ABSTRACT

AHMED, IBRAHIM HANY . Development of Low PoweEfficient, and RadiatiorResistant
RadiationDetector Based olmon-dopedGallium Oxide (Under the directionf Dr. Ge Yang.

Radiation detectors based eamiconductors exhibit the highest energgolution and
offer many solutions for energy, industrial, medical, secuaityl research needSonventional
slicon (Si) andgermanium(Ge)based detectors are limited in their applicability due to material
imposed deficienciesSi has a low density ad limited electrical characteristics at room
temperature, whil&ehasarelatively high density bwguffers fromvery high leakage curresat
room temperatureDetectors based on both materiaked cooling and are prone to radiation
induceddefects thatleteriorate their performande high radiation environment©n the other
hand, Cadmium Zinc TelluridéCZT) is a highdensity room temperature radiation detector
material that has very goodaige carrier properties that lead to high energy resoludiowever,
its applicability is very limited in high radiation environments asdhighyield production is
challenging due téimitations imposed byroblemsin CZT large single crystal growtmamely
the high concentration of sigrain boundaries, Tellurm inclusions, and compositional
inhomogeneity

Wide bandgap semiconductofSiC, GaN, and diamond) are much less susceptible to
atomicdisplacement damage by particle irradiation than elemantaharrow bandgap compound
semiconductorssuiting the funcionality of the radiation detectors based on themstrong
radiationenvironments.

The monedlaisrei o fb g adabDs) hasmecenityibekbe attriadiing significant
research interestiue to its thermal stability, ulthaide bandgap (4.5 5.1 &/), very high
breakdown electric field (8 M¥¢m), andmost importantlythe proved capability of growing high

quality bulk single crystals (SCs) frothe molten statewhich holds great potentiafor cost



effective largescale manufactability. The appli@a b i | i-GayOs iopfomibing in a wide range
of areas including power electronic devices, sblard UV photodetectors, gas detectors,
transparent electrodes, and radiatietectors.

The roomtemperatureand the harshenvironment applicability combide with the
versatile crystal growth and fabrication technology motivate research efforts toterds
devel op rGP+basedfradibition detectors. In this stubyGa0Os wastested as a low
noise xray detector with Ti/Au electrodes vertical structliren-d o p eGOfwas particularly
selected for its expected low leakage currentirag compensates the negative electrical
conductivity of undoped G&s. T h e d e pedocntamce &b lew, highand no applied voltages
was examinedHigh X-ray detecton performancevas evidentbythe i gnal 6 s short f &
time (< 0.3 sec) in all operation modes, showing 2 orders of magnitude decrédaseegponse
time relative to pevious reports ob-GaOz basedX-ray detectors. The same temporal response
was exhi bited b@aOd Ttid sAtue dd eAu/chi./ BThe detector 6s
by an excellent linear relatiship with the X-ray tube currentas well asa high signatto-noise
ratio (SNR) optimized a5 V (> 1G). Moreover, the Xay induced current signal exhibits high
stability under 15 minutes of continuous operatiSubband UV photocurrent sigreeshowed a
significantly slower response comparedteX-ray induced conductivity sigral

To further understand the role of materiapernfections in the current performancebef
Ga0s detectors, different characterization techniques were implemeéntsititon Annihilation
Spectroscopy (PASNndDoppler Broadening Spectroscopy (DB&re used to study positively
charged and neutral vacancy defedtemperaturddependent Cathodaminescence (CLyvas
used to study and identify luminescent defetisie-of-Flight Secondaryon Mass Spectrometry

(TOFSIMS) was used to study the spatial distribution of dopant and impurity atoms.



In this study, Fedoping is shown to significantly impvetheX-ray detection performance
of GaOs, consolidating the applicabiligf GaOs nextgeneration Xray detector functioning with

low power, high SNR, and linearity, and significantly improved transient characteristics.
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1. INTRODUCTION
1.1. SemiconductorRadiation Detectors

Radiation detectors are key components for many products and applications. These
applications can be as fundamental as verifying theories and exploring the redétmarefical
physic$l], and as practical as routine medical diagno$#cdn general, there are three types of
radiation detectors based on the detettaterialphase and the underlying igyal processs that
initiate the signal(1) Gaseous detectors signal formation is based on the drift of electrons and ions
produced fronthe passage of radiation in the detecting g2 Semiconductor detectossgnal
formation is originated from the ifir of electons (€) and holes () inside the soliestate
semiconductor, whilg3) scintillator detectors convert the deposited energy to light in the
photodetectors (ex. PMTs, and SiPM) detecting range.

Semiconductor radiation detectors are cruciahfaide spectim of applications including
science and engineering research and development, medical diagnostics and treatment, nuclear
power plants, radiation protection, nonproliferatioomeland securityand space technolo@]1
[5]. For these applications, information about the type and intensity of the radiation field, as well
as the energy spectrum asyHial distribution is commonly need¢€].

The semiconductor detect®active material volume is where the physical processes that
initiate the signal take place. The ionization of the active detewteriab §ADM) atomsand
the liberations of electrons leaving behind oppositely charged holes, is a consequence of the
interaction betweeX-rays, -rays, or charged particles (lightsand heavy) d ADM6és. el ect
Under the influence of electric fieldside theADM, € and i movement in opposite directions
induceanelectric current that can be read experimentally through either reading the electric current

directly or reading the voltage generated between the ADM electrodes (the detector inethis cas



functionsas a capacitolp], [7]. Reading either quaity indicates that radiation passed through

the ADM. The efficiency of this process, as well as its temporal charactem@séarainly dictated

by the ADM. How ordered atoms in the ADM are arranged (crystallinity), how packed these atoms
are (density), bw much eletons each atom has (electron density and rate of interaction), and
how welle and H transport in the ADM arérom themain factors that affectuchperformance

[4], [6], [8].

Although knowing that radiation passed through ot sfopped by the ADM is useful,
information comprising the intensity, the energy, the directiontyibe, or the time of arrival of
radiation is whais needed for practical applications. Fasiping and amplification of the voltage
response yieldasigal 6 s waveform which has an amplitude
radiation deposited in the ADM. It should be noted that this operation mode (pulse mode) is based
on detecting one pacte at a time. In other words, the drift of tdeand H cas@des forms the
voltage pulse, thus if the radiation intensity is high, pulse-yplenay result when the rate of
interaction is higher than the rate of pulse procedsihg he intensity of the radiation can also be
inferred by counting these pulses. Semiconductor detectorsiogendhe pulse mode are capable
of producing the energy sgeam of the radiation of interest and this finds tremendous applications
in medical, security, fundamental and applied ptsigsearch, and industriyocalizing radiation
paths can also be aeliedutilizing pixelated electrodes among other methods. hmescases, such
localization can also lead the identification of the radiation type since each radiation type (i.e
X-rays, -rays electrons, protons, alpha particlandheavy charged partes) has a unique path

length and shag®], [10].



Even though radiation detectors $arted more than a century ago with the discovery of
X-raysin the late 1890s and early 190@sany contemporary applications have needs that are not

metyetby current stat®f-the-art semiconductor radiatiotetectors.



1.2. SemiconductorRadiation DetectorsM aterials

Although the first semiconductor radiation detealemonstration was based @eompound
semiconductor AgCl) ADM [6], [11], the majority of currently used semiconductor radiation
detectorsarebasd o n Ger manium (Ge) and Silicon (Si)
hosting matrix consistsf one element)One should note that the reason why Si and Ge are widely
spreaad is not just their performance, but rather that their crystal growth amchtadn technology
was in advanced development stages by the 1pBIJ§[16] when radiation detectors using
semiconductor ADM werdrkt availableg[6]. The advancement in Si and Ge technology allowed
for the practical ralization of material with very low defect states allowing for high chargescsir
transport properties howevdroth Si and Geslementary detectors hawgany limitationsrelated
to their intrinsic material properties. In other words, these limitata@angaot be overcome Y
further research and development (R&D) in Si and Ge.

Sofar, the cryogenically cooled Germanium detector has the highest spectral resalution
can be considered as the most successful spectroscopic semiconductor[@gtEcthrHowever,
the need to cool it is a majdisadvantage of its applicabilifi3], [4], [8], [18], andless strict
cooling procedure is needed to operate Si(Li), thus the quest for room temperature radiation
detectors has been on for more than five dedd®s[20] and even with the current development
of Cadmium Zinc Telluride CZT) room temperature operated detector, the end of the quest is not
reached yet[21]i[23]. On the other hand, compound semiconductors (binary, ternary &
quaternary) offer the possibility of obtaining an engineering solution through combining chosen
elements to obtaiahigh average atomic number with a reasonable bandgap and further optimize
it to reach the sought characteristics for a room temperature semiconductor, hopefully with near

Ge performanc@t], [24].



1.3.Important Characteristics of Semiconductor Material for Radiation Detection

Important factors that should be taken into consideration in assessing semiconductor
radiation detector material include stopping power for charged particles, attenc@idicient
for X- and -rays, energy resolution, mobilty i f e t i mefactor), 6hdrgecColledtiafor
Induction)Efficiency (CCEor CIE) [3], leakage current and polarization effgit [5]. Sbopping
power is defined @ithe energy lost by the particle per unit length traveled inside the material, as
indicated by Bethe Equation (Equatibnfor charged particles, wheMni s Avogadr o6s
(81 ¢ ¢ p 1), Ais the atomic number ohé materialZ is the charge number of the incident
particle,v is its velocity,x is path length, an® is defined by Equatio wherel is a usually

experimentally measured value of the ionization potential of the iadgt:

Q0 cCQwoi &,
- ————0 (1)
Qe &L o

5 o1 f8Y g, L0 2
0 T DT

Bethe equation is valid for heavy charged particles but fails at low ieagm@nother
modified version of thigquation was developed by Bethe for fast electron ag&yehor X- and
-rays, the linear attenuation coefficient is used to calculate the attenuation of the ray when it
passes through the material, according to Equ&jamhee | andl, are the surviving intensity
(from passing hHicknesst of the material) and the initial intensity respectivalyjs the total

attenuation coefficient that is dependent on the material and the energy of the f#lotons
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Figure1-1: Spectroscopigammaresponsdrom ??Na for a Frisch grid detector fabricated from

an asgrown Ca.oZno.1Tep.98S@.02ingot at room tempature. Adapted from25].

