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ABSTRACT

High resolution noninvasive tools of diagnosis lahsays derived and enabled
scientific and medical research to probe and beiteterstand subtleties of matter,
intangible to the human eye. Radiation detectiostesys are highly dependent on
advancements in materials and devices with frodt-electronics. There are various
discrete applications of these radiation detectord each application imposes certain
requirements so there is no single optimum radiadietector.

Flat panel x-ray imagers have gained high demarttiérpast decade because of
exponential improvement in readout electronics. Ndge synthesized and investigated
stabilized amorphous selenium (a-Se) alloys sweténl high resolution flat panel x-ray
imagers for medical diagnostic applications, pritgan digital mammography and chest
radiography systems. Also, in our pursuit to depelogh energy physics radiation
detectors, we present a novel method to detectroreutoy exploring alpha detection
capabilities of isotopic boron doped a-Se alloys.

The synthesis of well-defined a-Se (As, Cl) allaysl boron doped a-Se alloys
have been carried out using a specially desigriegliad) reactor. The alloy composition
has been optimized to ensure good charge trangpaperties and opto-electronic device
performance. The synthesis of a-Se (As, Cl) allogs been carried out by thoroughly
mixing zone-refined (ZR) Se (~7N) with previouslynfiyesized Se-As and Se-Cl master
alloys. These synthesized alloys were then useutexsirsor materials for synthesizing

isotopically enriched boron doped alloys. To stwhd verify the desired physical,



electrical, and opto-electronic properties of thatkesized alloys, they have been
characterized by various characterization techmiqueeich as scanning electron
microscopy (SEM), x-ray diffraction (XRD), glow disarge mass spectroscopy
(GDMS), differential scanning calorimetry (DSC), rRan spectroscopy, Xx-ray
photoelectron spectroscopy (XPS), and current-geltd-V) characteristics. We have
achieved our goal, and have successfully grownlestaighly-resistive a-Se alloys and
fabricated single layer planar detectors which pgarform under high voltage bias with
low electronic noise. Results of high energy alplzaticle response with a specific
signature of thermal neutron detection using batoped a-Se alloy detector has been

successfully investigated and demonstrated.

Vi
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CHAPTER 1:INTRODUCTION

1.1 BACKGROUND

High resolution noninvasive tools of diagnosis laasays derived and enabled
scientific and medical research to probe and beitaterstand subtleties of matter,
intangible to the human eye. Radiation detectiostesys are important for medical,
security and research applications.

Currently new materials are being pursued for adearent in detector
technology. We need robust semiconductor matewdaish can offer better resolution,
stopping power, detective quantum efficiency anthatsame time are compatible with
the advancements in electronics.

Amorphous selenium has been an interesting phothumiive material which has
proven its use in various radiation detection apions primarily in medical
mammography systems. Our interest here at USC iisvéstigate in-detailed properties
after growing, purifying, alloying and charactengithis semiconductor. Our goal is to
grow stable high resistivity a-Se alloys and makels layer planar detectors which can
perform under high bias with low dark leakage aoirrédlso in our investigation we
present a novel method to detect neutrons by explalpha detection capabilities of
boron doped a-Se alloys. Hence, our studies opevel avenue of its use as solid-state

neutron detectors.



1.2 THESISOVERVIEW

Amorphous selenium alloy materials were synthesiftedh purified starting
materials to fabricate thin film and bulk alloy deass. Selenium starting materials were
purified using the horizontal zone refining (HZREhnique. High quality a-Se-As (9.5%)
and a-Se-Cl (50 ppm) master alloys, a-Se (0.52%Aspm CI) bulk alloy, and boron-
doped a-Se (0.52%As, 5 ppm CI) bulk alloy were lsgsized using a special alloying
reactor. The physical, optical, and electrical rtips were characterized, and the
performances of the fabricated devices were evadluat

There are six chapters to this thesis. In Chaptewdlution of x-ray detectors and
a brief introduction to the prevalent techniqued &érminologies have been discussed.
Also theoretical understanding of flat panel x-rmyagers (FPXI) and a brief survey of
the available photoconductors are also provided.

Chapter 2 describes the zone purification methoed u® purify starting Se
precursor material. The efficacy of zone-purifioativas measured by impurity analysis
of the zone-refined Se samples using glow dischangss spectroscopy (GDMS)
techniques. The chapter also elaborates on teolmigsed to synthesize good quality a-
Se (As), a-Se (Cl) master (MS) alloys, a-Se (A3,0Qlk alloys, and finally, boron-doped
a-Se (As, CI) bulk alloys. The results of compaositanalysis by mass-spectroscopy for
different alloy materials are also discussed hEneally, the fabrication process of the
a-Se (As, CI) alloy films on ITO/AI substrates aescribed in this chapter.

Chapter 3 describes various characterization tgclesi used to analyze physical,
electrical, optical, and spectroscopic propertiethe synthesized a-Se alloys and alloy

films. Results of characterization techniques sashscanning electron microscopy



(SEM), x-ray diffraction (XRD), differential scamm calorimetry (DSC), Raman
spectroscopy, Xx-ray photoelectron spectroscopy [XR&$d current-voltage (I-V)
characteristics are explained here.

Chapter 4 describes the fabrication and charaet#wiz of heavily B-doped a-Se
(As, CI) alloy films for its use as thermal neutratetector. Current-Voltage
characteristics of the boron doped alloy films tlien obtained at different temperatures,
resistivity is determined, and photosensitivityasorded.

Chapter 5 describes the step involved in fabricatad single layer planar
detectors based on B-doped a-Se alloys and dewamdaerization with high energy
alpha particles to demonstrate the device apptindtor neutron detection.

Finally, Chapter 6 concludes our work and discussesues for future research.

1.3 BACKGROUND OFX-RAY DETECTORS

X-ray detectors or imagers were first developediiedical applications, which at
that time was the primary source for its investmaf1]. At the time of its discovery,
Crookes tube was the source of x-rays and soomwgeaphic films were developed to
detect them. This detection scheme consisted oindil&ator (phosphor screen) which is
used to convert incoming x-ray photons to optidadtpns. These photons, which contain
the required information, are then recorded by @h@phic film emulsions and
consequently an analog image is created after da¢miocessing. This screen film (SF)
technique has been optimized, over the years,doe@able stopping power and spatial
resolution. However, this technique suffers froiffiedent limitations; the image has to be
acquired via chemical exposure and the informasastored in a fragile analog form, so

it cannot be remotely accessed, shared or trapsfefMso the duplicate image is of lower



quality, requires cumbersome work and incurs marst.cFor better image quality a
higher radiation exposure is required, which p@stwgeat to human health.

Hence for the past 40 years, research has beeedy¢awards digital x-ray
imagers. Digital radiography allows the use of ambes imaging techniques over screen
film technology. This technique has slowly evolwedjive high detection efficiency, and
better spatial, temporal, and energy resolution fl$o detection can be performed at
lower radiation exposure, which is of key interestmedical applications. Images with
better quality and display contrast are readily ilabbee for remote access and
consultation. The digital x-ray detectors are prgalivided into two broad categories,
storage-phosphor radiography (SPR) and digitabgrdphy (DR) systems [2].

Radiation detectors based on SPR technique were owadmercially available in
the early 1980’s and primarily consists a phos@ystem that captured the incident x-
rays as a latent image, which is a distribution etéctronic charges trapped in a
metastable energy level in the phosphor. This tateage formed by the electrons is
developed by illuminating the phosphor with rednear infrared laser. This expose and
read process involves a mechanical scanning stamifsng of the phosphor plate) and
hence results in poor efficiency and quality prittydsecause of noise [2].

Digital radiography (DR) has characteristic eleatireadout capabilities and is
subdivided into two techniques. Firstly, there mdirect conversion detectors in which
the x-rays scintillating phosphors such as Csl(GLO,S(Tb) convert the incoming x-
rays to light. This light is then detected by as®ary quantum detector or a digital flat
panel x-ray image detector which is usually congatief an array of photodiodes, thin

film transistors (TFT), complementary metal oxigemsconductors (CMOS) or charged



coupled devices (CCD) [2, 3]. These indirect comimT detectors have high detective
guantum efficiency (DQE) at higher frequenciestiaxe poor resolution because of light
diffusion inside the scintillator. Secondly, thene direct conversion detectors which are
more efficient as they use a photoconductor (priisnarSe) to absorb the incident x-ray
photons and directly convert them into charge easrielectrons and holes) which are
collected by an appropriately designed active madrray (AMA). There are various
discrete applications of these radiation detecors each application will impose certain
requirements so there is no single optimum radiadietector. Several photoconductors
have been explored and investigated as x-ray aegedor large area applications.
Properties, such as, attenuation depily @andgap energy ¢E electron-hole pair
generation energy (W), and carrier range (mu-tandyocts) of electrons and holes, for
some of these photoconductors for x-ray detececampared in Table 1.1.

Practical constraint such as large area fabricawbarge collection efficiency,
x-ray sensitivity, detective quantum efficiency (BQand unacceptable dark current
(leakage current) limits potentially good photococtdrs such as TIBr [4, 5], P46, 7],
Hgl, [6, 7, 8, 9], CdZnTe [10, 11, 12, 13, 14] and PBL3,[16]. Currently, only a-Se
based FPXIs have been commercialized and are pogafatheir high quality

mammography images [17].



Table 1.1. Properties of prevalent x-ray detedimrséarge area applications.

