of the
as-synthesized In,O3 nanowires. High density of surface states resulted in enhanced carrier
trapping thereby reducing the carrier lifetime which is desirable to improve the SNR of the
photoconductive terahertz detector fabricated from the same material. However, the carrier
mobility also reduces due to increased scattering which negatively affects the current
responsivity of the detector. As we have demonstrated here, different surface passivation
treatments can be applied to optimize these device parameters for efficient photoconductive

detection of terahertz radiation. Time resolved optical pump-terahertz probe spectroscopy
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of the In203 nanowires can be performed for material optimization. This will provide
conductivity information from which parameters including peak photoconductivity,
lifetime and mobility can be extracted for device characterization which are fabricated from
the respective samples. Further, semiconductor nanowires were demonstrated to be
efficient terahertz emitters due to the presence of localized surface plasmons [133].
Through surface modification, we have been able to tailor surface resistivity as well as
create charge separation in In.Oz nanowires which is the key for terahertz emission.
Macroscopic time-varying polarization due to separation of photoinduced charge carriers

in the nanowires essentially generates the terahertz radiation.
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USA, without regard to the principles thereof of conflicts of law. Any case,
controversy, suit, action, or proceeding arising out of, in connection with, or
related to such licensing transaction shall be brought, at CCC's sole discretion,
in any federal or state court located in the County of New York, State of New
York, USA, or in any federal or state court whose geographical jurisdiction
covers the location of the Rightsholder set forth in the Order Confirmation. The
parties expressly submit to the personal jurisdiction and venue of each such
federal or state court.If you have any comments or questions about the Service
or Copyright Clearance Center, please contact us at 978-750-8400 or send an
e-mail to info@copyright.com. v 1.1

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-

646-2777.



NAME

EDUCATION

EXPERIENCE

HONORS

PUBLICATIONS

VITA
SOUVIK MUKHERJEE
PhD, University of Illinois at Chicago, Chicago, IL, USA, 2018
B.Tech, West Bengal University of Technology, Kolkata, India
2012
Research Assistant in Electrical and Computer Engineering
Department 2014-2018
Graduate Technical Research Aide, PhD in NE Division, Argonne
National Laboratory, Lemont, IL, USA.

May- Aug ’16 & May-Aug 17

Teaching Assistant in Electrical and Computer Engineering
Department 2013-2014

Programmer Analyst Trainee at Cognizant Technology Solutions,
Kolkata, WB, India Apr-Aug ’13

Summer Intern at Indian Institute of Technology, Roorkee,
Uttarakhand, India Jun-Jul ’11

Graduate Student Presenter’s Award, University of Illinois at

Chicago 2015
University Merit Scholarship, West Bengal University of
Technology 2012
National Merit Scholarship Award (Govt. of India) 2007

Journal Publications

Mukherjee S, Sarkar K, Wiederrecht GP, Schaller RD, Gosztola DJ,
Stroscio MA, Dutta M. Defect induced structural inhomogeneity,
ultraviolet light emission and near-band-edge photoluminescence
broadening in degenerate In2O3 nanowires. Nanotechnology. 2018
Mar 1;29(17):17520.

Sarkar K, Mukherjee S, Wiederrecht G, Schaller R, Gosztola DJ,
Stroscio MA, Dutta M. Ultrafast carrier dynamics and optical

130



131

VITA (continued)

pumping of lasing from Ar-plasma treated ZnO nanoribbons.
Nanotechnology. 2018 Jan 24;29(9): 095701

Datta D, Sarkar K, Mukherjee S, Meshik X, Stroscio MA, Dutta M.
Graphene oxide and DNA aptamer based sub-nanomolar potassium
detecting optical nanosensor. Nanotechnology. 2017 Jul
18;28(32):325502.

Sarkar K, Mukherjee S, Farid S, Nicholls A, Stroscio MA, Dutta M.
Characterization of Co-existing In203-ZnO Nanostructures. Journal
of Electronic Materials. 2017 Oct;46:5848-54.

Meshik X, Choi M, Baker A, Malchow RP, Covnot L, Doan S,
Mukherjee S, Farid S, Dutta M, Stroscio MA. Modulation of
voltage-gated conductances of retinal horizontal cells by UV-
excited TiO2 nanoparticles. Nanomedicine: nanotechnology,
biology, and medicine. 2017 Apr;13(3):1031-40.

Datta D, Meshik X, Mukherjee S, Sarkar K, Choi MS, Mazouchi M,
Farid S, Wang Y, Burke PJ, Dutta M, Stroscio MA. Submillimolar
Detection of Adenosine Monophosphate Using Graphene-Based
Electrochemical Aptasensor. IEEE Transactions on
Nanotechnology. 2017 Mar;16(2):196-202.

Farid S, Mukherjee S, Sarkar K, Mazouchi M, Stroscio MA, Dutta
M. Enhanced optical properties due to indium incorporation in zinc
oxide nanowires. Applied Physics Letters. 2016 Jan
11;108(2):021106.