The energy resolution is commonly defined as the Full Width at Half Maximum (FWHM)
of the spectroscopisignal at a specific energy (or pulse height) divided by that energy,
accordingly it is usually reported aspercentage, as shown kiigure 1-1, for the spectroscopic
response o€d.oZno1Ten oS 0210 22Na  -radiation[4], [6], [25]. The mobilitylifetime product
is a very important factor that candealuateds a figure of mer{26] that givesadirect indication
about the drift velocity and lifetime of charge carriers in the semiconductor material, it is defined
by Equatiord4, where_ is the mean drift length that the charge carrier (electron or hole) travels
inside the semiconducting material under an applied electric®@eldis the mobility (velocity
indicator) of that charge carrigris the average lifetime of that chamgerier before it gets trapped
by a material defedd].
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C‘l| cA

%
CCE for a planar detector is simply the amount of charge recorded by the external

detection systent)) divided by the original amount of charge that was generated by the incident

radiaton (Q,), and it i s most commonly ca)wherkeat ed by

andas are mean drift length of holes and electrons that are generated at distancehe

cathode of a detector with thicknds#].

1000 ! ! ! !
{ |——22.5°C (Linear Fit) 19°C (Linear Fit)
800 1 18°C (Linear Fit) 9°C (Linear Fit)
1 5.5°C (Linear Fit) 0°C (Linear Fit)
6001]  .a°c (Linear Fit) -7°C (Linear Fit)
400
z )
8 200 .
®) -200 :
) o . )
00 ] 22.5C + 19°C|
1 18°C v 9°C
-600 o o =
] 5.5°C <« 0°C
-800 - =
| -4°C « -7°C
-1000 - ' : I : L ; I
-4 2 0 2 4
Voltage (V)

Figurel-2: Temperatur@ependent Currenfoltageof Ag/TIPbI3/Ag detector. The resistivity

increased from¢ p m && atRTtor u® p T &o Gat-7°C [27].

Leakagecurrent is a direct indication of the noise signal that would be present under the
applied voltage in the absence of any radiation, thus it is eddenteview the resistivity of any
proposed semiconductor detector material, as can be seBigume 1-2 [28] where authors

reported the resistivity of 7Cdls [4]. Leakage current dependiainly on the bandgap of the



semiconductor (higher bandgap resuiidawer leakage cuent) and the device structuf4).
Finally, the polarization effect is a lonterm effect where the detecting material changes the
applied electric field inside thmaterial, this can happen due to charge trapping in defegrsen
[4], and of coursethis adversely affestthe performance of the detector and decrease @{CE
[29].

For a competitive semiconductordration detector, researchers, therefore, seek high
atomic number (above 40) and a clogpedk crystal structure (for the highest possible density) to
increase intrinsic efficiencjs] of the detector, reasonable bandgap-2163/) [30] to obtain high
resistivity and small electrenole generation energy, highest purity, highest homogeneity, highest
e actor (for most detector configurations) and lowest defects possible aximmize and

homogenize CCE, and finally, its price should be reasoiféple



1.4.Radiation-Induced Condtction

Two types ofinducedcurrens can begenerated irsemiconductor radiation detectors
working in the current modél) the photovoltaicurrent in the absence of external voltaaysl
(2) the photoconductiveurrent under an applied external voltage

The photovoltaic current is possible if there is an imdkelectric field, such as inmpand
Schottky metakemiconductor junctions. The current generated in this case is very low because
the internal voltage is low, thus operation in this mode is mi¢lw usedn radiation detectors
High incident radiatio detection applications may be adequate to detectors operating in this mode
due to the increasa the signatto-noiseratio (SNR)[6].

The detector is said to be working in the photoconductive mode if two conditions are
satisfied: (1) voltage is externally applied, and (2)thecostacbo n b ot h det ect or 6 s f
contacts, or irther wordsOhmic contactsto allowthe passing of charge carrier throughout the
detectorcircuit [6]. Uponthe passage @f pulse or continuous flow of radiatitimoughthe ADM,
cascades of-b pairs will be formed alonguchpath. This will lead to a spike increase in charge
carrig concentration, and consequently the conductivity (iegies of photoconductive ADM
are high, ranging between®® 103q . ¢ m)slead3than increase in the current (photocurrent)
that is proportional to the deposited energy by the radiatiaveves, this mode of operation does
not yield informatiorabout individual events (no energy spectrum). Under continuous irradiation,
and when theondition of the injecting contacts satisfied, the generated current that exits one
contact is compensatda current injected from the other contact maintaining iticrease in
conductivity [6]. The time the current takes to reach this stestdie photocurrent (stable
photocurrent) and the timetakes to reach the equilibrium current once the radiation exposure

ends are the rise and fall time of the signal, respectively. Many factors detémmnme and fall



time including (1) the drift length of the charge carriers, (2) trapping and detgagp) the
injection of current from the contacts, and (4) charge accumulation near/on the surface of the

contacts.
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1.5. The focus of thisStudy

Thetwo main investigation poistof thisstudyare (1)e val uat i ng hi gGaDyas c o mp e
X-ray detectomaterial through analyzing its XRIl&hd(2) identifying possible material defects,
their origin and their rolesn theperformance of the fabricatek\ice.

X-ray detectors based dmi ghl y ¢ o rga©s:n(Bealdpedyiwerd fabricated,
processed, anttheir X-ray Induced Current (XRIC) was studied after assessingdbeductivity
and verifying that it is of the very low range (pASuch high resistiwtleads taavery low leakage
current whichcontributestd he si gnal G@s sn migs € .h eBGa@isthessignal vi t y o
to-noise ratio (SNR) of the XRIC wassignificantly increasg resulting in better device
performance Further, intrinsic andextrinsic electronic defects were investigated by (1) their
optical signature (luminesnce), (2) their effect on positron annihilation lifetime and annihilation
gamma energy, and (3) the spatial distribution of impurities.

The result=of this study consalate the applicability ob-Ga0Os as a radiatioretecor
material capable of operag in harsh environments (ex. high radiation levels or high
temperatures) and easily implemented in different device configurations (ex. planar detector,

pixelated detector étc.) owing tats high radiation tolerance and fabrication versatility

11



2. EMERGI NG RADIATION DETECTORS BASED ON THE MONOCLINIC PHASE
OF GALLIUM OXIDE
2.1. (Ultra)wide Bandgap Semiconductors

Wide and UltrawideBandgap (WBG and UWBD) semiconductorgalization and
development werehallenging till the late 1980s. Even though it was expetttadtheir material
properties would facilitate and improve the development of many applications, such as visible light
emission (400 nm, and 700 nm are equivalent to 3.1 eV, and 1.7 eV, respgeind high break
down voltage, Si, Ge, and W semicomuctors (eg. GaAs) were the dominant materials in
semiconductor technology, all with narrow bandgaps (< 2.3%M) By the late 1980s and early
1990s, developments and research in WBG material resulted in many techhalkbgpreements,
most prominently the development of Blug/hi Emitting Diodes (LEDs) based on the WBG alloy
Indium Gallium Nitride (InGaN), which was awarded the 2014 Nobel H82§ [34]. While
InGaN meets many optoelectronic needs, interest in WBG dws increasing for the electronics
industry, with relaxed light emission efficiency constraints (present in optoelectronics) making
Silicon Carbide $iC), Gallium Nitride GaN), and Aluminum GalliumNitride (AlGaN) viable
options[31]. Even withthe development of WBG materials, tmeed for Ultrawide bandgap
(UWBG) material was persistent as many electronics material figure of merits scale up with the
bandgap in a nehinear behaviof31].

UWBG are semiconductors having bandgsignificantly largerthatca N6 s 3. 4 eV,
example Aluminium Nitride (AIN) has abandgap that reaches 6 eV. Although some UWBG
semiconductorbave been under study for two decades now, the realizatwidedpreadlevices

based on UWBD material is recent and the current devedapstage for UWBG is similar to that

12



of WBG in the 1986. As can be concluded frofable2-1, every UWBG promising material has

adeficiency in at last one of the stataf-the-art performance metrics.

Table2-1: Comparson ofmajor performancehysical propertiemetrics forthe leading WBG

and UWBGstatesof-the-art material. Adapted from31].

Material WBG UWBG

GaN 4H-SiIC  AlGaN/AIN  b-GaOs Diamond
Bandgap (eV) 3.4 3.3 Upto6 4.9 5.5
Thermal Conductivity 253 370 253319 11-27 2290-
(W m*K) 3450
State of the art substrate ~10* ~10° ~10* ~10° ~10°
quality (dislocation per cn¥)
State-of-the-art substrate 8 (on Si) 8 2 4 1
diameter (inches)
Demonstrated ptype Good Good Poor No Good
dopability
Demonstrated ntype Good Good Modermate Good Moderate

dopability

13



2.2.b-Gaz03 Physical Properties
b-Ga0sis the least mature and most recent UWBG material of high potential for numerous

el ectronic and optoelectrphaseappl ge@a)oams oxT
has recently been attracting significant egsh interest due to its thermahbility, ultrawide
bandgap (4.5 5.1 eV), very high breakdown electric field (8 M¥fl), and the proved capability
of growing highquality bulk single crystals (SCs) from melt which offgreat potential for cost
effecive largescale manufacturin@hea p p | i ¢ a {6G&®sis prgmismg in ewide range of
areas including power electronic devices, sblard UV photodetectors, gas detectors, transparent

electrodes, and radiation detectors.

q' 0
o G

d
a=12.21A
b=3.03A
c=5.79A
B =103.8°

d
\ .8
b

Figure2-1: The unit cell and the lattice parameters of the monodivEa0s. Adaptedwith

permissiorfrom [35].

Gallium oxide has five known polymorphsor undum r hombohedr al ( U
(92), cubic (u0), a n,danddfinatlytthe mdnacinic phase(g=12)214 Ah a s e s

b=3.0371 A, ¢c=5.7981 Ah = 1 0 B as8hBwn inFigure 2-1) which is themost stable under
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normal conditiond35], [36]. Not all these polymorphs are semiconductor, they can be either
insulators or conductors depending on the growth conditions, but they cangligtehiange to

the monoclinic phase by proper heat treatnj@dé}. Depending on the doping elements and the
doping level, as well as pegtr o wt h p r-Ga&0s ntaondecsvity cam be controlled {p

conductivity has not been achieved) howeitsrbandgap is usually around 4%9.
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Figure2-2: Number of GagOs publicatiors per yeaifrom 1940 to 2019Adapted fron{37].

Original data were obtained from the Chemical Abstracts Service, American Chemical Society).