PhOtOSC;l r;gluctor 6 at20keV E, W, Electron Hole
S 5 at60 kevV eV eV pete CMV)  pnth (CMAV)
Stabilized a-Se 45 at 10 ]
Amorphous 49 um V/um 7 5 10
Vacuum 9og8um | 2% 20at30 10 107 g 400
deposition V/pm
Hgl»
Polycrystalline 23522“ m 2.1 5 10° - 10° 10°-10°
PVD Hm
Hgl,
Polycrystalline £ 2.1 5 10° - 10° ~10"’
252um
SP
CdosZngsTe
Polycrystalline
Vacuum 28£O“m 1.7 5 ~2 x 10% ~3x 10°®
deposition Hm
(sublimination)
Pbb,
Polycrystalline 22589“m 2.3 5 7x10°® ~2 x 10°
Normally PVD Hm
PbO,
Polycrystalline 12 um 7
Vacuum 218pm 19 8-20 5x 10 small
deposition
TIBr
Polycrystalline 18 um 1.5 — 3x
Vacuum 317pum 21 6.5 small 10°®
deposition

1.4 INTRODUCTION TOFPXISBASED ONAMORPHOUSSELENIUM

In 1959 Xerox used amorphous selenium based capieevolutionize document
reproduction since then there has been a growirgrest in understanding the
xerography and xeroradiography properties of tlisebent photoconductor [18]. Even
though a-Se has been replaced by inexpensive crgamtoconductors its use in

xeroradiography is still prevalent [19]. Over theays various readout techniques helped



in the modernization and development of these tm®dut they have all revolved
around the same basic principle. The a-Se photamtod surface is charged positively
i.e. an appropriate bias is applied and then #xposed to the incident x-rays which
selectively photo-discharged its surface passirg thie scanned object of interest.
Various read out techniques have been incorporadeitie secondary quantum detectors
for this charge distribution [20, 21]. Even thouai$e can be deposited over large areas
but the small area of the readout electronics &dhitvhat could be achieved. Recent
development in the a-Si:H (hydrogenated amorpholisos) based AMAs has
revolutionized and modernized these detectors enfthm of flat panel x-ray imager
(FPXI). FPXIs are being widely used and gaining apty in various x-ray imaging
applications. This can be primarily attributedhe fact that x-rays cannot be focused and
this limitation necessitates that the detectorsehavlarge area. An AMA is a two
dimensional array of pixels in which each pixel S FT (based on a-Si:H) and a
storage capacitor. The AMA is coated by a-Se ammtagpiate bias of about 10V/um is
applied across the surface [17]. Now after theiappbn of the bias an electric field is
established inside the photoconductor which alltveselectron hole pairs (EPHS) to drift
across the a-Se absorber layer and eventuallyofjetted by the respective pixels. These
collected charges on the array of pixels are thmoraing addressed and read which
forms final signal (digital image) [22, 23]. Thehematic of operation is depicted in
Figure 1.1. The gate of the TFTs is connected ¢oatiidress line and when a read signal
is applied it allows conduction of charge throulgk storage capacitors. This charge then
flows to a data line, output amplifier, analog tgithl (A/D) converter and then finally as

a pixel of the hence formed image [17].
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1.5 MATERIAL AND ELECTRICAL PROPERTIES OFAMORPHOUS SELENIUM

In practical development resolution is compromised some aspects and
optimized in certain aspects. Even though the tedemelopment in the electronics of
these detectors lead to their exponential developnibese detectors are still lagging
behind the excellent sources that have already Beeeloped. The focus in the detector
research is towards more robust materials which lmancoated uniformly with the
required thickness over large areas (such as 24 8thcm for mammography) and at the
same time have better detection and x-ray stopmagabilities [24]. Ideally a

semiconductor must have the following properties:-



o X-ray Photoconductivity: An ideal photoconductor llwhave high x-ray
sensitivity. lonization energy or electron-holerpgeneration energy\.:) is defined as
the amount of radiation energy required to geneaaimgle free electron-hole pair in the
semiconductor.  Usually semiconductors with narrband-gap have high x-ray
sensitivity and the follow Klien rule i.&\: = 3E;. Thus it is intuitive to conclude that
W, should be as low as possible but more importathiky generated charge has to be
efficiently collected. Many polycrystalline semiahrctors have lowew. as compared
to a-Se but currently lack the good charge colbecéfficiency [25].

. Low Dark Current: When a high bias is applied totplsonductor it leads to the
generation of dark current. This current is tydicdtom the thermal generation of
carriers and/or injection of carriers from the lbidgontacts at high fields. This is called
dark current because it is independent of the imegrphotons. Semiconductors with
wide band gaps have low thermal generation but kaveghotoconductivity. Blocking
contacts are deposited to retard the injectioraofiers but they have to be optimized so
that they allow the charges generated by x-raysxtbthe photoconductor, which will
constitute the signal. Currently commercially aabié a-Se FPXIs solve this problem
by depositing electron and hole blocking layershi respective contacts. Our goal here
at USC is to grow high resistivity a-Se alloys amdke single-layer direct-readout
planar detectors which can perform under high Widls low dark current.

o Charge Collection: When electron-hole pairs (EP&is)generated by the incident
x-rays they drift towards respective electrodeseauride influence of the applied bias but
some of the carriers are lost due to recombinadiuh traps in the photoconductor. The

EHPs should be able to travel farther and reackelédarodes. “Schubweg” is defined as



the mean distance traveled by a carrier in a beldre it is trapped and it is given by the
product of gE [21], where:-
— M is the drift mobility
— 1 is the lifetime
— E is the applied field
Hence “iE” for both electrons and holes should be gredtan tthe detector
thickness (L). In case of polycrystalline semicoctdus carrier range () greatly
depends on the purity and is affected by crystéals. Whereas carefully alloyed a-Se
(stabilized with As and CI) has good charge coitecefficiency for both electrons and
holes [21, 26].
o Quantum EfficiencyAg): The x-rays should be absorbed in the materidlthrs
property is controlled by the absorption coeffitiéw’, which depends on the energy of
the incident x-rays and also on the atomic nhumZ&rahd density " of the material.
Ideally “Z” and “p” should be as high as possible. It is also of primportance that the
radiation is absorbed within the detector, limitimgdiation exposure to patients.
Photoconductor thickness “L” should be greater th#enuation depths” or “1/ o”.
From Figure 1.2 we can see that at around 20 k890aum a-Se the attenuation depth
is 49 um which corresponds to 98.2%which is the case with commercially available
mammography systems. Also other photoconductors kigh “Z” such as PbO, Hgl
which have better quantum efficiencies, should tesiered for general radiography

purposes.
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Figure 1.2. Linear attenuation coefficienf ‘and depth 8" or “1/ o’ to photon energy
for respective photoconductors.

Crystalline semiconductors are difficult to growlarge areas and their process
temperature (typically 90C) is incompatible with the glass AMA substrate atsl
a-Si:H electronics. As a-Se is a highly developledtpconductors, thanks to its history of
use in xerography, conventional technique of vacul@mposition can be used to deposit
thick a-Se layerg[] 1200 um) over large areas. Substrate temperafu®-@o°C is
required for deposition of amorphous films, whishcompatible with a-Si:H TFT-AMA

substrates. Now as this film is amorphous it can dmimized with uniform

11



characteristics over large areas. Some prevaleygigdl properties of a-Se are listed in

Table 1.2.
Table 1.2. Physical properties of a-Se.

Physical Properties a-Se
Atomic Weight 78.96
Atomic Number 34
Covalent Radius 1.16 A
lonic Radius 1.98
Electronegativity 2.55
Electronic Structure [Ar] 3d'¢ 4¢ 4p*
Density 4.29 (gn?)
Glass transformation temperaturg)(T 48-50°C
Crystallization temperature {U 100-102°C
Melting Temperature 218°C
Micro-hardness (Vickers hardness number) 40 (kgf/mnf)
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1.6 ALLOYING CONSIDERATIONS FORSTABILIZED AMORPHOUSSELENIUM

It can be observed from Table 1.1 that the holegeais almost an order of
magnitude greater than that for electrons, andishiiecause a-Se is p type like all other
chalcogenide glasses. Mostly, chalcogenide arefestafl by the addition of impurities
as compared to crystalline semiconductors but &Sery sensitive to the addition of
certain impurities and this behavior can be tummedur advantage.

Pure amorphous selenium tends to crystallize owee,tresulting in a sharp
reduction of resistivity and hence leads to unaéée high dark current. When arsenic
(As) is alloyed with a-Se, arsenic triply bondshwséelenium making cross-links between

Se-chains (Figure 1.3) [27]. This increases viggostarding crystallization.

&

Figure 1.3. Structure of a-Se depicting Se chaatence alternation pair defects and
triply bonded As in the Se chain.

There are various tradeoffs with arsenic additisnt @lecreases hole transport by

decreasing hole lifetime, it reduces electron mbibut increases electron lifetime

13



resulting in a net increase in electron transpbrtorder to improve hole transport

chlorine (Cl) is added in the parts-per-million gpprange which counteracts this effect
but negatively affects electron transport [28].e®ifects on the electronics properties of
a-Se due to arsenic and chlorine doping are sumathin Figure 1.4. Consequently, it
has been found that arsenic and chlorine dopingligees the amorphous structure and
significantly improves the electrical properties @fSe as shown in Table 1.3 [29].

However, a careful control of alloying parametersrucial [30].

Holes Electrons
T U ik T H ur
As 1 0 ! I l |
Cl T 0 1 1l 0 [

Figure 1.4. Effect of Arsenic and Chlorine on thectonics properties of a-Se.