Mukherjee S, Meshik X, Choi M, Farid S, Datta D, Lan Y, Poduri
S, Sarkar K, Baterdene U, Huang CE, Wang YY. A graphene and
aptamer based liquid gated FET-like electrochemical biosensor to
detect adenosine  triphosphate. IEEE  transactions  on
nanobioscience. 2015 Dec;14(8):967-72.

(Featured in the IEEE Engineering in Medicine and Biology Society
(EMBS) as well as Transactions on NanoBioscience homepage)

Choi MS, Meshik X, Mukherjee S, Farid S, Doan S, Covnot L, Dutta
M, Stroscio MA. Electrostatic force analysis, optical measurements,
and structural characterization of zinc oxide colloidal quantum dots
synthesized by sol-gel method. Journal of Applied Physics. 2015
Nov 21;118(19):194304.



132

VITA (continued)

Farid S, Meshik X, Choi M, Mukherjee S, Lan Y, Parikh D, Poduri
S, Baterdene U, Huang CE, Wang YY, Burke P. Detection of
Interferon gamma using graphene and aptamer based FET-like
electrochemical biosensor. Biosensors and Bioelectronics. 2015 Sep
15;71:294-9.

Farid S, Mukherjee S, Jung H, Stroscio MA, Dutta M. Analysis on
the structural, vibrational and defect states of chlorine treated
polycrystalline cadmium telluride structures grown by e-beam
evaporation. Materials Research Express. 2015 Feb 5;2(2):025007.

Meshik X, Farid S, Choi M, Lan Y, Mukherjee S, Datta D, Dutta M,
Stroscio MA. Biomedical Applications of Quantum Dots, Nucleic
Acid— Based Aptamers, and Nanostructures in Biosensors. Critical
Reviews™ in Biomedical Engineering. 2015;43(4).

Karmakar R, Biswas A, Mukherjee S, Deyasi A. Calculating
Transmission Coefficient of Double Quantum Well Triple Barrier
Structure having Parabolic Geometry using Propagation Matrix
Method. International Journal of Engineering and Advanced
Technology (IJEAT) ISSN. 2011:2249-8958.

Mukherjee S, Karmakar R, Deyasi A. Theoretical computation of
transmission coefficient of double quantum well triple barrier
structure in presence of electric field. International Journal of Soft
Computing and Engineering. 2011;1:41-4.

Mukherjee S, Sarkar K, Wiederrecht GP, Gosztola DJ, Stroscio MA,
Dutta M. Influence of surface states and passivation treatment on the
carrier dynamics of In.Oz nanowires, under preparation.

Mukherjee S, Sarkar K, Wiederrecht GP, Gosztola DJ, Stroscio MA,
Dutta M. Morphology dependent carrier dynamics in In2Os
nanostructures, under preparation.

Mukherjee S, Sarkar K, Elmer TW, Bakhtiari S, Gopalsami N,
Koehl ER, Stroscio MA, Dutta M. Stand-off detection of *3'Cs y-
radiation using In2O3 nanowires based on a millimeter wave
technique, under preparation.

Mukherjee S, Elmer TW, Bakhtiari S, Gopalsami N, Koehl ER,
Stroscio MA, Dutta M. Design and operation of an ultrafast and
compact chirped-pulse Fourier transform millimeter wave



133

VITA (continued)

spectrometer operating in the 110-140 GHz range for real-time
chemical analysis, under preparation.

Conference Publications:

Heifetz A, Bakhtiari S, Gopalsami N, Elmer TW, Mukherjee S.
Long-range monostatic remote sensing of geomaterial structure
weak vibrations. AIP Conference Proceedings, 1949(1):030004,
Apr 2018.

Stroscio MA, Dutta M, Meshik X, Farid S, Lan Yi, Mukherjee S,
Choi M, Bat-Erdene U, Parikh D, Ranginwala S, Datta D, Xu K,
Pratap P, Wu TC. Nanotechnology-based Tools for the Study of the
Affinity and Selectivity of Antigens for Small Molecular Targets
Underlying Drug Discovery and Therapeutics. Drug Discovery and
Therapy World Congress, p. 119, July 22-25, 2015.

Mukherjee S, Farid S, Sarkar K, Stroscio MA, Dutta M. Synthesis,
characterization and application of oxide semiconductor nanowires
as nuclear radiation sensors. APS/CNM Users Meeting, Argonne
National Laboratory, May 2016.

Mukherjee S, Farid S, Stroscio MA, Dutta M. Modeling
polycrystalline effects on the device characteristics of cdte based
solar cells. In Computational Electronics (IWCE), 2015
International Workshop on 2015 Sep 2 (pp. 1-4). IEEE.

Mukherjee S, Karmakar R, Deyasi A. Nonparabolicity Effect on
Transmission Coefficient of Double Quantum Well Triple Barrier
Structure under Electric Field, International Conference on
Theoretical and Applied Physics, Indian Institute of Technology
Kharagpur, p. 70, Dec 2011.

Karmakar R, Mukherjee S, Deyasi A. Numerical Analysis of
Transmission Coefficient of Double Quantum Well Triple Barrier
Structure for Variable Effective Mass using Transfer Matrix. IEEE
EDS Student Paper Conference, Jadavpur University, pp. 66-70,
Apr 2011.