Such a structure leads tothe anisotropy of electrical, optical, mechanical, and
thermodynamic properties as well, thusligating the direction/plane of any measurement is a
must. The number of publications onGahas accelerated recently due to interesteéctednic
and photonic device capabilities beyond existing technology/material as illustrdignliia2-2
[38]. Such applications include power electronic devices, photodetectors, photocatalysts,

transparent catuctive oxidesgas sensors, and radiation senf@é$ [39].
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The top of the valncebandand the bottom of the conduction band are made up of the
anionic O 2p states with contributions from Ga 3d and 4s orbitals) and cationic states (Ga 4s

states), respectively.

10° linear attenuation coefﬁcientl
Zn0O
10°k -+ GaN 1
< .. SiC
€102t -, - = = = Diamiond |
o KR —— Ga,0,
o 10"k KR ;
10°F 1

10 100
X-ray Photon Energy (keV)

Figure2-3: Linear attenuation coefficient as a function efa§ photon energfor WBG and

UWBG semiconductors used/understudy forrXy detectionAdapted fron{40].

The large bandgap of @as (4.5 to5.1 eV) dows hightemperature operation, and the
large critical field allows high voltage operation (relative to maximum breakdown). On the other
hand, the relatively low thermal conductivity, k, of-Gacreates setheating effects that muke
mitigated to utize GaOs in high-frequency devices.

Gallium oxide also has a relatively high density (6.44 § tfacilitating its operation as
an X-ray detectomaterialcompared to ZnO (5.676 g & GaN (6.15 g cmj, SiC (3.16 g chy,

Diamond(3.52 g cr § as carsee inFigure2-3 [40].
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Figure2-4: Schematic of (a) EFG, (b) CZ, (c) FZ, and (d) VB ngetiwth techniques suitable

for t he gr-Gals Adamddwitih peimissioffrom [41].

Melt-growth methods developed for £&a are likely to be produce crystalsedbwer cost
than the sublimation techniques commonly used for the growth of SiC substrates. Successful bulk
growth methods, including the Czochralski method (Eating-Zone (FZ),Edge DefinedFilm
fed Growth(EFG),andVertical Bridgman(VB) as shown ifrigure2-4 [41]. EFG has suessfully
yielded 4inch wafers with low defect density in the order of @@, while dislocation density is
in the order of 107 10’ cm®. On the other hand, FZ yields higher purity single crystals but is
limited in diameter. In all melting growth meidts, the crucible material is a challenge and usuyally

Ir or Pt/Rh are used for the very high temperature needed (3C300
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Figure2-5: Schematic of (a) HVPE and (b) miSiD systems used for the epitaxgrowth of

U a n dGafvs. Adaptedwith permissiorfrom [41].

b-Ga0s3 has successfully been grown with epitaxy methodsl@ecular Beam Epitaxy
(MBE), Metd-Organic Chemical Vapor DepositiomMQCVD), Halide Vapor Phase Epitaxy
(HVPE), and mistCVD illustrated inFigure2-5 [41]. The growth rate from MOCVD reached 10
em/h at 90C°C and 170 rpm substrate rotation. While the use of GaeC; precursors in HVPE
of GaOspr oduces succes s-GaoOksulgptramsvt h on (001) Db

The successful control of conductivity through doping and mitigation of trap statiesyis
to realizing dev-Gad. Mg Npand ke admpensatetypavdondinctivity
leading to a high resistivity sermsulator. While Si, Sn, Ge,,andCl are ntype dopants that
enhance the-nonductivity. Atmospheredependent posirowth annealing can be used to control

conductivity as wel[36].
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2.3.Radiation Damageand Harsh Environment Operation
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Figure2-6: Recovery of chargeatrier concentration (n) with time thebulk sample irradiated

withqg p 1T & H'ions. Adapted fronj42].

WBG (SiC, GaN, and diamond) are much less susceptible to displacement damage by
particle irradiation than elemental and narrow bandgapmp ound semi conduct or s
Ga0Oz is expected to have highdiation tolerance. Studig$2] using 0.6 and 1.9 Méprotons to
doses ranging fromu p TGN to @ p T oM have shown that doses below
@ p T ah have little or no influencen the material electrical properties. While at doses
above¢ p 1 @& , a complete removal of free charge carriers @irtasirradiated state was
shown. Howeverthis effect wageversabldy heating the sample as showrigure2-6 [42].

Gammaray tolerance as high as 1.6 M@yiO;) was demonstrated for the bulk Ga
channel by virtue of weak radiation effects
voltage(1 Gy corresponds to absorbed radiation energy of 1 J/kg of mass, witheBipa
common reference material of choi¢43]. MOSFETs (shown ifrigure2-7) remained functional

with insignificant hysteresis in their transfer characteristics. As showkigure 2-8, Ga0Os
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MOSFETs remained funaal at cumulative doses of 1 MGy (S)@ind beyond, which were
morethan 10 times the targetray dose tolerance for space and radiation detector applications.

Radiationinduced gate leakage and drain current dispersion ascribed respectively to clielectri
damage and interface charge trapping were found to limit the bremtadtion hardness of these

deviceq43].
[010]

[001]
o [100]°
2um Lg Lep
o Al,0,
sio, || G,/ 0.4pum| [(20nm)
LGS 7 IA LGD L2 e
S - — — — D
Si*-implanted (3 X 10'7 cm™)
Ga,0; channel (0.3 pm)

Unintentionally-doped Ga,0, buffer (0.9 ym)

Fe-doped semi-insulating p—Ga,0, (010)

substrate
/—\/

Figure2-7: Crosssectional schematic of the fieflated GaOs MOSFETSs used in gamma

irradiation study Adapted with permission frofd3].

----- Pre-irradiation
—— 500 kGy(SiO,)

Figure2-8: MOSFETSs characteristics before and @iftexdiation. Adapteavith permissiorfrom

[43].

20



2.4. X-ray DetectorsBased onb-Gax0O3

Au(I50Wm)] 1 mm
Pt 50 nm G >

Au (250 nm)

Figure 2-9: Schematic crossection of the verticahu/Ptb-Ga0O3/Ti/Au SBDs fabricated on

a bulkEFG substrate. Adapted frofd0].

Two recent attempts were made in the directionXafay detectors based on &,
Schottky barrier diodes (SBD) baksen unirtentionally doped EFG grown SC, and flexible metal

semiconductemetal based on RF sputtered amorphoufas@@Ga.03) detectof40], [44], [45]

0.20} [—e— Dark Current|

10°®

-~ 016 F
< o o
N

[ =
- () -8
€ 0.10 = 10
o S
= O 10°
= :
O 0.05 -30 -25 -20 -15 -10 -5 0O

Voltage (V)

g
o
o

30 25 20 15 10 5 0 5
Voltage (V)

Figure2-10: I-V characteristic of the fabricatédGa0O3 SBD in dark condition. The inset shows

the reverse leakage curreamasemtlog scale. Adapted frord0Q].
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Figure 2-11: Comparison of th&XRIC (Ixray) andthedark current (ary of a Schottky diod®-
Ga0Os3 X-ray detector as a function of reverse bias voltage. The inset shows tbe alsémi

log scale. Adaptettom [40].

For SBD shown irFigure 2-9, the SC was first annealed in air at 1%D@or 2 days and
was chemically and mechanically polished (2 sidesfpre electrode deposition. The device
showed Schottky diode behavior, as showRigure2-10, with an early breakdown a20 V. SBD
exhibited XRay Induced Conductivity (XRIC) as can be seefigure 2-11. TheX-ray detection
performance at no bias voltage aidd V is shown inFigure 2-12 which shows the transient
response of the SBD XRIT heSBD deviceexhibitedphotovoltaic conductivity as evidencby
the 0 V signal, with fast rise and fall times compared to its operatid® &t. On the other hand,
the detector exhibited potnansientcharacteristics when operatedHd V, which was attributed
to the photoconductive mode dlfie charge transport. In the photoconductive motleperation,
charges get trapped by material defects and théandea pped cont r i bangdfalln g
and risa=138snd = 145U ¥171s andl = 40 s). These devicesxhibited high

SNR over 800 and good linearity withe X-ray dosg40], [45]. On the other hand;@a03 X-
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ray detectors had very high SNR and linearity but suffered &asignificantly slover response

(50 sec) and persistent photocurrent (PRG).
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Figure2-12: The transient response of th& a0z SBD X-ray detectors to the switching Xt

ray illumination at bias 0 V and.0 V. Adapted fronj40].

X-ray detection with high spatial and energy resotuis crucial for manyieldsincluding
medical imaging, security, basic science experiments, nuclear technologdestauctiveesting
space technologyand militaryapplicationg2], [6], [46]. Many applications often need higk-
ray detection performance @&harsh environment, such as high temperature or high radiation field
environment Moreover, seHpowered X-ray detectors can offer passive detection methods
facilitating many applications inatling wearable devices and scenarios involving power absence,
such as passive safety systems response during electric power {4l ¢43].

Thelarge bandgap of gallium oxide allows it to meet all the aforementioned needs of high
radiation resistance, and hitgmperature operation, while its high fabrication versatility that has

been shown in the past two decades allowshiisfilm and bulkcrystalgrowth.
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2.5. Contribution of this work

In this studyvertically structured Xay detectors based on-Bepedb-GaOs grown by
the EdgeDefined FilmFed technique werabricated, and their performance was studiduir
XRIC underlow, high and no aplied voltages was examined. The fabricated detector showed
high X-ray detection performanceén particular, theAu/Ti FfGaOs/Ti/Au device XRIC was
characterizedby t s si gnal 6s s inderdll applied vbltage nodditiogrsheming t i me
two orders & magnitudeimprovement ovethe response time akcently reported undopdtFG
b-Ga0s basedX-ray detectorf40], [45]. The same temporal response waslaidul by fabricated
A u/ NGalOfTi/AudeviceeThe hi gh p e-G&e@ (Fe)awasalso stodn irbits other
characteristics, namely (1) thieéar relatioship between XRIC and&-ray tube current(2) the
high XRIC SNR which was optimized> 10¢°) under-5 V, and (3)the XRIC stability under 15
minutes continuous operatidBxamination of the gssible charge transport mechanidrased on
the XRIC behavior indicatetthe presence dbw ion migration.