Table 1.3. Electrical properties of a-Se and siadidl a-Se alloyed with arsenic and
chlorine as found in literature.

a-Se Alloy (0.3%As +5ppm CI a-Se
Electrons Holes Electrons Holes

Lifetime, T (uS) 342 77.6 155 10.2
Mobility, p (cmfV's™) 2.86x10° 0.1183 4.10%10° 0.129
Charge-carrier rangesy| 9.79<10” 9.18¢10° 6.3%10°  1.3%10°
(cm?VY
Bandgap energy, £ 2.2 1.74
(eV) at 300 K
Work Functiony (eV) 5.88 5.88
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1.7 INTRODUCTION TOBORON DOPEDAMORPHOUS SELENIUMALLOYS

Thermal neutrons are among the most useful probesnfestigation of the
structural, magnetic and acoustic properties ofens. As a sustainable energy source,
nuclear energy has become an important componenatans’ energy portfolio. With
domestic and global expansion of nuclear powerdawlopment of nuclear fuel cycle
processes, there are growing concerns about th&eanuproliferation and nuclear
terrorism risk arising from potential access to cile nuclear materials (SNMs)
enrichment and reprocessing technologies. Thus ogemwnt of portable, high
performance, solid-state nuclear spectrometersi@gded for international safeguards to
monitor used fuel recycling activities, verificatiof nuclear non-proliferation treaty, and
surveillance of nuclear terrorism activities. Thendhnds of such detector are not fully
covered by the current detection system

Current methods of thermal neutron detection bygdarcumbersome gas
proportional counters or scintillator-photomultgalitube combinations are limited by
their detection efficiency, stability of responspeed of operation, and physical size. [31,
32, 33, 34] Furthermore, world-wide shortag€léé gas has further prompted to design
an alternative system. Therefore, a solid-statetroeudetection system without the
requirement ofHe will be highly desirable. To address these nemaisresearch group at
USC is carrying out research to construct a largesaightweight, high-resolution, and
very fast position sensitive thermal neutron detedtased on a highly boron-doped
amorphous selenium alloy film.

The proposed material has been identified for isynfavorable characteristics -

a wide bandgap (2.22 eV at 300 K) for room tempeeabperation, high glass transition
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temperature (tg ~84.6°C), a high thermal neutrorssesection (3840 barns, 1 barn =
10-24 cnj), low effective atomic number of Se for small gamray sensitivity, and high
radiation tolerance due to its amorphous struct\Miery large area neutron detectors
(>square meters) can be fabricated by tiling indiglddetectors using an already
established technology from medical imaging fie€l8][

In pursuit of a neutron detector natural isotrdpicon (°B) doped a-Se (As, Cl)
alloy materials were prepared. The use of bororedapSe (As, Cl) film as an efficient
thermal neutron detector relies on the presenc&®f which has a natural isotopic
abundance of 19.9%, but is also available in aitleed form £95%). The'°B nucleus
has a large cross section for thermal neutrons(Q(3&4ns), and the neutrons when
captured by thé’B nucleus undergo an (n) reaction, producing two energetic charged

particles [33, 34].

No
Thin Gold Film
¢ +
N\ |
Ohmic Contacts | 4., o ————— S/_\ __T____

4 d L7'
He‘++++++-|Q|3y++++++' Li

A fl ||

1°8_doped a-Se (As, Cl) Films Aluminum Contact _

0 71 %
108 4 In, ligs 94% > Li

\ 478 keVy
6% _v_7L_

|
B+ — > Li+ a+ 2.79MeV

Figure 1.5Conceptual design of a thermal neutron detectorguBidoped
a-Se (As, Cl) semiconductor films
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The released 2.79 MeV kinetic energy is sharedhayttvo charged particles
traveling in opposite directions (energy’af = 1.014 MeV and E= 1.78 MeV). As with
any charged particles of this energy, they havativgly short path lengths in solid
materials and would be readily stopped, deposithmgr kinetic energy. The kinetic
energy of the charged particles excites electroms the lattice conduction band and
displaces atoms from their lattice sites. The gameite-of-thumb for energetic light ions
in semiconductors is that for every two to threeets the bandgap in energy deposited,
one electron hole pair is created. The electrortstak into the conduction band (and
holes in the valence band) are free to move andpcaduce a measurable electrical
current upon application of an electric field asrdbe a-Se film. The resulting signal
pulse indicates the occurrence of a thermal neutapiure event. Standard nuclear-pulse
type, charge-sensitive amplifier electronics amdu® measure the current pulses.

Since boron doped a-Se (As, CI) alloys directlydoice alpha particles upon
neutron irradiation, the detector is capable to iworelpha events. Hence, if we can
monitor the alpha particle response, we can intdyrexcount for neutrons. In chapter 5
we show preliminary studies that validates changgticle response using alpha particles
as a surrogate for neutrons. This minimizes thel rieeuse of expensive neutron beam
time and/or the radiologically more challenging tnen source at this initial phase of
testing. A collimated alpha beam is employed to suea the uniformity of detector

response across a larger detector.
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CHAPTER 2:PREPARATION OF AMORPHOUS SELENIUM

2.1 OVERVIEW

Commercially available selenium (Se) typically tegpurity of 5N (99.999%).
Amorphous selenium (a-Se), as discussed previoisségnsitive to the addition/presence
of impurities even in the ppm range. We know a-8eel detectors are operated under
high fields like 10Vim. Now if impurities are present in the a-Se allbgy can create
native point defects, which may act as trappingemombination centers which limit
carrier collection. Also their presence can leadcharge buildup and influence the
uniformity of the electric field. This non-uniforrdistribution of electric field will
produce a non-uniform electrical response acrossd#tector which can seriously limit
the device performance.

Therefore commercially available selenium was fergburified using an in-house
horizontal multi-pass zone refining (ZR) systems@In our efforts to make stabilized a-
Se alloys with desired electrical properties weehdevised a custom deposition setup
and installed. The procedure primarily involveximg of the in-house zone-purified Se
with respective impurities with desired compositiosnan alloying reactor shown in
Figure 2.6. This unique alloying reactor was usedynthesize master and bulk alloys of

a-Se with different compositions.
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2.2 PURIFICATION OF SELENIUM PRECURSORMATERIAL

2.2.1 Zone Refining Technique

Zone refining (ZR) was developed as a method ofifypng various
semiconductor materials in the 1950’s. [36] Thafining method is based on the fact
that most impurities distribute differently in sbland liquid phases at equilibrium. If a
section of solid material is melted (a ‘zone’) amd maintain the molten zone while
slowly passing through the feed material, in a ieaus fashion, this will result in the
re-distribution of impurities in the remaining gbli If this process is repeated many times
(multi-pass zone refining) the resulting solid wbldecome extremely pure at one end
Figure 2.1. In general, the solubility of impurgies larger in the liquid than in the solid
phase. Hence, impurities are transported with th@tem zone and relatively pure
material is left behind.

The extent of zone refining purification depends tbhe impurity segregation
constant, k = gC., between the solid and liquid states. At thermeaaiyic equilibrium,
Cs is the impurity concentration in the solid phasd & is the impurity concentration in
the liquid phase. Hence at small k value, one cgre@ effective zone-purification
because now impurities have an increased preferensgay in the melt as shown in
Figure 2.2. As we repeat the process (a multi-pass refining process) will enable us to
obtain extremely high purity precursor materialslaswn in the theoretical computations

in Figure 2.3.
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Figure 2.1. A schematic of the zone refiner usegutafy Se precursor materials. The
heater ring slowly traverse the length of a sealegoule containing the Se precursor
material to be zone refined. The heater ring ntedtsnaterial, each creating a 1” molten
zone that moves through the feed material fromeseto the other end (left to right). As
the liquid Se re-solidifies, it becomes more pwhile the impurity moves with the

molten zone.
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process with distribution constant k = 0.05, mis humber of scans (passes).
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2.2.2 Ampoule Preparation for Zone Refining

The preparation for the zone refining process weolcleaning the ampoule,
filling it with the selenium material (shot formjemoving water and other volatile
contaminants by heating under a vacuum, and firsglaling the ampoule.

The quartz ampoule used for the zone refining m®ogere manufactured by
Quartz Scientific, Inc. (length = 50 cm, OD = 19 mamd ID = 16 mm). The first 30 cm
was used to hold the Se and the remaining 20 cnuses as a ‘handle’ once the ampoule
was sealed. The open ampoule was then thorougldgnet using the following
successive cleaning process:

v' Soak with acetone one time for 5 minutes.

v" Soak with methanol one time for 5 minutes.

v Etch with 10% HF (aqueous) for 5 to 10 minutes.

v" Rinse with de-ionized water (18M) at least 10 times and then dry with argon gas.
v’ Bake the clean ampoule overnight at %G0nder argon flow~0.25 liter/min).

The precursor Se shots with a stated purity of Sewpurchased from Alpha
Aesar for the zone refining process. It was puretdas 500-g lots, which were
convenient to the capacity of the zone refinercase the Se shots packed rather loosely
in the ampoule, the feed material was melted ifivtst a continuous solid mass by using a
separate resistance heated tube furnace. The 8eniaterial was then loaded into the
cleaned, open ampoule. A quartz plug was insempgdoaimately 12 inches above the
bottom of the ampoule. The ampoule was then evadu@ 2x10 Torr while
simultaneously being heated to about @5Qo0 remove any water vapor or volatile

organic contaminants from the feed material. Afsching a 2x1® Torr vacuum, a

22



hydrogen-oxygen torch was used to seal the tul@aparation for the ampoule being
loaded into a horizontal tube casting furnace.

A casting step melted the shot form of Se intorlpolycrystalline ingot suitable
for horizontal zone refining. The recrystallizetyot stayed at the bottom half of the
ampoule and stretched almost the full 12" lengths Tequired a furnace temperature of
about 275-29%C (melting point of Se is 22€) for 2 hours.

Next the zone refining process, which involved ma@agses and took several
days, segregated impurities from one end of thi madterial to the other end. The ZR
process for Se was conducted in a specificallyghesi horizontal zone refiner equipped
with a single-zone furnace. One of the principasmns for using horizontal zone
refining was to provide room for expansion of theer8aterial upon melting and thereby
eliminate the problem of cracking ampoules. ThidsBe-ingot reached only half the
radial width of the ampoule. Hence the materiad baough room to expand without
creating stresses in the quartz.

The heater ring temperature was maintained at'@58sing a temperature
controller. When the heater rings reached stetate sit the regulated set temperature,
the computer was programmed to execute the zomangfroute. A preset program
controlled the motion of the heater. The heateesewmoved very slowly (4 cm/hr)
across the length of the ampoule until they pasisedentire ampoule. At this stage, the
direction of motion was reversed and the heatersmred to the starting point rapidly.
The fast pace ensured that none of the ingot nuitéhg the reverse motion. This

constitutes one zone refining pass.
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After a number of zone refining passes, the efééqiurification is even evident
to the naked eye. The material in the startingaredooked shiny and pure, while the
material at the end region (where impurities wegregated) looked dark and dull. After
completing 27-45 passes, the purest part of then@#-was removed, typically done in
an argon-controlled glove-box environment. The amipavas cut open by scribing and
snapping, and the material was removed from theoafepFor each ZR run, the impure
end of the Se-ingot was cropped from the pure nahtby breaking the ingot material
mechanically. The amount of ingot material deteediras ‘cleaned’ was chosen by
uniformity of shiny color. The removed ingots wénen stored separately in argon-filled
polyethylene bottles; each was labeled to keefktohche starting Se-material and ZR

run number. The appearance of the zone refinedd®és is shown in Figure 2.4.