Possible point defecs and | mpur i t-Gals(Fe) were Biffigsl by(l&vl 0) b
temperature Cathodoluminescence Spectroscopy, Positron Annihilation Lifetime Spectroscopy
(PALS), Doppler Broadening Spectroscopy (DBS), and Time of Flight Secondary lon Mass
Spectrometry (TOfSIMS). Possible material defedtsatcan affecthe detector performance are
suggested and discussetlhis exploratory study encourages further research on highly
compensated Fdopedb-GaOsz as a promising nexgeneration detector material extendihg
applicability of current Xray detection technology, particularly in harsh environments (in terms
of radiation and temperature), under passive operation (no applied voliade} low applied

voltage operatiofjportable batteries range, ~5.V)
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3. EXPERIME NTAL SET -UPS
3.1. Experimental Plan
Radiation detector material development is a cyclic process. It starts with material synthesis
and device fabrication, and it is hard to draw a line whemeds. Each cycle passes through basic
characterization stepfollowed byvarious detailed experiments to probe the physical properties
of the materiato develop a more accurate understandihgs properties and their relation to the
detector functioality. This developed understanding alfo for modifications in the material
synthesis and device fabrication phases to achieve better material and device characteristics. It can
also open paths for innovative and novel device designs that are tailtinedsfecific properties

of the materialinder study.

High temperature
Imaging

Dopant gradient

Device .
Material Battery/rad harvester

Fabrication Synthesis <\.

Basic
8 d sub band levels :
Characterization charge carrier ngﬁsporf pacansies
Lv ion migration dopant
XRIC performance u Integrated
Abs. Spect. detector

Experiments

set (I)
a Experiments
Experiments set (III)
set (II)
PAS/DBS
TOF-SIMS uvIC

Figure3-1: Simplified diagram otheexperimental plan illustrating the cyclic nature of radiation

detector material development
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A summary diagram of the whole scientific process incorpdraté¢his work is shown in
Figure3-1. In this study, (010p-Ga&0Os (Fe)grownby the EdgeDefined Filmfed crystal Growth
(EFG)techniguevas used agbase material for radiation detectoFsvo devices were constructed
with an initial intention to fan an Ohmic anda Schottky device fom semiconductor detector
device exploratory study Electrical contacts for both devices were deposited using PVD.
Absorption Spectroscopyl;V, and XRIC studies were performed as basic characterization
techniques to evaate the material and device basic propertiagther understanding of the
material electronic, optical, and optoelectronic propestias basedon CL, TOFSIMS, PAS,
DBS, and UVIC.In this chaptera detailed description of the used experimental metheds

presented along with the reag®ywhy each method was used.
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3.2. EdgeDefined Film-Fed Crystal Growth

Growing SC fronthemelt is the most practicalethod to produce highuality crystals in
a high growth rate and scalable fashi&@dgedefined Filmfed Growth EFG) is a shape
determined, melobriginated crystal growth method first investigated between 1938 and 1952 by
A. V. Stepanov, anthdependentlyasimilar method was later introduced in a series of publications
by H. E. Labelle Jr in 197Wvhich isoften considered as the first introduction of this technique
[49]1 [52]. EFG is currenththe mog successful method for growirfigGa.0s3 in terms of crystal
quality evaluated by Xay Diffraction (XRD) rocking curve (19 arcsec f[ 201] wafer) [41],

[53]i [55].
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Figure3-2: Schematic othe EFG melt growth technique faingle crystagrowth of bulkb-

Ga0z3. Adaptedwith permissiorfrom [41].

As illustrated byFigure 3-2, the main characteristic of EFG is the capillary motion
(wicking) of the melt inside the die (shaper) through a Aliseed crystal touches the top of the

melt and is pulleglowly upwards as a single crystalline interface forms between the setid se
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crystal and the liquid melt. The feed melt is heated by heating elements (usually inductive RF
coils) in a nonreactive crucible and the capillary path is wetted with the melt.

b-G&0s is grown in an iridium crucible and die that can withstand its vegly melting
point (> 1800°C). To minimize Ir oxidation at such elevated temperature, the crystal growth
atmosphere is set to be Nch (98% N : 2% ). Sn is commonly used foraoping while Fe is
used to compensate the unintentiongbnductivity to poduce seminsulating (highly resistive
semiconductor) SC which @imarily used as a substrate for device fabricaflmmmoepitaxial

growth).
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3.3. Physical Vapor Deposition

Physical Vapor DepositiorP{/D) is a deposition technique based on evaporating sol
material to be deposited, thus changing its form from condensed phase (solid) to gaseous phase
and depositing it on the substrate thus returning it to its-stdi@ again. Suchprocess is done
undera high vacuum and can vary in simplicity and tmedrporated evaporation technique.
Different PVD techniques can be used and the main difference betweersthsmally the way
the material is first evaporatedm its solid to gas state. The most two common configurations
for PVD are thermal evaporaticend electron bearfe-beam)evaporation. Other techniques
include Cathodic Arc, Pulsed laser, and sputter deposition.

Thermal evaporation is by far the most conmi®d/D method due to its simplicity, which
makes its home fabrication possible without maghssticated experimental problems. In this
configuration, the deposition chamber pressure should be lower tifafiot) and three main
components are presenside, the sample holder where the sample is mounted and its siorface
be-deposited faces tlteecond component which is the resistive crucible boat where the depositing
metal is placed, and the final component is a probe to measure the deposition thidka ésw
pressure is essential for two reasons,,fitshcreases the mean free path of #vaporated gas
molecules which decrease their absorption and scattering achieving more efficient deposition,
second the presence of air or any other gas wifeef the deposition process itself by either
interacting with the substrate or by interactiith the metal gas molecules leading to defects in
the deposited coat/thin film. The major drawback of thermal evaporation RiW&cisntamination
of the film from the crucible boat material since it is resistively heated to melt the metal, this

specificdrawback is solved bysingelectron beam evaporation
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On the contrary, in-beamevaporation the metal to be deposited is evaporated by an
electron beam cominfgom a tungsten filament and confined magnetically to be localized in very
small parts of thenetal. Such modification over the previous technique avoids contamination from
any part that is close to the metalbe-deposited and this is always enhanceavhter cooling of
the crucible as well, moreover, heating by electron beam achieves higiperatmes allowing
deposition of metals that ther mal evaporation

For fabrication ob-G&0Os (Fe) X-ray detector, lectric contacts weredrmed on both sides
of two sample using a 4x4 mrhimask.Two 0.5 mm thick samples with lateral as@é 5x5 mnt
were first cleaned with acetone, followed bgtbeam electrode deposition (except RF
magnetronsputtering was used). For one sanifildu (50/50 nm)were deposited on both sides.
For the other sampldi/Au (50/50 nm)was deposited on one side andAy (50/50 nm)was
deposited on the other sidElectrical contact deposition was dounsing a Angstrom PVD

platform.
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3.4. Absorption Spectroscopy

IR-UV-Vis absorption spectroscopy is an efficient technique in determining the bandgap
of crystalline semiconductors. As a result of energy and momentum conservation, the minimum
energy that a photon neettsproduce € pair is the energy nded for electrons in the valence
band to be excited to the conduction band, in other waonésbandgap. This leads to a sharp
increase in the absorption spectrum at that fundamental absorption photon energy. e accur
determination of the bandgap, tke-called Tauc plot is constructed to correct for bandgap
reduction effects resulting from batailing due to material defects. Equation 6 is used to construct

the Tauc plot, wher¢ is the absorption coefficient calculated from Equatioif27is the eergy
of the incident photoriQ is the bandgap of the semiconductors a factor equal te for direct

bandgap material and 2 for indirect bandgap matevialthe sam | e 6 s t'0s thenkensiys s |,
of the transmitted photorsnd O is theincident photons intensit{b6], [57]. The absorption
spectroscopyor bandgap deGa®yFe)wasadne using an Agilabt Cary 60 UV

Vis system.

| @ o070 © (6)

o 7
- ©
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3.5. Resistivity
The resistivity was measured fratme currentvoltage (V) characteristic curve usina
Keithley 6487 Piceammeter and voltage sourcene |-V measurement was conducted at room

temperature in an thouse maddarktesting box shown ifkigure3-3.

Figure3-3: An in-house built versatile testing box used for IV, XR#Ad UVIC measurements
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3.6. Annealing for CL and PAS
Annealing was done twice to two EF@10) b-GaOs (Fe) samples (dims:
U U TAada ). The first annealinggrocesswas done in airtal100°C for 5 hours with a
heating/cooling rate of 10C/min. After this, the samples were taken for CL and PALS
measurements. The second annealing process was doneHp: B#%6 Ar atmosphere at 90T
for 2 hours and POwas kept at 18° atm level. dly PALS/DBS measurements were taken after
the second anneal. The sample was placed in a quartz and alumina boat during the first and second

annealing processa®spectively.
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3.7. Cathodoluminescence Spectroscopy (CL)

The temperaturedependent cathodolungecence (CL) measurements were conducted
using a Horiba HClue detector system coupled to a JEOL JBMOF Field Emission Scanning
Electron Microscopy. A accekrating voltage of 15V was used and the electrons current was 84
pA. Emission scanning was dafrom 200 nm to 700 nm for the-geown sample, and from 200

nm to 1200 nm for the aannealed sample.

34



3.8.Time of Flight i Secondary lon Mass Spectroscopy

Time of Flighti Secondary lon Mass Spectroscop®FSIMS) [58] is a highly sensitive
surface analytical technique ftire acqusition of elemental and molecular information from the
surface of a material with high spatial and mass resolution. A finely focused, pulsed primary ion
beam & rastered across the surface of the sarapkbthe secondary ions emitted at each pixel are
extracted into a time of flight mass spectrometer, mass filtered, and countedh®¥\dtiatbeam
operationthedepth profile of ions can be obtained, and qui@ation of elements can be achieved
in the presence ofstandardample (reference)

TOF-SIMS analyses were conducted using a TOF SIMS V (ION TOF, Inc. Chestnut Ridge,
NY) instrument equipped with a B (n = 1- 5, m = 1, 2) liquid metal ion gun, Csputtering
gun and electron flood gun for charge compensation. Both the Bi and Cs ion colgmmnzated
at 45° with respect to the sample surface normal. The instrument vacuum system consists of a load
lock for rapid sample loading and an analysiswaber, separated by the gate valve. The analysis
chamber pressure is maintained below 5.0 X hbar to avoid contamination of the surfaces to
be analyzed.

The thicknesssurface was sputtered with 10 keV*@®gam at 30 nA for 20 scans over
VUTILTTT are a, which only sputt er e@0Osaken paing f ew
surface contamination¥he analysis beam was 25 keV Biion at 0.15 pA currenfTOFSIMS
was primarily utilized to gain information on Ir@md impuritiesspatialdistributionthroughthe

samplé s t h.i ckness
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3.9. Positron Annihilation Lifetime Spectroscopy (PALS)and Doppler Broadening of
Annihilation Radiation Spectroscopy (DBS)
Positrons (partickes) anniolatisnéinsidenatmedium, contains information
about the electronis that medium as the properties of the two annihilation gamma photons are
highly sensitiveta he el ectronsd densiti es,Figare3elringhees, an
annihilation process, a positron and an electron annihilate, and two gamma quanta are produced

conserving the energy, momenta, and charge of botarsgs
e

L AVAVAVAVAVIRSEAVAVAVAVAV. <

E,=0.511 MeV ot E,=0.511 MeV

Figure3-4: ElectrorPositron Annihilatbn. At low energies (positron annihilation spectroscopy
experiments lie in this range) a positron and an electron annihilate and two anticollinear 511
keV-ganmas are produced conserving the energy, momentum, and charge of both systems.

Adaptedwith permisionfrom [17].

From the conservation of energy and given that both the electron and the positron are
statiorary, it can be shown that each of the two quanta will have 511 keV (equivalent to the rest
mass eargy of an electron/positron). The time between positron implantation inside a material
and its annihilation with an electron is dependent on the electrmitg@istribution inside that
material. A direct result of the momentum conservation betweepasieon + electron system
and the two gamma photons system, is the deviation from anticollinearity and broadening of the
511 keV peak of the two gamma phatoras shown irFigure 3-5. Accordingly, three main

techniques were developed based on positron annihilation inside solid materials: (1) Positron
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Annihilation Lifetime Spectroscopy, (2) Doppler Broadening Spectroscopy (DBS), and (3

Angular Correlation of Annihilatio Radiation (ACAR]59].

A
1

1
P1szC+EPL

Figure3-5: Conservation of momentum for the positron annihilation process. Adapted with

permission fronj59].

A schematt repesentation of the three techniqueshown inFigure3-6. Discussions in
this section will focus only on the first two techniques since they are the more comnenhfpius
vacancy defects studies compared to ACAR, and because these are the two techniques used in this
study.

Although the theoretical (prected by Paul Dirac in 1931) and experimental (by Carl
Anderson in 1932) discovery of positrons motivated studiggsitron annihilation in solids, it
was not until the late 1960s when the sensitivity of the positron annihilation process to vacancy
type defects in solids was establisH@d]i [65]. Positron annihilation experiments arelksuited
for the study of vacancy defects due to the high sensitivity of these techniques. Studies of vacancy
defects ranging in size from 1 to 15 and concentrations as low as 0.1 ppm are achievable with

positron annihilation techniques.
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Figure3-6: Techniques, time scales, and length ranges of positron annih[B8ilpf66]. The
schematic represents the observables in positron annihilation spectroscopy experiments

employing the commonly usééNa b*-emitter. Adapted with permis from[59].

Before annihilation, energetic positrons implanted in solid material first slow down and
lose their aergy till they are thermalized, then diffuseside the material. The thermalization
process takes place via different positemergy dependent processes. Within few picoseconds,
high energy positrons (few MeV) ionize and excite atoms (inelastic soglterhile slower (<10
eV) positrons lose engy via electrorhole pair formation and phonorj§7]i[69]. Thermal

positrons diffuse in the solids probing diffusion length,dbout 100 nm before annihilation. The
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relatively large volume probed by thermalized positrons is one of the main reasons why positron
annihilaion techniques are highly sensitive to miailevacancy defects. The thermalization and
the diffusion processes 6 Rgurel3e. Therthdrmalizatiogtinfe r an g

is negligible compared tté positron lifeme in solidg67], [69], [70].

(b)

[010]

y(a)
y{a)

(d) =

[010]
[010]

y (a)
y{(a)

Figure3-7: Ab-initio calculation of positron density in the (001) plane of Cu. Blue circles
indicate Cu ions. (a) presents the case for a perfect crystal, while (Bhddd) show the case
for mono, dj and trivacancy defects, resgtevely. Cu lattice parameteare used fothe X and

Y scales of the graphs. Adapted with permission ffohj.

The implantation depth is dependent on the energlyegfositrons. Two types of positron
sources are commonly used for positron ilatation experiments:(1) positroremitting
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radi oact i +reemistotuerrcse)s anbd (2) accel erated-posit.
emitters, panproduction of gammas having energies higher than double the rest mass of an
electron (>1.22 MeV) opther nuclear processeThe implantation profile for positrons, of
maximum energy gax f r o n'-emitteihis empirically given by Equatio&rror! Reference

source notfound, where |} i s t he ma t-agependant pgidoa stapping y , U
coefficient[72]. A few hundred pms are enough to stop virtually all positrons in solids. For
example, 99.8% oPNa posi trons are stopped. Thug posi®od Om o
annihilation experimest b a s &eahitter sourbes give informatiaepresentable of the bulk

material.

. y y " Q@

0w | 'Q h | p (ﬁmw (3-1)

Vacancies (vacant lattice astthat would otherwise be occupied in a perfect lattice) cause
asignificant decrease in the local electron density and energy distribution. This can be probed due
to trapping of positrons in vacancies where Coulombic repulsion is reduced due to tloe albsen
the ion core (positive nucleus). Positrons get localizeapfed) in these potential wells as
illustrated inFigure3-7, and the energy difference (binding energy > 1 eV) between the free state
and the localized one is dissipated in the lattice. Detrapping is negligible due to the high binding
energy of the pagon in the vacancy site, so a simple tatep trapping mdel can be used which
is shown inFigure3-8. Each defect type has a specific trapping coefficieg)ttfjatcharacterize
the probability of positron trapping in this defect. For example, extensive experifra&jtfr5]
and theoreticdl68], [76] research in semiconductors (GaAs, GaN and ZnO) pointed out that the
My coefficient d negatively charged cation vacancies and neutral vacancies are in the range of

¢ o pmi ,andp pTm i , respectively. The is simply the proportionality
constant bet ween the trappishgamat e hef depfosc t «
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concentration (€= Nda/Nat, Ng and Ny are the defect and host lattice atomic density respectively).
For amore rigorous analysis of positron trapping models in solids, the reader is referred to

literature reviews covering positron annihilation studieseimiconductorgs9], [76].

T Free state
rb—1 %JJ

Annihilation

Trapped state
['_F' Trapping

1
Ty

Figure3-8: Schematic of the twetate trapping model that accounts for the trapping (with
defectspecific coefficienfu) of the free positrons (with materspecific lifetimel} ) in a

vacancy defect site (with a defespiecificlifetime ). Adaptedwith permisson from [59].

In vacancies potential wells, positrons annihilate with a lowerrafl | onged), | i f et
compared tahe annihilation rate of the bulk defettr e e  ma)tdeertd ttee Iredugction of the
| ocal el ectron density. PALS is based on meas
the start of dtidnevithphe sampler anchpéoducatiofrabnditation photons as
shown in Figure 3-6. Positron lifetimes in the sample are obtained from analyzing PALS

distribution based on the trapping model.
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(a) Defect free (b) Monovacancy (c) Vacancy cluster
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Figure3-9: Schematic representation of the change in the vacancy defect type on the PALS and

DBS signals, due to the change in electron density and energy distribution. The third row of the
figure illustraes the DBS parameters (S and Wahkation. Often in DBS data analysis, only the

high energy end W is accounted for to avoid high noise levels in the low energy end. Adapted

with permissiorfrom [77].

Changes inhecore andhevalence electrons density around the vacancy defect I¢ad to
doppler broadning of the annihilation gammaBBS is based on acquiring a highergy
resolution spectrum around the 511 keV peak. As showigure3-9, two regions in the spectrum
are defined such that one represents the rate of annihilation involving interactions with low
momenta electrons (S for Shape) and the other represents the rate of annihilation involving
interactions with high momenta etemns (W for Wing). Low-mo ment a counts (| ow

from positrons annihilation with valence electrons, while core electrons annihilations contribute
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to the highmo me nt a ¢ o u n rsexapie, thehsigrabiEant.redu€tion in core electron
densities @éadsto narrowing (decrease in W and increase in S) the deppbadened peak, as
illustrated inFigure 3-9. Thus, electronic structure correlations and information came\ealed

from the analysis of (S,W), (S, independentatalie) and (W, independent variable) graphs, where

the independent variable can be temperature, thickness, doping species, dopant concentration,
irradiationéetc.

Fast coincidence detection syste are employed for PALS due to the short lifetime of
postrons in solids (hundreds of ps to few nm). Thus, fast plastic scintillators coupled with fast
PMTs are usually used to detect the start and sfopotons Analysis of the PMT signal is
performed ly either analog instruments or digita]p9]. In an analog system, tinpilse shaping
and energy discrimination fronthe PMT pulse are done using constant fraction diffexkent
discriminators (CFDD). A timdo-amplitude converter (TAC) is used to calculate the time
difference, which is passed to an analogligital converter (ADC) and finallya multichannel
analyzer MCA) passes the signal to a computer. For accurate eatcul on o f ot , a de

after the 511 KeV -CFDD (stop signal) to operate the TAC in its linear region.
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Figure3-10: A schematic of thanalog andligital bulk-PALS system of the NCSU positron user
facility. Adapted from{78].

PALS measurements were conducted at thetPosbn user facility at
reactor[78]. The sample saip and the fast radiation detection system are sloviigure3-10.
The experimental setp is equipped with both digital (prioritizing count ratesy aamalog
(prioritizing timing resolution) systems. PALS measurements wenee deith the analog
instrumentation systent?Na radioactive source was used with ~15 @alivity. As shown in
Figure3-11, ?Na has a higheyield of ~90% (Ea=0.544 MeV) and emits quasimultaneous
1. 27 MNleown, which are used as start signals for the coincidence measurement. The source
(wrapped in 2 pmaluminum foil) was placed between two identical v T & & EFG (010)
b-G&0s (Fe) such that both samples cover the whole solid angle of the séorcthe DBS
measurements, the same samplauspt was used, a n ghotorfswere deteotedh i | at

byaHighPur ity Ger manium detector (HPGe). The S a
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+/-0.873 keV and +(2.87 keV to 4.61 keV) from the 511 keV peak centroid, respectively. S and
W parameters were obtained by fitting the energy pettk two Gaussia functions and a step

function convoluted with the HPGe energy reso

E (MeV)x o
3r f+,:0.545 MeV (90%) 1
7:1.275 MeV (100%) EC(10%) (2.6y)

2L

3.7 ps
S L 1.275 P ,

;}/ // ﬁ+2
/
___________ Y »
10N922

Figure3-11: ?°Na decay scheme .Adapted fr¢59].