Figure 2.4. Zone refined a-Se ampoule after 27esycl

2.2.3 Impurity Analysis of Zone Refined Selenium

To examine the outcome of ZR process, zone-refsednium material were
analyzed using glow discharge mass spectrometryM&Dto determine the presence
and concentration of different impurities and coregato that of non-ZR Se samples.

Samples were tested for 72 elements from Li to Ritypical GDMS analysis data are
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presented in Table 2.1, which shows concentranbedemental impurities in Se material
before and after zone refining. The data clearlynalestrate that the impurities were
segregated at ‘the impure end’ of the zone refimedterial, and the impurity
concentrations in Se material were reduced up 890y ZR process after 27 passes.
The impurity concentrations were further reducdadrad0 ZR passes as shown in Table
2.2. The results confirmed that purification by 4fRocess reduced several dopant
impurities in commercially bought Se precursor. isTlzone-purified’ Se material was

then used to make Se-alloys.

Table 2.1. A typical impurity analysis data by GDMS

Impurity Concentration, ppmw Impurity Concentration, ppmw

Semer™® [ =] SheEE| P [Tme ] e

Major Major _ 0.10 0.01
<0.05 <0.05 _ 0.30 0.06
“ <0.05 <0.05 _ <0.01 <0.01
“ 0.05 0.03 _ 0.05 0.02
0.95 0.22 _ 0.20 <0.1
0.10 0.06 _ <0.1 <0.1
0.22 0.10 _ <0.1 <0.1
7.6 1.5 _ <0.1 <0.1
“ 0.11 0.045 _ <1 <1

1.0 <0.5 _ <0.5 <0.5
0.80 0.18 _ 0.13 <0.1
0.20 0.08 _ <0.5 <0.5
0.50 0.1 _ <0.1 <0.1
0.022 <0.01 _ <0.1 <0.1
<0.01 <0.01 _ 7.5 <1

0.15 0.1 _ 0.25 0.10
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Table 2.2. Impurity analysis by GDMS showing redtuetin elemental impurity (dopant)
concentration in Se material after zone-purificatio

Element Concentration Concentration
before ZR after ZR

Major Major
6-8 ppm <4 ppb
“ 16 ppm <6 ppb
12 ppb Not Detected
4-6 ppm Not Detected
25 ppm 0.2 ppm
10 ppm Not Detected
6 ppm Not Detected
4-6 ppm 0.4 ppm
6-8 ppm 0.35 ppm
10-12 ppm Not Detected

2.3 AMORPHOUSSe (As,Cl) ALLOY SYNTHESIS
2.3.1 Introduction to Alloying Reactor

The preparation of well-defined and high qualit$@{As, Cl) alloy material was
conducted using a specially designed alloying meaethich is schematically presented
in Figure 2.5. After zone purification, the respeetalloy ingredients are measured and
mixed in the reactor. A picture of the alloyingc#or is shown in Figure 2.6. The reactor
operation is customized with a specific temperapnafile for each alloy. The Process

cycle was operated in a glove box maintained inra prgon atmosphere.
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Figure 2.5. Schematic diagram of a-Se alloyingtac

Figure 2.6. Picture of an alloying reactor setup.

27



2.3.2 Master alloy synthesis

To prevent/retard crystallization rate of amorpheakenium, it was alloyed first
with As. During our effort to make a-Se (As, Cllpgs, we have found that a-Se with an
As content of ~0.52% is totally resistant to crystation. It has also been reported to
improve the mobility-lifetime product for electroasd to reduce that of holes. A very
small amount of Cl (-5 ppm) compensates the effécA on the charge transport
characteristics and drastically increases theirtietof holes, while it decreases that of
electrons [37].

In order to prepare a-Se (As, CI) alloys, first qubte quantities of selenium
arsenic master alloys (Se-As) and selenium chlommaster alloys (Se-Cl) were
synthesized. For Se-As master alloys, zone refsaéehium was crushed and mixed with
99.9999% pure commercially available arsenic. Sirhyil Se-Cl master alloy was made
by mixing zone refined selenium and SgQdlhe flow sheet diagrams, the temperature
profiles of master alloy (Se-As and Se-Cl) synthesid the pictures of alloy shots are

presented below in Figures 2.7 to 2.12.

Impeller
ZR Se (540 gm :
Ar (15 Sth)g: e_|(_ gm) — | Rotation (32
As (6N) purity (51.3 gm - 350 rpm)

(685 - 70(°C)
Figure 2.7. Synthesis of Se-As MS alloy.
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Figure 2.8. Temperature profile of Se-As mastayatlynthesis.

Figure 2.9. Sample#1 Se-As master alloy wet shet8.A%.
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Figure 2.11. Temperature profile of Se-Cl mastlyadynthesis.

Figure 2.12. Sample#2 Se-Cl master alloy wet s66&34%.
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2.3.3 Alloy Synthesis a-Se (As 0.52%, CI 5ppm)

Zone refined Se was thoroughly mixed and crushel pieviously synthesized
9.5% Se-As master alloy and 50 ppm of Se-Cl mazlley. The alloy-processing
synthesis route was conducted in a tightly argamrotied glove box. The alloy reactor
was heated in a controlled manner to abouf@75 5.5 hours) and homogenized by a
rotating impeller (425 rpm). The melt was cooled34(C and the shotting performed
with a SS 316 shotter maintained at ¥2%n a shotter plate afG. The flow sheet
diagrams of a-Se (As, Cl) alloy synthesis are presgkin the Figure 2.13. The pictures of
a-Se (As, CI) alloy shots with varying As and Chcentrations are presented in Figure
2.14 and Figure 2.15. The compositions of the warisynthesized alloys were
determined by Inductively Coupled Plasma Mass 3pewtry (ICP/MS) analysis. In an
ICP/MS system high-temperature ICP source contkdsatoms of the elements in the
sample to ions. These ions are then separatededacteld by the mass spectrometer [38].

The composition determined by ICP/MS for differanfe alloys are presented in Table

2.3.
ZR Se (540 g) + Impeller
Ar (15 scfh)$:> As MS alloy (29.7 g) + |~ Rotation (400
CI MS alloy (54.3 g) - 425 rpm)
(465 — 485°C)

Figure 2.13. Synthesis of a-Se (As, ClI) bulk alloy
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Figure 2.14. Sample #4 a-Se (As 0.52%, Cl 5 pptay alellets.

Figure 2.15. Sample #3 a-Se (As 10.2%, Cl 60 ppioy pellets.
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Table 2.3. Compositions of Se-alloys by ICP/MS gsial

Se Major

As 9.42+ 0.1%

Se Major

Cl 49+ 2 ppm
a-Se-As-Cl Se Major

As 0.52+ 0.01%

Cl 5+ 1 ppm

2.4  FABRICATION OF a-Se(As 0.52%,Cl 5Sppm)ALLOY FILMS

After preparation and detailed analysis of the aalk®ys, various alloy films of
different thickness were deposited over aluminum HO coated glass substrates. It is
very important to carefully control the thin filnepgosition process. Substrates have to be
prepared before a-Se can be deposited. This ptepasiep insures surface uniformity
and improved adhesion. We have used ITO coated §gl@ss substrates. (25 Ynand
aluminum oxide substrates. Oxidized aluminum (Alpstrates were used as aluminum
oxide acts as p-like layer which blocks the injectiof electrons from the respective

negatively biased electrode.

2.4.1 Substrate preparation

The ITO coated glass substrates were rinsed imetHar 2 min, followed by
acetone for 2 min and then sonicating with isopngpaFinally they were rinsed in

deionized water and drier under nitrogen.
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The Al substrates were cut to desired sizés X11’, 1.5' x 1.3, 2" x 2",
and 4 x 4"). To get rid of the unwanted impurities on itsfaoe, the substrates were
then ground, lapped and polished successively iy @mery paper, zirconium oxide
powder, and fine alumina powder of various graresidown to 0.3 pum. At this point the
Al surface had a near mirror finish. Then, the Abstrates were etched for 2 minutes
with an etchant (kPO : CH;COOH : HNQ : H,O = 4:4:1:1 by volume) and rinsed with
Deionized water. After etching, most of surfacdedts were removed. Figure 2.16
shows the scanning electron microscopy (SEM) imadesnooth surface of prepared Al
substrates at different magnifications. Finallyg Bubstrates were oxidized in a furnace
by heating them at 350°C for 3 hours in air. Afteg subsequent etching and oxidation,
the surface of the Al substrates became whitisteatsof a dark gray color. This whitish
color is representative of the presence of alumioxide. This substrate preparation step

is critical because poorly prepared substratedtrieslarge leakage currents.

SEM HV: 10.0 kV WD: 3.33 mm VEGA3 TESCAN| SEM HV: 20.0 kV WD: 11.08 mm VEGA3 TESCAN
SEM MAG: 175 x Det: SE 200 pm SEM MAG: 5.54 kx Det: SE 10 pm
View field: 1.58 mm  Date(m/d/y): 03/11/13 usc View field: 49.9 pm  Date(m/d/y): 03/11/13 usc

Figure 2.16. SEM image of prepared Al surface {d)/& x magnification and (b) at
5.54 K x magnification.
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2.4.2 Film preparation

After substrate preparation, thin film depositioasacarried out using our thermal
evaporation facilities using a CHA SE 600 evapardtigure 2.17 shows the schematic
of the thermal evaporator system used for a-SeClAslloy film preparation. This
evaporator is equipped with planetary rotation eystand high vacuum pressure of
2x10°® Torr can be achieved. Vacuum fixtures and sulestexhperature accessories were
installed within the thermal evaporation system.p@tion of a-Se necessitates a
substrate temperature of 60°65s0 that the resulting film will be amorphous.