DBS and PALS spectra were taken simultaneously, as shokigure3-12. The source
sample package was placed orheatingcooling stage (Linkam) inside a vacuum chamber
¢ p p 1 "YE | kept by a mechanical rotary pump) for temperatiegendent measurements,
and each temperariwas kept for 6@0 minutes.

After the initial RT runs, the samples were first coalleavn to-20°C, and subsequently
lower temperatures at AC steps t0-180°C. The samples were held at each temperature for
approximately 60 mins for the PALS and DBS runs to accumulate enough counts. For each
PALS spectrum, at leagi® p 1T eventswere recorded, and for each DBS spectrum, several
million events were recordaghder the 51keV annihilationgammapeak. After the annealing,
the samples were placed back into the sample stage and heated@oe480°C stepsn arough

vacuumenvirorment A final run was taken at RT after cooling down from 480
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Heating/
Cooling
Stage

Sample

22Na source
/

PMT

\Vacuum

Chamber

Figure3-12: A schematic illustrating the sample stage (with the ses@oeple configuration)
and detectors for both PALS and DBS measurgmiéhe schematic illustrates the directionality
of the measurements. In DBS rsaeements he surface normab the (010)sample is
perpendicular to the axis of the HPGe detector end cap, as shidvenfigure. Note: The angles
between the HPGe axisanche sampl edés (100) and (001) dire

pristine andhe annealed sampl€ourtesy of Dr. Ming Liu.
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3.10. X-Ray and UV Induced Conductivity (XRIC and UVIC)

The XRIC experimental setip is shown irFigure 3-13. The Xray tube (Cu, 4%V, 40
mA) was equippedvith an X-ray diffractometer (Empyrean, PANalytical) and no optics were
used in front of the beam other than a mask and a Soller slit whiehused to define the beam
geometry. A Keithlg 6487 Source Measure Unit (SMU) was used to apply the external electric
field and measure the induced current. The tempoiralydnduced conductivity was measured in
0.3-sec steps.

The UVIC setup is shown n Figure 3-3. The used excitation source wad/ LED
(o @ ® &) which was placed inside the testing box and controlled externally via an Arduino
controler for photoconductivity transient measuremefitse same versatile testing box was used
for all electrical anaptoelectrical measurements, howetee lid had to stay open through XRIC

measurements which slightly compromised the measurement sensitivit

Insulator

X-ray glass shield

Figure3-13: XRIC measurement schematic-sgt
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4. OPTICALANDELECTRONI C PROPERSROHR) OF D
4.1. Abstract

In this chapter, optical and electrical properties along thexbi s-GagOg (Feb will be
discussed in light of the results obtained from lewmperature CL spectroscopy, optical
absorption spectroscopgnd currentvoltage measurements. As summarizedrigure 4-1, the
temperaturalependent CL measurements exhibited a strong blue to ultraviolet (UV) band
composed of multiple lovintensity peaks (B=2.51 eV, B=2.57 eV Bs=2.64 eV and B=2.73
eV) in the blue range, a main blue peak{B.02 eV), astrongUV peak (UM=3.12 eV), and a
weak UV band from the agrown Fed o p e@a0O%H After controlled annealing in air, the
emissions changed to a red to nigdirared (RNIR) band with two sharp peaks:fH.78 eV and
R>=1.8 eV) and a UV bantthat is resolved at room temperature to three UV broad peaks2.8/
eV, UVs=3.3 eV and U\¥= 3.8 eV). The low energy blue peaks were assigned to oxygen and
gallium vacancies complexesdthe high energy blue peak and UV peak were assigned to donor
accepor pair (DAP) involving Fe atoms in gallium sites and gallium vacancies, respectively. The
higher energy UV region was related to the UV peak obtained after air annealing, vasich w
ascibed to electrons recombination with setipped holes (STH). The-RIR sharp peaks from
the airannealed sample were ascribedheincorporation of nitrogen during air annealing. The
Ohmic behaviors with Ti/Au electrodes were revealed on thg ao w@a0Hdoped with Fe
and the calculated room temperature resistiwgs in the order of 20Y . ¢ m. The opt.i
absorption spectroscopy showed an absorption edge without near edge shoulder and the

corresponding optical bandgap was calculated to be 4.45ieg direct band gap treatment.
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Figure4-1: Summary of the lovtemperature CL results forGaOs (Fe).
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4.2. Absorption Spectroscopy
As shown inFigure 4-2, the aberption spectroscopy measurement did not showear
band edge shoulder as expected when the excitation photons are perpendicular to the (010) oriented
plane, which is consistent wifirevious studiep79], [80] The optical bandgap deducted froime
Tauc plot was 4.45 eV and it is expected to be a direct one betweerds [30].
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Figure4-2: Fe-dopedb-Ga0Oz Tauc Plot along {axis showing optical bandgap of 4.45 eV. Inset

shows optical absorption curve raw data which was used for Tauc plot constf8t}ion
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4.3.Electric Contactst 0-G&Os

Depending on the metaemiconductor junctiorthe device would either perform as an
Ohmic device or Schottky device. For its performance as an Ohmic device (i.e. [liviear
behavior) there should be no barrier to interfere with the transport of charge carriers at the
interface between the semicontiwand the metal contact, on the other handHeachievement
of Schottky contact, the barrier between the semiconductor and the metal should be relatively high
to prevent charge transport from the semiconductor to the metal unless they have serfiiojgmt
thus Schottky contact exhibit very low leakage current till a certain threshold where the current

significantly increase The aforementioned behavior is illustratedrigure4-3.

a b .

V80 E. AN E,

EF.m ) e — EF,s El-‘.m X ) [ —— El‘ s

Metal E, Metal \ E
Semiconductor Semiconductor

Figure4-3: Representation diagram for Ohmic (a) and Schottky (b) contact, where energy level
of the conduction band @ valence band (g, Fermi level of thenetal (E,n) and

semiconductor (Es) are illustrated as well. Adaptéem [82].

Consequently,dr WBG semiconductorée.g.b-Ga0s) the metalsemiconductor barrier is
always of the Schottky type, where for Ohmic contact formation, such Schottky Barrier Height
(SBH) should be minimized. SBH denoted hereafter s can be represented by

ni ni w , wheren is the electron chargl, is the metad work function, andu is
the electron affinity for the semiconductor material. Thus, for Ohmic contact, tieodke metal
should have a high work function as close as possible to the electron affirigyveiidle bandgap

semiconductor. In addition to that, it has been noticed that increased concentration of electron from
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increased doping)( p 1 & ) help orm Ohmic contact which is explained by the ability of
electrons to tunnel directly fro the semiconductor to the metal due to bending of the conduction

band leading to narrowing the barrier as illustratelligure 4-4 (1).
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Figure4-4: (1) Effect of increasing doping level on barrier height faype semiconductors.
Adapted from[82]. (Il) Reactivelon Etching effect om-V b e h a v i-@aiOs watH Ti/Au

electrodes. Adaptedith permissiorfrom [83].

Other than the mentioned two variables, the surface defects can also enhance Ohmic
contactformation by introducing energy levels in the middle of the bandgap, which can be realized
by introducing material defects on the surface. For exarfere 4-4 (II) shows the effect of
pretreatment by reactivion etching on the formed electrode behavior, where pretreatmest lead
to Ohmic contact formation whilgithout the pretreatment step the¥ showed Schottky behavior.

Posttreatment by annealing canhance Ohmic contact behavior and change the resistivity
as well as can be seen frdatigure 4-5 (1), where optimization of annealing temperature resulted
in the optimum temperature of 40C as can also be showy the Transmission Electron
Microscope (TEM) and Energy DispersiverXy Spectroscopy (EDS) analg inFigure 4-5 (11),
where partial homogenization between the electrode metal and the top semiconductor interface

enhanced the electric Ohmic behavio
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Figure4-5: (I) Annealing effect orthe FV characteristic curve of Sthopedb-GaOs as a

function of annealing temperature. Anneahlmgsdone in Argonmert atmospheréll) TEM
micrograph crossection of asleposited (a) and peahnealed (c) electrode. EDS analysis of as

deposited (b) and pesnnealed (d) electrode and semiconductor interface. Adeyited

permissiorfrom [84].
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4.4.1-V Characteristics
4x4 & &2 Au/Ti (50/50 nm) electrodes were depositedonv @ & E F G-G&0z on
both sides (RF magnetron sputtering for Hiyeam for Au)and the sample is shown placed on
the right siden
Figure4-6. The \ery high resistivity ofufd p 1 &b Gwas revealed fromV

measurement as shownkigure4-7.

Figure4-6: Fabricate-G&0s (Fe) based Xay detectorsAu/Ni/b-GaOs/Ti/Au (Left).

AU/Ti [G04/Ti/Au (Right).

4x44 &2 Au/Ti (50/50 nm) and Au/Ni (50/50 nm) electrodes were deposited, as shown
Figure4-6: Fabricated-Ga0s (Fe) based Xay detectorsAu/Ni/b-GaOs/Ti/Au (Left). Au/Ti/b-
Ga0O3/Ti/Au (Right),, for testing Schottky behavior, howeytre FV behavior was not different
from the Au/Ti Ohmic sample (RF magnetron sputtering for-Beam for Au and Ni). Controlled

10-minute air annealing at 480 did not change-V behaviorfor both samples.
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Figure4-7: CurrentVoltage curve of Fe dopdsGa0O3 along baxisshowing near Ohmic

behavior that reveals 30 .cm resistivity[81].
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4.5.Bandgap defect energy levels revealed by CL
An effective approach to precisadgntrol the conductivity and charge transport properties
o f-Ga&0Oz is to introduce dopants and to use pgrsiwth annealing procedures, which extend the
path of its applicabilityf36]. In this regard, a deep understanding of the relshiprbetween
optical properties and eleatal propeties is ultimately needed to guide thee vel opment of

Ga0O3 materials and devices.
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Figure4-8: Temperaturedependent CL for the agown (010) Fe dopeltGaOs [81].
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Here we useé low-temperature CL spectroscopy to probe the luminescent defects in the
4. 45 eV -GOVUB(). bhe temperatii@ependent CL measurements were done before
and after akannealing. For the egrown sample, CL between 89K and 328kKowed bludJV
broadband wh two wellresolved wide peaks éBnd UWi) as well as multiple lower energy blue
peaks (B.4) and multiple higher energy UV peaks as showrrigure 4-8. The luminescence
showed thermal quenching for all peaks (not shown indh@aalized CL) with no significant shift
in the energy.
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Figure4-9: Temperaturedependent CL for (010) Faopedb-Ga0Os after controlled air

annealind81].
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As shown inFigure 4-9, the temperaturdependent CLfor the sample after annealing
showel broadband around 3.3 eV that is formed from three peaks; (A8 shown in room
temperature measurement) and an unexpected band inkhR Between 1.5 eV and 1.9 eV
composed of mitiple sharp peaks with the highest two of them denoted asdRR. Theintensity
of the RNIR band became higher than that of the UV one as the temperature increased.

Generally speaking h e | u mi n &8@seam beedividedl intb three main bands,

UV, Blue, and Greeri85]i[89]. The near band d ge ( NBE) iI's not ecommonl
Ga&0s, regardless of the growthigparation methofB6]. Theoretical[90] and experimeiad [85],

[91], [92] results showed that the UV band is related to the recombination of free eléobtrans

the conduction band with seifapped holes (STH) in the vicinity of slightly displaced oxygen

atoms, and such band is commonly referred to as an intrinsic band, yet some studies show that it
could also be dopant depend¢®®], [94]. All other bands are often attributed to DAP (Danor
Acceptor pair) recombination.

As shown in Figure 3, the position and relative intensity of Beaks are temperature
insersitive, suggesting that they are originating from defect to defect transition. Moreover, the
energy difference between each peak and the consecutive one is slightly increasmgdBeV,

Boz = 70 meV, B4 = 90 meV). Such behavior was seen beforthie absor pti-on spe
Ga0s and a theoretical 1D quantum well model for their origin was developed attributing them to
donor electron recombination withe¥Vo pairs (using Krogén/ink notation)[95] and later such

peaks were seen in photolumingsc e ( PL) s pect-GaOs;bdtween2band2. 4 i ps
eV, where the same quantum well model was used to explain[8&nit should be noted that

although oty 3 peaks were seen in the nanostrips PL, more peaks could be potentially present as

predicted by the quantum wel |l mo d edGa@x[®3. as wa
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The CL peaks Bs shown from the b-Ga&0Os (Fe) single crystalare thus asibed to DAP
recombination oéinelectron from a donor defect sitedMGa, or F&) to aVeatVo pair acceptor.

The CL peaks of Band U\ are both ascribed to DAP, witho\being the donor and
VedFesa being the acceptor forsBJVi. Suchan assumption is ugpported by the significant
decrease /disappearance of these peaks upon air annealing that is expected to significantly decrease
Vo. The insignificant peak shift with the changing temperature indicates that this is indeed due to
a 0dedefcd c ttamsitiony AdsethetblueUV band is in an energy range very close to that
of the blue band, which was related to high resistivity as was concluded in previou’9jork
The higher energy UV peaks are assumed to form the UV band that is originated from electrons
falling from adonor bad to STH.

As shown in Figure 4-9, the UV band from the amnnealed sample is attributed to the
recombination between donor electronofMand STH, which was also present with a lower
intensity before annealing.

We note a R-NIR emission peak vgaobserved from the @sr o w®aOpsingle crystal
after the annealing in air. In our opinion, theNIRR with its R, and R peaks is ascribed to DAP
with No/Vo as acceptor/donor, and this proposition is supported by the correspondéaadirzo
experiment.During the airannealing, the agrown sample that has high density of oxygen
vacancies (as evident for the high Blue and UV peaks) wjtkittier individually present or paired
with Vga(as evident from Bs), together with the incesed unit cell sizdue to Fe doping and the
low formation energy of nitrogen in an oxygen $&é], assist nitrogen frortheair to be diffused
i nsi d-6&a0s ¢rystal mto \b sites. Sucka mechanism can be a reasonable explandtion
the soecalled seminsulating layer (SIL) that is usually witnessed afteraam n e a | iGa@ on b

single crystals surfac@8]. It should be noted that a similarNRR band emission was also
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observed i n-Gae@oppwiirogensanneafing &nd was attributed to DAP whese V
was assumed to be the donor angws assumed to be the accep®®j. This verifies that this
band is indeed relaleto the incorporation of N atoms. Furthermore, we observed that at high
temperatures (above RT) the ghareaks are going to merge due to an incréasghonon
interaction, which is consistent with theory predica{@®y. It should also be noted that R and/or
NIR bands wih sharp peaks were observed by Chromium [AQQ]i [103], Europium (Eu]104],
[105], and Lithium (Li)[106]d opi ng f or n a-@agls, haweavertthe sirailarity o f b
between these emissions and the emissienta lies only in the same energy range, where the
characteristics of the emissions and tehte exac
Un d o p-8aDs (frown by various techniques including EFG) CL reveals four broad
bands centered at5 (related to ¥a), 3.0 (related to ¥a), 3.5 (related to ¥), and 3.8 eV, as well
as a shoulder between 4.5 eV and 4.7 eV due to transitionsdraination to valence ban{07]
Based on our aforementioned aiGad:leaste¥stMye pr op
formation resulting in B(2.51 eV), B (2.57 eV), B (2.64 eV) and B (2.73 eV) CL peaks which
di dndt nappdaGae:ilo7pWe also propose that the donog Wefect leads to 8
(3.02 eV) CL peak related tocyacceptor and UV(3.12 eV) CL peak relatl to Fea acceptor
compared to a single peak fopVelated luminescence (3.5 eV) atweb peaks for a related
l umi nescence (2.5 aGaD:[ID7]Moreewr) thefabsenceuwohddbogve d b
shoulder, contrary to its prese& e i n  Ge@:[dQY]enthy ibdicatehe absence of valence
to conduction band transitions.
4.6. Summary
Il n summary, we studied t he -GaxOD:along thée kevasl and

using lowtemperatureCL spectroscopy, ojmal absorption spectroscopsnd currentvoltage
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measurements. The-gsr o w@aOHdoped with Fe has a high resistivity b4 Y . ¢ m. The
corresponding optical direct bandgap is 4.45 eV. The tempemddpendent CL measurements
exhibited a strong blue to UV band composed of multipleiltensity peaks in the blue range, a

main blue peak, atrongUV peak, and a weak UV baricbm the asgrown Fed o p eGOH

The annealing in air results in the appearance of a rBllRRemission peak ithe CL spectrum,

which is related to the incorporation of N atoms.
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5. PROBING GALLIUM VACANCIES

Temperatureependent PALS and DBS were congador the pristine samples. Then the
sampleshaveundergone higltemperature air annealin@ hrs- 1100°C), followed bya low
vacuum (% Hz : 99%Ar - 1016 PO, pressure 2 hrs- 900°C) annealing processes. Temperature
dependent DBS for the sampldeafboth annealing processes were conducted. PALS for the
sample after air annealing (beforg/Ar vacuum annealing) were conducted at RT, howd¥B6
for these samples were not conducted.

Positrons emitted from th@Na sealed source can travel up teea fundreds of pm in
each of the 50Qum samples, then they diffuse with a diffusion lengthrithe range if 10@200
nm, thus data of the performed PALS and DBS experiments represent properties of the bulk (010)
E F G-G&0s3 (Fe) sampleThe hgh sensitivty of the measurements is another consequence of

the large volume covered by the thermalized positrons.
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5.1.PALS results and discussion
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Figure5-1: PALS results fothe pristine sample.
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No obvious change hs been observediuring the temperatw@ependent PALS

measurements of the pristine and the annealed samglesvas inFigure5-1 andFigure5-2. The

lifetime showed verygood consistency throughout the cooling/heating prodagisng of the

PALS distributions results in@lculated i f e t af IM2psdndign example of the fitted PALS

distribution isshown inFigure5-3. The lack of changefdhe PALS signals and comparigomith

recent liteature values will be discussed next.

Early studieson single and polycrystalline samples of*Thand Dy* d o p e@a0H

reported bulk lifetime ((J) of 170 - 180 ps[108]. Later PALS studies on crystalline and

polycrystalline thin films of undoped and-&ped MDVPE resulted i single lifetime of 176 ps

[109]. Identifying W is an important stefor the progress arelf f ect i venes s

ef
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Ga0s vacancy defects identification. Although the current interpretation of thel8U5s
lifetime is that it reflects positron annihilation in the defieee lattice, one should note that it is

an assumption subjetd change when more systematic studies are cond{1édl In general

PALS and DBS are comparative techniques and their defect identification dsatl drawing
guanttative analysis based on them, highly depend on the availability of a suitable reference

materiab s s.ampl e
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Figure5-3: Roomtemperature PALS data fitting for pristine EB&a0s (Fe). Fitting yielded a

single lifetime of 173s.

Few requirements nedd be met by that standard reference matsaatple namely (1)
PALS data should be fit by omnshopldzeinaireasgrialde | i f e
range and in agreement witie estimationthat isbased on the aiic and mass density did
mat e r ipahould b¢ iBdpperdent of the measurement temperature or show changes reflecting
|l attice parametersd changes due to ther mal e
enough indicating an almost defdote lattice, and lastly (5no other observables (sample

characteristics and characterization results) indicate neutral and negative vacancies higher than
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x 10' cm3[76], [110] So far, these results have not been met completely. Theflatlange in

the shygdrendlal i ng and heati ng/ coeQaDsFg)PASY i ndi
results satisfy the first three requirements. Considering PALS results solely, it can be concluded
that Fe doping does not lead to significant chans i ,nin othér vords, it does not introduce

new types of vacancy defects.

Possible vacancy defects probed by PALS and DBS esandVea+Vo. Vo is positively
charged, so it does not affect positron annihilaff@j, [111]. Recent experimental and theoretical
studies considered ninesy¥sydems including monwacancies, split vacancies, and hydrogenated
split vacancies. The two crystallographic inequivalent gallsibes £ad to two different gallium
vacancies (¥a1and \ea2). Gallium vacancy can also relax to three other systems, where-a four
fold coordinated Ga atom, in the vicinity of thesa/relaxes into an interstitial position. Split
gallium vacancies are halfacantes formed around this interstitial J42], [112], [113]
Hydrogenated splitacanges have been identified recently based on DBS analysis hqoweser
PALS results in the same study di diBOpgssimgeow si
lifetime [110].