Film depositions in the thermal evaporator were mooed by a quartz crystal
thickness monitor. Usually a test sample is plaeath the depositions and the
corresponding film thicknesses was measured bydBdkA surface profilometer.

First the substrate is loaded on to the planetaiating discs where they are held
by thin tungsten wires placed on the edges. Theadkealloy is then measured and loaded
in a molybdenum boat. Up to three different boats be simultaneously loaded in the
thermal evaporator but in our depositions we uguskd a single boat.

The vacuum chamber was evacuated to abed0?2 Torr and the chamber
temperature was raised to 100°C in order to gedfrimhy moisture. After about 5 mins at
100°C, the chamber was allowed to cool down to 6@f@ch also represents the
substrate temperature. For film deposition, itasassary to grow the films with precisely
controlled substrate temperature so that the filowg with amorphous phase. Finally by
controlling the boat power amorphous films up to G-gfn in thickness were deposited.
During deposition, the alloy film can be polycrybte if the temperature of the film is

above its crystallization temperature. Because s#slenium alloy has a poor thermal
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conductivity and has a lower glass transition temafee than conventional
semiconductors, it is difficult to avoid the polgystallization if we deposit the film
continuously for long time. Thus, we have continslgumonitored the substrate
temperature during deposition process. If the satestemperature reached around 10°C
below the transition temperature, the film was edaflown by turning off the power to
the evaporation source. Then, the deposition wasmed when the substrate was
sufficiently cooled down. By this way, we have bedate to deposit films up to 300 um

thickness with complete amorphous structure.

Temperature
Controller

Substrate Heater

Tt |

Thermocouple

-—Ew Subsirate
| Power
Crystal Coniroller
Moniter

Thermocouple

Open B oat
(Stainless steel)

Vacuum Chamber

Vacuum
Pump

v

Figure 2.17. Thermal evaporator system and acdessor
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The appearances of a-Se (As, Cl) alloy films aes@nted in Figure 2.18. The structural,
physical, and electrical characterization of a-8g, Cl) films on ITO/Al substrates were
carried out in details and described in ChapteE@&aluation of the surface morphology
and composition was conducted using scanning electricroscopy (SEM) and X-ray
diffraction (XRD) was used to confirm amorphoususture. The optical absorption study
was conducted to estimate the bandgap energyREsistivity and leakage current of the

film was estimated from the current-voltage analysi
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Figure 2.18. Amorphous Se (As, ClI) alloy films drx11” Al substrates.

2.5 CONCLUSION

In this chapter firstly purification by zone reing technique is reviewed and the
effectiveness of this technique is analyzed by gldischarge mass spectroscopy.
Secondly the purified Se materials were alloyedhwis and CI in the desired
compositions and amorphous alloys were synthesiZdte compositions of the
synthesized alloys were characterized by ICP/M3yaisa In the following chapter these
electrical and

alloys will be further characterized to understattieir optical,

spectroscopic properties. Also in chapter 4 boroped alloy synthesis is discussed that

uses similar alloying principles.
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CHAPTER 3:CHARACTERIZATION OF AMORPHOUS SELENIUM
ALLOYS AND ALLOY FILMS

3.1 OVERVIEW

Various characterizations have been performed deroto study and verify the
desired physical, electrical, optical and spectpacproperties of the synthesized alloys.
In order to understand the structural propertiethefalloys they were characterized by x-
ray diffraction and raman spectroscopy. Opticabghison study was performed to obtain
band gap of the alloys. The a-Se alloys were s@aelhy x-ray photoelectron
spectroscopy to examine for any compound forma#iod impurities. Finally current-

voltage measurements were performed to find thetredal resistivity of the alloys.

3.2 X-RAY DIFFRACTION

In order to get a diffraction pattern, the grour8epowder is bombarded with x-
rays. When these x-rays interact with the mateti@y either get diffracted or
transmitted. Now because of unique physical progsefike composition, lattice spacing
and arrangement, the incoming beam gets diffraatedharacteristic angles. Intensity
versus angle plot is measured to determine thesponding material. The wavelengths
of the x-rays used in these experiments vary fréno1100 angstrom.

XRD was carried out for a-Se samples at differdidymg stage. For each
sample, first a mortar and pestle was used to ghadample into a fine powder and then

pressed to obtain a-Se pellets as shown in FigureT8e x-ray diffraction pattern was
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obtained using a Rigaku D/MAX 2100 Powde-ray diffractometer (Cul radiation,A =
0.15406 nm)XRD study was first carried out for zc-refined Se precursor materi
Samples from both endspdre and impur—were analyzed and the data are present
the Figure 3.2 The data shows that the precursor Se material ppagrystalline in

natureas evident from the characteristic diffraction =

A

Figure 3.1 Standard Ground and press+-Se pellets (2mm thick and 13 mm
diameter) used for XRD characterizatis

(a) Zone refined Se Pure end (b) Zone refined Se Impure end
(121,211) - (121,211)
100 ] (@11)

3 80 8 80+

3 :

c c

Q 8 604
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20 4 (400)
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Figure 3.2 (a) XRD pattern of pure end of zone refined sel@n (b} XRD pattern of
impure end of zone refined selenil
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Powdered a-Se (As, Cl) alloys were then charaaeérlzy X-ray diffraction. A
typical XRD pattern of the powdered a-Se (As, Abyais shown in Figure 3.3. From the
X-ray diffraction pattern is can be observed thé#ftattion peaks because of compound
formation, extraneous phases or segregation areprestent [39]. Hence the XRD

confirms the amorphous structure of the stabilaege (As 0.52%, CI 5 ppm) alloy.

309 Powder XRD of aSe (As 0.52%, Cl 5ppm)
3
s 20
[72])
c
3
£
o
g
=
= 10
0 T T T T T T T T T
10 20 30 40 50 60
2 Theta (deg)

Figure 3.3. XRD pattern of a-Se (As 0.52%, CI 5 ppitoy.

An XRD pattern of a-Se (As 0.52%, ClI 5 ppm) thimfion ITO coated glass is
shown in Figure 3.4. There are no diffraction pe@entifiable for any major or minor
crystallographic orientation. The observed diffiactpattern corresponded very well to
the standard x-ray pattern for Se alloys with arhoys structure. No other peaks due to
impurities or any other phases were observed withen sensitivity of the instrument
(0.1%). Thus XRD confirmed that a-Se with an Asteah of ~0.52% and CI content of

~5ppm is totally resistant to crystallization.
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Figure 3.4. XRD patterns of amorphous (top) angqgrgktalline (bottom)
a-Se (As 0.52%, CI 5 ppm) alloy films.

3.3 SURFACEMORPHOLOGYSTUDIES

Scanning electron microscope (SEM) typically worky bombarding the
semiconductor sample surface with focused beamgbkdénergy electrons. When these
electrons interact with atoms in the sample, thegpce various signals that are detected
and they contain information about the sample'sreal morphology (texture), chemical
composition, and crystalline structure and orieatatIn most applications, data are
collected over a selected area of the surfaceeot#imple, and a 2-dimensional image is

generated that displays spatial variations in tipesperties [40].
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SEM studies were carried out at the Electron Micopy Center of USC.
Amorphous Se (As, CIl) alloy samples were prepamad SEM analysis using the
following sample preparation steps. The surfaceghef 1 inchx 1 inch x 0.33 mm
aluminum (Al) substrate was cleaned and polishefingyalumina powder — of 1 micron
followed by 0.3 micron grain size - for a mirronigh and then etched with etchant. Then
the substrate was cleaned successively with aceism@opanol and DI water, and dry
cleaned with an ultrasonic vapor degreaser. On dlean, scratch-free surface of
Al-substrate, a-Se (As, Cl) alloy film was depogitey thermal evaporation. Details of
the film deposition processes are described irSéion 2.4. A gold (Au) top contact of
about 50 nm was sputtered by a DC sputtering Tihie. conductive gold coating prevents
charge build-up on the a-Se sample during highluésa electron imaging applications.
The microscopic surface morphology of the alloynfils presented in Figure 3.5 that

reveals smooth and shiny surface with no pinhalesp scratches or major defects.

SEM HV: 30.0 kV WD: 5.18 mm VEGA3 TESCAN

SEM MAG: 68.5 kx Det: SE )]
View field: 4.04 um Date(m/d/y): 03/11/13 usc

Figure 3.5. SEM image of a-Se (As 0.52%, CI 5 pphoy surface on Al-substrate.
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3.4 RAMAN SPECTRSCOPY

Raman spectroscopy is a spectroscopic technique tes®bserve vibrational,
rotational, and other low-frequency modes in aeystit relies on inelastic scattering, or
Raman scattering, of monochromatic light, usuatignt a laser in the visible, near
infrared, or near ultraviolet range. The laser tligiteracts with molecular vibrations,
phonons or other excitations in the system, rasylin the energy of the laser photons
being shifted up or down. The shift in energy giwe®rmation about the vibrational
modes in the system.

Typically, a sample is illuminated with a laser fed.ight from the illuminated
spot is collected with a lens and sent through aocnbromator. Wavelengths close to the
laser line due to elastic Rayleigh scattering dreréd out while the rest of the collected
light is dispersed onto a detector.

Raman spectra were recorded in a Horiba-Yvon LabR#R800 system in
backscattering geometry and confocal configuratboi@84-nm diode laser with a power
density of 1 W/crhwas used as the light source. Amorphous Se samjilesdifferent
doping concentrations of As and Cl were analyzedh®y Raman Spectroscopy. The

details of these samples are specified in theviatg list.

Sample ID Sample Specifications

S 07270 a-Se-As master alloy

S 0727G a-Se-Cl master alloy

S 0727R a-Se (As 0.52%, CI 5ppm) alloy
S0727Y a-Se (As 10.2%, CI 60 ppm) alloy
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Figure 3.6 shows room temperature Raman spectaaS# related samples. It is
seen that the spectra of a-Se-As master alloy 2Oy and a-Se (As 0.52%, Cl 5ppm)
alloy (S 0727R) are almost identical. Seven vibratl modes located at 40(41), 59(60),
77, 110, 133, 228 and 251 ¢nare found. Compared with the spectrum of S 0727R,
spectrum of a-Se (As 10.2%, Cl 60 ppm) alloy SO7po¥sesses one more peak and one
more shoulder located at 216 and 205'cithe spectrum a-Se-Cl master alloy (S 0727G)
seems to be different from others. Only two vilmaél modes located at 142 and 234 cm

L were found.

—— S0727G 251
S 07270 Q
||—— so727R i
—e— S 0727Y 205 216 § i
80 75 4p9 'i

4 35

Raman Intensity (a.u.)
' § =~
N N z
", !

s

\
142 j L
5I0 160 1 50 200 250 300

Raman Shift (cm™)
Figure 3.6. Room temperature raman spectra of amoagselenium samples excited
with 784 nm laser.

44



The Raman spectra of a-Se in metastable monodario were reported by
Lukovsky [41] and Gorman [42]. Lukovsky found caeteristic vibrational modes at 50,
80, 112, 138, 235 and 250 ¢mwhile Gorman gave the corresponding modes a1 80,
132, 234 and 250 ¢ Among them the 112 chrwas regarded as $eng and ring like
species in the amorphous structure [43, 44].

The 235 crit mode, was linked to the trigonally crystalline &in structure.
Thus the absence of the 235tmode in the samples S 07270 and S 0727R , whech ar
a-Se (As,Cl) alloy materials, indicates that trigliy crystalline Se chain structure is not
present. Peak at 251¢nis related to helical and string chains of thecttire present in
amorphous selenium. This peak was present in b@F230 and S 0727R a-Se (As,Cl)
alloy samples and agrees with the published |ieest [45, 46]. Therefore, amorphous
state was confirmed for the samples S 07270 antR3R). The sample S0727 G (a-Se-
Cl master alloy) was unstable form of trigonal stame as confirmed by other researchers
[47, 48].

Figure 3.7 shows temperature dependence of Ranetragor a-Se (As 0.52%,
Cl 5ppm) alloy sample (S 0727R). Temperature eftectthe vibration modes of the
sample is found insignificant. It is observed ttta¢ Raman intensity decreased with
decreasing temperature (as expected), however, iRamtt was very small. All modes

shifted slightly to lower values at higher temparat(less than 1 cfnfrom 77 K to RT).
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Figure 3.7. Temperature dependence Raman speqgtsostthe sample
S 0727R - a-Se (As 0.52%, Cl 5ppm) alloy.

46



3.5 DIFFERENTIAL SCANNING CALORIMETRY

Differential Scanning Calorimetry (DSC) measuremsentre performed in TA
Q200 system. DSC measures the temperatures anfldvesitassociated with transitions
in materials as a function of time and temperatar@ controlled atmosphere. These
measurements provide quantitative and qualitativ®rimation about physical and
chemical changes that involve endothermic or exatleprocesses, or changes in heat
capacity. We have used this technique to deternmaemelting points and the heat of
fusion (HF) for the a-Se alloy samples [49].

For our investigation, the heating rate was ked@QtC/min. DSC analysis was
carried out for the four a-Se alloy samples withiouzgs As and Cl concentrations. Figure
3.8 shows typical DSC curves of heat flow with vagytemperature. The melting point
was determined from the onset of a valley and de bf fusion was determined from the
area under the respective valley. For S 0727CGe(&lSnaster alloy), the melting point
(MP) is found to be 219.6°C and the heat of fuseooalculated to be 75.0 J/g. S 07270
(a-Se-As master alloy), the MP is 98.7°C; the HE(8.3 J/g. For S 0727R which is a-Se
(As 0.52%, Cl 5ppm) alloy, the glass transformatiemperature is 50°G, M.P is
215.3°C, and the HF is 55.2 J/g. For S 0727Y wiscSe (As 10.2%, Cl 60 ppm) alloy,
the values are slightly higher as expected. Fos #dloy the glass transformation
temperature is 56.8C, the MP is at 225.3°C and the HF is 75.4 J/g.s€hdata are in

agreement with the data published by Holubova.q448].
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Figure 3.8 DSC trace scan 10°C/min of a-Se alloys
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3.6 OPTICAL ABSORPTIONSTUDIES ONa-Se&(As,Cl) ALLOY FILMS

The analysis of optical spectra over a wide rangehoton energy has been one
of the most productive tools for understanding degieloping the theory of electronic
structure in crystalline and amorphous solids. Tmical absorption studies were
conducted on B-doped a-Se (As, Cl) alloy films ®@Iglass substrate. Figure 3.9 shows
a typical optical absorptiothav) vs. incident photon energyyg, eV) curve. An ITO
coated glass slide was used as the reference, rendrialues of optical absorption
coefficient @) were not corrected for the reflection of the wlkurface. The energy
bandgap (F was estimated by extrapolating the linear regmfnthe curves to
(haw)'? = 0 [50], and the value of,Bvas estimated to be about 2.21 eV at 300K which is

in close agreement with other a-Se based alloys28]7

500

400

300

200

(hva)?

100

| . . 0
1.2 1.7 22 2.7 3.2

Photon Energy (eV)

—a-Se (As, Cl) alloy film (0.41 um)
—"A" film annealed at 90C for 15 min
—"A" film annealed at 120C for 15 min

Figure 3.9. Optical absorption studies.
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3.7 X-RAY PHOTOELECTRONSPECTROSCOPYSURVEY SCAN

The XPS survey scans on a-Se (As, Cl) alloy mdtesaa carried out to examine
As, and CIl concentrations at the surfaces and &om@e presence of any compound
formation and other impurities. The XPS investigas were carried out using a Vacuum
Generator ESCALAB MKII equipped with XPS/Auger spemeter with a Mgl
source (E=1253.6 eV) with 300 W power at 15 KV. &atquisition and analysis for
XPS used a Physical Electronics multiple techniguoalytical computer system. The
peak energies were measured after the data weretlsedo Figure 3.10 represents a
typical XPS survey scan for a-Se (As, Cl) alloyeeTobserved binding energies for Se,
As and CI are in the correct range as found inliteeature [46].0Other than unavoidable

peaks of oxygen and carbon there are no peakmfmurities.

3 E+D5

Se (LM M

o
=
=
=
il
= )
= =
= o, 3
=

2. E+03 -

Cls

== Se (Ap)

Se (MM

1.E+05 -

(ady

&

0.E+DD

1400 1ze9 el=3-1-] i-9-1-} -1} 4@@ ZoQ -]

Binding Energy [eV]

Figure 3.10. XPS survey scan on a-Se (As, Cl) allafer.
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3.8 ELECTRICAL CHARACTERIZATION
Currentvoltage measurements were performed to evaluaterdhistivity of

various a-Se adlys in order to determinheir usability as radiation detecto

3.8.1 Device Fabricatior

The aSe (As, Cl) alloy filmsof 6.25 cnf in area on aluminunsubstrate wer
used for device fabricatioiMetal contacts were deposited on the top surfatteealloy
films using metallization shadow mask techniquee Tdottom contact was oxidiz
aluminum and the top contact was semitransparddt @ahickness -10 nm deposite
by DC sputtering. Thin comp wires were attached with silver epoxy and theact are:
(0.03 cnf) was encapsulated with very thin epoxy adhes The fabricated devices wi

different sizes of top gold contact are presenteFigure 3.11 and Figure 2.

Figure3.11. Al/a-Se(As,Cl) alloy/Au film #1.
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Figure3.12. Al/a-Se (As, Cl) alloy/Au film #2.

3.8.2 CurrentVoltage Measuremer

In order to perform the-V characterization of amorphous selenium sample
shieldedaluminum box was used to hold the samples and girtlhem from electrice
interferences. As shown below the box contaiogramector to interface the sample w
Keithley 237. The sample is placed on top of a conductiagestvhich contains a bottc
contact and a thin strip of cop}, which touches the top of the sample, ant$ as the to

contact.

« Top Contact

—sBottom

KEITHLY 237

Connector

High
Voltage
Connector
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When a voltage is applied, current flows through &Se alloy film device. This
relationship is used to measure the dark currenthe current flowing through the alloy
in the absence of irradiation. This experiment pagormed at room temperature and on
a vibration free table. From Ohm’s Law resistant¢éhe sample is determined which is
the inverse of the calculated slope of the I-V plidie resistivity is calculated using the
following equation:

p=R-
Wherep is the resistivity of the a-Se alloy in Ohm-cmjsRhe resistance in Ohms, A is
the contact area (& and L is the thickness (cm) of the a-Se alloy.

Current-voltage (I-V) plot of different a-Se sangphlae presented in Figures 3.13
— 3.16, and the calculated resistivity and resttaof the samples are summarized in
Table 3.1. The measured resistivity was estimtidze about 2x1'0 Q.cm for a-Se (As
0.52%, CI 5ppm) alloy films whereas that for a-8e 0.2%, Cl 60 ppm) alloy film was
6.5x10° Q.cm. Therefore, a-Se (As 0.52%, C| 5ppm) alloy makewhich is highly
amorphous, showed very high resistivity as requfoedradiation detector applications.
The dark (or leakage) current density was also lewyfor the above alloy composition -
only a few pA/cm. No hysteresis were observed for the a-Se (As,alldy materials

showing minimal charge recombination or trapping.
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Figure 3.15. Current (I)-voltage (V) characteristior a-Se (As 0.52%, Cl 5 ppm) alloy
device. No hysteresis were observed showing minanaige recombination or trapping.
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Figure 3.16. Current (I)-voltage (V) characteristior a-Se (As 10.2%,
CI 60 ppm) alloy device.
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Table 3.1. Resistivity of characterized a-Se alloys

Voltage Current Mean Resistivity
range (V) range (pA) Resistance (Q-cm)

(@)
Se-As master alloy wet Min=-500 Min=-29.6 2.236<10®  5.3x10"
shots (As: 9.5%) Max=500 Max=21.16

Se-Cl master alloy wet Min=-0.05 Min=-13.37 3.7%10° 15.7
shots (CI: 0.37%) Max=0.05 Max=13.61

S S ek | Min=-500  Min=-27.41  2.72510% 1.96x 10
alloy Max=500 Max=14.63

a-Se (As 10.2%, Cl 60 ppm lYIE I Min=-266 2.864 10" 6.52x10%
alloy Max=10  Max=419

3.9 CONCLUSION

The characterization results show that the progeif synthesized alloys are in
the desirable range and can be potentially utililedmake detector grade devices.
Particularly it is very promising to find that tsgnthesized alloys are amorphous and the
fabricated devices are highly resistive. The afibys have good surface properties and
free from parasitic defects. Also physical propertlike melting point, crystallization

temperature, bandgap energy, etc. are in agreeainivhat is found in the literature.
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CHAPTER 4:BORON-DOPED SELENIUM ALLOY SYNTHESIS AND
CHARACTERIZATION FOR NEUTRON DETECTION APPLICATION

4.1 OVERVIEW

After extensive characterization of a-Se alloyghhy resistive and amorphous in
nature a-Se (As 0.52%, Cl 5ppm) alloy material weltesen for boron (B) doping in
order to develop a new room temperature directaedolid-state thermal neutron
detector. The synthesis of natural isotropic bo(b#B) doped a-Se (As, Cl) alloy
materials were carried out using a special pellediapparatus designed and constructed
for this purpose. After synthesis, the compositiohghe alloy material were determined
by ICP/MS analysis. B-doped alloy films were théamcterized for their morphological
(SEM studies), optical (XPS and photosensitivitgnpd electrical (current-voltage)
properties. These results provided the data reduiv demonstrate the benefits of this

new neutron detector and identify the areas tlwtire further research in future.

4.2 PHASEDIAGRAM OF THE BORON-SELENIUM SYSTEM
The phase diagram of the B-Se system as presantégure 4.1 shows that the
thermodynamics of B alloy formation has a majorgtem associated with:
1. An immiscibility-gap on the selenium rich side,
2. Formation of BSe which is very stable and has a very low vapor sares and
3. The activity coefficient of B in the B-Se systemvisry low and hence so is the

partial pressure of boron.
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Figure 4.1. The phase diagram of B-Se system.

We have overcome these problems by: (i) heat trgdlie alloy melt at elevated
temperature of 4P& for a short period of time (15 min.), and (ii) pyeparing two
different concentrated alloys of mono-dispersedhban a-Se (As, Cl) matrix to increase
the activity coefficient of boron. The key was @woid the reaction of boron and

selenium and successively increase boron concemisan pre-synthesized alloys.

4.3 SYNTHESIS OF BORON DOPED #SE (AS, CL) ALLOYS

Boron-doped a-Se (As, CIl) alloy materials was pregppausing the same
pelletizing alloy reactor as used to synthesize al®ys and as shown in Figure 2.6. For
a typical alloying process run, about 300 g of §/&&0.52%, Cl| 5ppm) alloy was loaded
to the alloy reactor and 9.2 g of elemental bormatyral isotopic B, 300-mesh size) was
added slowly. The process cycle was operated iowe dox maintained in a pure argon
atmosphere. The alloy reactor was heated in aa@tedrmanner to 46& for 5 hours and

homogenized by a rotating impeller (1200 rpm). Thelt was cooled to 356 and
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shotting was performed with Stainless Steel 31@tshmaintained at 36Q on a shotter
plate at 5C. When the melt reached the shotting plate, it sasnched due to rapid
decrease of temperature and it formed an amorpbloase. The alloying parameters such
as height (dynamic relaxation effect) of a-Se (B, &£l) liquid melt in the shotter,
synthesis temperature vs. time, and shotting fktgperature are very important and
were observed closely.

A typical temperature profile with alloying timerfone process run is presented
in Figure 4.2, and the physical appearance ofyhthesized B-doped a-Se (As, Cl) alloy
is shown in Figure 4.3. The synthesized alloy hdar& color with shiny surface on one
side. The preparation conditions of B-doped (nats@topic boron) a-Se (As, Cl) alloy
shots were optimized to obtain a-Se alloy with Bta28 a/o. The compositions of the
various synthesized alloys were determined by ICP/dhalysis and are presented in

Table 4.1.

Shotter Temperature (°C)
Pot Temperature (°C)

500

vvvvvvvv

Temperature (°C)

0 120 240 360 480
Time (Mins)

Figure 4.2. Temperature profile (Temperature vsetcharacteristics) for B-doped a-Se
(As, CI) bulk alloy synthesis.
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Figure 4.3. EnrichetfB-doped Se (As, Cl) alloy dry pellets.

Table 4.1. Compositions of Se-alloy by ICP/MS asgly

Alloys Elements Concentration
a-Se (B, As, ClI) Se Major
B 18.4+ 0.8 a/o
As 0.5+ 0.04%
Cl 5+ 2 ppm

4.4  SYNTHESIS OF BORON DOPED #SE (AS, CL) ALLOY FILMS

B-doped a-Se alloy film deposition onto 1" x 1" Ahd ITO coated glass
substrates were carried out using thermal evaporatiethod. Aluminum substrates with
1/8" thickness and ITO/glass substrates with 0.5 imickness were pre-cleaned
successively with acetone, isopropanol and DI waterwere dried by immersing into an

ultrasonic vapor degreaser. Aluminum substrateimgclivas conducted in a caustic
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solution of sodium phosphate carbonate solutiom Gomin), and then dipped in
concentrated nitric acid (for 2 min). The subssatere finally rinsed thoroughly with DI
water. Then substrates were dried under a confsbantf N, gas.

B-doped a-Se (As, CI) alloy films>(300 um thick) were prepared under a
vacuum pressure of less than®Iorr. Both the source (boat) and substrate teatpes
were electronically controlled by microprocessosdah temperature controller and the
substrate temperature was maintained 4€C680.5°C. The source controller allowed
temperature-time profile to be programmed for thaperation cycle. The source was
preheated to 28CQ at a rate of about i6/min, and then kept at 28D, while the
evaporation rate was adjusted to ~3m® per minute. K-type thermocouples were used to
read the temperatures of both source and subsirdilieh were maintained constant
during the alloy film deposition process. The fildeposition rate was precisely
monitored using a quartz crystal thickness monitdkfter synthesis to desired film
thickness, the samples were allowed to cool-dowBXE& before being removed from

the evaporator.

4.5 X-RAY PHOTOELECTRONSPECTROSCOPY

The x-ray photoelectron spectroscopy (XPS) experimeere conducted using a
Vacuum Generator ESCALAB MKII equipped with XPS/Amgspectrometer with a
MgK,, source (E=1253.6 eV) with 300 W power at 15 KVidacquisition and analysis
for XPS used a Physical Electronics multiple teghei analytical computer system with
Physical Electronics Version 6 software.

XPS was performed on the surfaces of B-doped aASg(l) films. The survey

scan corresponds very well with a-Se (B, As, Abyahg elements. There were no shifts
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in binding energy, which indicates clearly the atzgeof any compound (e.g.,$8s or
B,SeQ) formations. High-resolution XPS studies were eartdd to identify structural
coordinates. From the high-resolution XPS scangmtesl in Figure 4.4, the binding
energy for Se 3d was found to be 55.4 eV and for3gg and 3p,, was found to be
141.7 eV and 146.4 eV, respectively. These bingimgrgies are in the correct range for
a-Se (As, CI) alloy as found in the literature [5Afgon ion etching (5.0 KV; rate of
sputtering 48 nm/min for Se) for 15 mins was coneddo determine the compositions
along the cross-section of the films. Argon ionhetg (Figure 4.4) also confirms the
uniform distribution of alloying elements (B, As @) from the surface towards the bulk

depth up to 0.1pm.

80 80
—w/ Ar Etching (15 min)  — wi/o Ar Etching As (3p12)
70 70
Se (3d) As (3p3n)

60 - 60 1 —wilo Ar Etching
g 50 7 z 30 1 —wi Ar Etching
x 40 Em— 40 - (15 min)

S 30| ° 30 |
20 20 -
10 - 10 1
0 T T T T T 0 ! ! ! ! ' '
40 45 50 55 60 65 70 138 140 142 144 146 148 150 152
Binding Energy (eV) Binding Energy (eV)

Figure 4.4. High-resolution photoemission specfrd®-doped Se (As, Cl)
alloy before and after argon (Ar) etching for 15otes.
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4.6 PHOTOCURRENTCHARACTERISTICS

Photocurrent characteristics were measured to wbsere photo-response of
B-doped a-Se (As, Cl) alloy materials to lightsrafying wavelengths. B-doped samples
were tested for photosensitivity to wavelengthsMeen 200 nm to 1000 nm, and the
respective current was plotted giVB illumination for both polarities. The observed
photocurrent characteristics are presented in Eigus, which shows that B-doped a-Se

samples were photosensitive at about 450 nm.

Negative Bias
Positive Bias
2.00
1.75
<
o
5
O
-1.50
-1.75 1
-2.00 . : . , ' I ' .
200 400 600 800 1000

Wavelength (nm)

Figure 4.5. Photocurrent characteristics of B-dogguples biased at 500 V.
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4.7 CURRENT-VOLTAGE MEASUREMENTS
For this experiment, aluminum (Al) substrate usedi¢posit B-doped a-Se (As,

Cl) film was first oxidized by heating at 220 for about two hours. The aluminum oxide
layer is important for the growth of B doped a-%es,(Cl) films as it prevents dark

current injection from the substrate as the alumiroxide acts as a good blocking layer
[52] and also aids the growth of uniform amorphsakenium layers. Semitransparent
top gold contact was deposited by radio frequemeptsring (RF) process. Thin wires
(copper or palladium) were attached with silver ygp@and the contact area was
encapsulated with readily available epoxy adhegiegpont). A typical device based on

B-doped a-Se(As, CI) alloy is shown in Figure 4.6.

i "

Figure 4.6. Boron doped a-Se alloy detector wifhgold contacts of 4.5 mm diameter.

The current-voltage (I-V) measurements of B-dop&kalloy device was carried
out at 20°C and 40°C (Figure 4.7) and correspondasistivities have been calculated
and summarized in Table 4.2. The current-voltagaratieristics indicated high field

penetration (i.e., strong charge carrier depletgion formation) into the devices and
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high field tolerance. The measured resistivity watmated to be about 1.2Xf@.cm

and dark current density ranges between pAtena fraction of few nA/cfh

200.0p B-doped a-Se (As-0.52%,| CI-5ppm) alloy
Dimentions: 10x10x0.7 mm®
1 Top and Bottom Au contafts 4.5 mm
100.0p Keithley 237 .
| —+ve@20’c
< —e 1 V@40°C e
= 0.0
c e il
(O]
5 IM
(@)
-100.0p //
-200.0p 1
-1000 -500 0 500 1000
Voltage (V)
Figure 4.7. Current (I)-voltage (V) characteristidoron doped a-Se alloy at°®Dand
40°C.

Table 4.2. Resistivity of characterized B-dopedeaafioy.

B-doped Current Resistivity

a-Se(As-0.52%, range (pA) | Resistance | (Q-cm)
Cl-5ppm) alloy

@40C Min=-1000 Min=-186.3 5.38 10" 1.53x 10*
@20C Min=-1000 Min=-40.9  2.6% 10" 1.17x 104
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4.8 CONCLUSIONS

Boron doped a-Se (As, Cl) alloys were synthesiz#ld warious natural isotropic
boron {°B) concentrations. The compositions of the syntteshi alloys were
characterized by ICP/MS analysis. The characteozatsults show that the synthesized
alloys are amorphous in nature, have good surfacpepties and free from parasitic
defects. The XPS survey scans correspond very wiehl a-Se (B, As, CI) alloying
elements, show an uniform distribution of the elategand confirm the absence of any
compound (e.g., B or B,SeQ) formations. The devices fabricated based on Bzdop
a-Se (As, Cl) alloy were photosensitive at 400nmh &ere highly resistive with very low

level of leakage current.
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CHAPTER 5:DETECTOR TESTING TO DEMONSTRATE THERMAL
NEUTRON DETECTION CAPABILITIES

5.1 BACKGROUND

As discussed in chapter 1, we know that semicomdsicteed certain properties to
function as radiation detectors. Amorphous selenalimyed with arsenic and chlorine
has the required material qualities to functionaagood photoconductor and x-ray
detector for imaging applications. However its asea radiation detector for thermal
neutron detection is not widely developed and wtded. Although radiation detection
depends on the optical, electrical and materiap@ries of the semiconductor, it is
important to understand the signal processing igoles and electrical engineering
involved to device a suitable detection scheme.

Therefore, to demonstrate the feasibility"9B-doped a-Se (As 0.52%, Cl 5ppm)
as thermal neutron detector, the final and mosbmant characterization is to evaluate
detector response to the charged radiation pastiéle explained in Section 1.7, the use
of boron-doped a-Se (As, CI) film as an efficiemérnmal neutron detector relies on the
presence ot’B, which has a large cross section for thermal neest (3840 barns), and
the neutrons when captured by B nucleus undergo an reaction, producing charged
alpha @) particles. Consequently, if we can monitor thghal particle response, we can
indirectly account for neutrons. In our investigati>**Am o-particle source was thus

used to evaluate the response of the fabricatetibes.
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5.2 EXPERIMENTS WITHALPHA PARTICLES

For detector testing, alpha)(particles were employed as a surrogate for nestro
because of the comparative radiological ease obfisenall alpha source$*tAm) and
the fact that®B neutron capture reaction directly produces ahalgarticle. The standard
nuclear instrumentation used were preamplifier,psita amplifier and multi-channel
analyzers (MCA) as shown schematically in Figue 5The detector device is mounted
on an insulating alumina plate, onto a stud insidl&MI shielded aluminum box. Figure

5.2 shows a picture of the test set up for alphmsure.

TR
B

Elachonic Insrurments

Figure 5.1. Schematics of the experimental setep sr>*Am alpha signal detection.

The semitransparent negatively biased front gold) (ontact of the B-doped a-
Se (As, CI) planner detector device (described aatiSn 4.7) was exposed to alpha
particles. The front contact is biased at -100QsvalVhen this charged particle interacts
with the detector it ionizes and under a DC biastebn and holes pairs are collected by
the detector’'s electronics. This collected chargehien converted to a corresponding

voltage which is subsequently processed by chaegsitsve preamplifier, connected to
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the front and back contacts. The output of the gdaensitive preamplifier is connected
to a spectroscopy amplifier. During the exposurd extraction of data the system is
constantly evacuated, using a rotary pump, in otdeminimize scattering of alpha-
particle with air molecules.

The pulses emerging from the spectroscopy ampldrer then recorded with a
multi-channel pulse-height analyzer. This inforraatis recorded in the form of a pulse
height spectrum which gives the counts of radiwacinteractions for corresponding

energy values.

Rotating mount

Wire contacts

. Py
Figure 5.2. A picture of alpha exposure setup.

5.3 RESULTS

Figure 5.3 Figure 5.2. A picture of alpha expossetup.shows the pulse-height
spectrum obtained by irradiating B-doped a-Se @3,alloy detector with source and.
Thickness of the alloy film was ~320 micron and thp contact area exposed to the

source was 5 mfn The spectrum was acquired at room temperatt®8Kgand in
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vacuum as explained above. This spectrum completalishes when a piece A4 white

copying paper was placed in between the radiattamce and detector confirming the

detector’s response to alpha particles.

350

300

250 4 Detector: Amorphous Selenium, sample #1

Bias: 100%, CGFG: 5/8-00, PT: .5 ps.

Int. time: 300 sec.

{no absorbant between rad. source and detector
but air, with a sheet of paper in hetween no
detection was obtained).

200 H
150

100

Count/Channel

' 550
Channel Number

Figure 5.3. Pulse Height Spectrum obtained by iataty B-doped a-Se (As, Cl) alloy
film detector with®**Am source.

Alpha spectrum in Figure 5.3 shows fairly broadlkp@éh increase in count rate
in low channels. The souré&Am used is not mono-energetic. The main alphage®r
are 5485.7 keV (86%) and 5443.0 keV (13%). The smesl energy and energy
resolution are both influenced by the source-detegfjeometry. Even though the
resolution should be improved, the spectrum cleatgmonstrates that B doped
a-Se (As, Cl) alloy detector is capable of specwpg performance at room temperature

for high-energy photons of alpha particles.
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CHAPTER 6:CONCLUSION AND FUTURE WORKS

6.1 CONCLUSION

The goal of the research effort was to synthesizioBed a-Se (As, CI) alloy
material, characterize and demonstrate the fedgilmf this material as a solid-state
semiconductor for high energy particle detectohsas neutron.

To achieve this goal, first, Se precursor matenat purified by zone refining
technique and was used to make Se-As and Se-Cemaltys. These master alloys
were used to synthesize a-Se (As, Cl) bulk allaygl subsequently B-doped a-Se (As,
Cl) alloys. A specially designed palletizing allogireactor was used to synthesize these
aforementioned alloys. The compositions of the sgsized alloys were confirmed by
ICP/MS analysis.

The alloys were thoroughly characterized to undecsttheir optical, electrical,
and spectroscopic properties. The characterizatsults showed that the synthesized
alloys were amorphous in nature and were free fparasitic defects. Furthermore,
experimentally determined physical properties likeelting point, crystallization
temperature, bandgap energy, etc. were in agreemt#mtvhat is found in the literature.
The XPS survey scans correspond very well with gEgeAs, CI) alloying elements,
show an uniform distribution of the elements, andftcm the absence of any compound

(e.g., BSe or B,SeQ) formations. The devices fabricated based on BedapSe (As,
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Cl) alloy were photosensitive at 400 nm and weghlyi resistive with very low level of
leakage current.

We were successful in the synthesis of B-dopeddui8 a/o) a-Se (As, Cl) alloy
in large quantities and were able to maKex11"films on ITO and oxidized aluminum
substrates up to a thickness of 320. With these films, planar detectors have been
fabricated and characterized. Detector testingbde®s) conducted at room temperature
using **Am a-source. The pulse-height spectrum clearly dematestrthat B-doped
a-Se (As, Cl) alloy detector is capable of detectigh-energy alpha particles which was

used as the surrogate of thermal neutrons.

6.2 FUTUREWORKS

While B-doped a-Se (As, Cl) alloy based detectarceasfully demonstrated its
capability as thermal neutron detector at room tepre, there are several areas for
further investigation in order to increase the $qscopic resolution of these detectors.
Some of the recommended investigations for futtudiss are:

e Investigations of different doping effects to obtaptimum device performance.
Higher boron doping is expected to generate higlggrals for neutrons, but there
can be other effects due to very high concentradfodopants or heavy doping
effects and mechanical properties [53].

e Determination of electron-hole pair creation enesgy charge-transport property
(ut product) by quantitative evaluation of trappinigtime ) and the mobility
() which will be useful to optimize the detectorfeemances [12, 54, 55].

e Investigation of junction properties between B-dibpeSe (As, Cl) alloys and a

variety of metal contacts with different work fuimects to determine whether the
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choice of metal can improve the signal-to-noiséoraf neutron detectors. [56,
14]

Because hole mobility of a-Se is about 20 timeddrighan that of electrons,
further improvement can be achieved by using adsnelectrode geometry
instead of planar electrodes such as Frisch ringlaoar grid structure, and
pixilated structures, which have been reportednprove resolution of devices

significantly in CdZnTe radiation detectors. [58, 59, 13, 60]
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