It is becoming clearer recently that defect identification based on PAS techniques is a
challenging task, as very careful execution of PALS and DBS should be done with high
consideration of the anisotropy of the defects and the obsesviitale dependent orthat
anisotropy Thus, for defect identification, DBS along different directiaresrequired as well as
comparisos between experimental and theoretical results (S/W, anisotropy in S, anisotropy in W)
[110]. Although the straightforward interpretation of our single lifetime (173 ps) is that it
repr es ims Been(dhown by theoretical and computational Density Functional Theory

(DFT) calculationshath e | aft o #G&@sis significantly lower, close to 135 ps, and in that
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work, experimental PALS and DBS results indicated that signals of both techniques can be
ascribed to hydrogenated vacancy defd@ts0]. Thus, we ascribe this consistent lifetime

(independent of the annealing/heating/cooling) to a single type of gallium vacancy defects.
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5.2.DBS results and discussions
Unlike the consistent single PALS lifete paraneter, he Sparameter (and the W
parameter) showed some changes as a function of the températugand W parametdrefore
and after annealing as well as their variation with measurement temperature are shigwrein
5-4 and Figure5-5, respectively. Simultaneous variations of S andrdséhown in the (S,W) plot
in Figure5-6. The datgointsin grey(pristine)were first conducted before any annealifhe red
data pointgafter high T anneal) are taken after the two annealing processes, and in the same run
the redframed transparent data points were taken, after the sample was cooled back to RT (after

vacuum anneal)
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Figure5-4: S-parameter behavidor EFGb-G&0s (Fe) samplebefore and after annealing.
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For the pristine samplesdreis a peak in the S parameter at arotr@)°C corresponding
to a drop at the same temperature fopWameterFor the annealed sampldésappears that the
S-parameter started to rise ab@@)-300°C and this rise is partially irreversitdsafter cooling

down to RT again, the-Barameter is highgand the W is lower).
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Figure5-5: P-parameterfor EFGb-Ga0s3 (Fe) samplebefore and after annealing.

From the (S,W) plottican be recognized that the coolig for the pristine samples and
the heaing run for the annealed samplegppear to reside on twatraightlines with slightly
different slopesand it appears to be a slight shift between these two lines

Two notes are of importance here. First, the arbitrary change of the detmtiple
direcionality means that the two runs (pristine and annealed samples) are for differentrpoints i
the geodesic between the [100] and the [001] directions. Consequently, S and W are expected to

change even if no new vacancy types were introduced. Second, DB8remeants at different
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temperatures during the same run are unaffected by the anisotnmeytlse detectesample
configuration was unchanged. Accordingly, the changes of S and W in the tempeéegteineent
readings are only affected by thermal expansiod properties of the present vacancy defects
(their type and density) in the samp]j&%4]. Hence, all (S,W) data points are ascribed to the same
vacancy type, a hydrogenated gallium vacabeged on the analysis presented in the next
paragraph

Anneding in 1%H- : 99%Ar atmosphere is expected to facilitate the formation&f M
and \ez2H, which are negatively charge@ @nd-3, respectively)42], [112]. Thus,we assume
that the prevailing vacancy defect detected by PALS and DBS is hydrogenated gallium vacancy.
Both types of \éawould have led tasignificantly higher value of PAL#etimes[110], thus we
exclude their presence. The similarity in the slope and the small shift of (S, W) linear behavior of
the sample before and after annealing pourt to the presence of a single vacancy type as
discussed in the previous paragih. This may be further supported by noticing that the (S, W)
data points seem closely packed data points corresponding to measurements at temperatures below
300 °C. Which is h good agreement with previous studies that concluded from studying 11
elementhand compound semiconductors that S parameter change with temperature is dictated by
thermal expansion beyond 300 and before that it is defect dependénid].

Since theS parameter is mainly influenced by valence electrons, the partially irtdeersi
S and W parameters after the higimperature measurement for the annealed sample may indicate
a permanent change in the free electron concentration of the highly comgentate sample.
As would be the result of 842H due to hydrogen interstitialsoving to gallium split vacancies

for example[115]i[118]. More research concerningc¥1H ard Vcz2H low-temperature
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concentration and stability would be needed to explain the peak of S param&@€ @tfor the

pristine samples.

0.395
¢ Pristine
A After Vacuum Anneal
0.394 e After High T Annedal
5 0.393
0
-
O
O
[0}
o 0.392
0.391
0.39

0.112 0.1125 0.113 0.1135 0.114 0.1145 0.115 0.1155
W-parameter

Figure5-6: (S,W) graph based on S and W parameters at different temperatures of the sample

before and after annealing. Dotted lines are added only to guide the eye.
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6. IMPURITY DISTRIBUTION REVEALED BY TOF -SIMS MAPPING
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Figure6-1: Fe and Cr spatial distribution in the first arbitrary area as revealed by TOF
SIMS.

Spatially resolved TOIS 1 MS f or -Ge@s: (He)Fs@mple was conducted on the
lateral surface (side dimsm® & & v G &) for gaining information o the spatial distribution
of the compensating Fe, as well as other impurities (Si, S, Cl, Cr, Br, P, Au, Ni, Ti, Na, Mg, Al,
K, Ca, Ge, In, Sn, and Cs). Mapping was done for two arbitrary (sputtered clean)

™A 1@ & areas on that surface. It should be noted that results based e®IVASFwith
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the absence of a refereng@mplecan only yield qualitative conclusions, and this was sufficient

for the purpose of that study (uniformity and behavior of Fe andribgmispatial distribution).
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Figure6-2: Fe and Cr spatial distribution in teecondarbitrary area as revealed by TGRVS.

As revealed bythe mapping of Fe oxide ions shownFhkigure 6-1 and Figure 6-2, the
distribuion of Fe in the sample was not uniform and can be described as scatterethdine
circularshaped agglomerations (only crasstions of extended 3D distributions) as well as a
significantly lower semuniform background. Fe compensates tleonductiviy  oGaO$and
this was shown in the very high resistivity measured for the sampl&sg10c m) and

uniform distribution can explain the passive operation of the fabricatedcOturay detectors.
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Volumes with Fe agglomerations have lower freecteb®m concentrations compared to the
s ur r o u-Gad: matrix Eeading toan internal electric fieldthat drifts the formed Xray
induced electrons and holes. It is also noticeablethieat are lineshaped agglomerations below
each of the two (010) surface areas of the sample in both the selected mapping area, which can
explain the drift of some electronsdaholes towards the electrodgmtpossibly ledo thepassive
operation of e tested Xay detectors.

Out of all scanned impurity ions, chromium had the closest similarity to iron distribution
in both scanned areas. Figure 6-1 and Figure 6-2, Cr oxide ions appear to haaa identical
distribution of the line and circularshaped agglomerations to those of Fe oxide ions. Cr presence
in the sample can be understood by consideripgighigh segregatiofi19] and (2) that it can
be incorporated by the growth feed or from ltherucible. Fe doping has sufficiently compensated
any contributions of Cr impurities to theconductivity as can be concluded from thehhig
resistivity of the sampleA similar gettering effect was previously observed in Te in CZT single
crystals growtt and volumes with such agglomerations had lower {128]. Recent studies point
out that Cr is the origin of the-RIR CL however, ouresults of the pristine sample did not show
R-NIR CL [81], [121], [122] Other mapped impurities did not show similar behavior and their
distribution was-more or lessuniform, as shown for Si,,%nd Cl inFigure 6-3 for the first
mappedspot.

Based on the aforementioned analysis, theuroformity of Fe ions and the incorporation
of Cr in Fe agglomerations are two phenomena that should be closely examined in further research

o0 n-G&203 (Fe) detector developnien
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7. FABRI CATI ON AND CHARACT ERO{RR)IXIRAWSERFORD

7.1.Introduction

| L PR S S S S A | : PR S S R A A | 1 PR S S S A |
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| == GaAs == GaN
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| == SiC «== +Pbl,
| wm= :Pb0, == Ga,0,
Diamond

1000

Energy (KeV)

Figure7-1: Linear attenuation coefficient from 1 KeV to 1 MeV for:Gacompared to
severalcurrent and candidate-bay sensing material423]. The highlighted region denotes

theenergy range used for the study presented in this chapter.

A small deteatr thickness is preferred from teandpoinbf CCEand detector fabrication.
Thus, an ideal candidate -Xay sensing material should haaéiigh attenuation coefficierto
facilitate achievingboth high CCE and high -Xay interaction probability inside ¢hdetector
volume Figure 7-1 shows the linear attenuation coefficient (for incoherent scatt¢tedj) of
Ga0s, compared with othedeveloped and emergingemiconductor Xay sensing materials.
Other than lead compounds, the linear attenuation coefficient :Gaamongst the highest

exhbited by thesemiconductor Xay detector materials. Particularly, galliwampounds have
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early Land K edges improving their attenuation relative to those compared materials around these
energies.

The currenvoltage (}V) behavior of theAu/Ti FGaO3/Ti/Au, presented earlier in
Chapter 4 showed a near Ohmic behavi@1l] and demonstrated a high resistivity close to
p T & dwhich would lead to an enhanck¥eray detectoSNR and thus motivatieour efforts
to develop Fedopal -GyOsbasedX-ray detectors.

For the study presented in this chaptet,0) EFG grown Fel o p eGkOfwas tested as
a lownoise Xray detector with Ti/Au electrodes vertical structasedepicted in the graphical
summary of this study ifigure7-2. Its performance at low, higland no applied voltages was
examined. The fabricated detector showed higrayXdetection performance manifested in its
signal 6s short f al |Iloperatbn modes,andthe same t¢mpord responsee C )
wasexhbi t ed by a-Gx@xsTedAAuddlvi 6e. The detectoros
by alinear relatioshipwith X-ray tubecurrentand high SNR optimized & V (> 1G). Moreover,
the X-rayinduced current signal exhibits high stability. SadndUV photocurrent signal showed
a significantly slower response compareth@X-ray induced conductivity signal. Possible charge
transport mechanisms involving ion migration are suggested and sksatshe end of the
chapter The study conducted in thehapter concludes th&e-doping significantly improveX-
ray detection performance of &&, consolidating the applicability of @@z as a nexgeneration
X-ray detector functioning with low powehnigh SNR and linearity, and significantly improved

transent characteristics.
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Figure7-2: X-ray induced current measurement schematicgetepicting the performance fof

Ga0s (Fe) based Xay detectoat low and high applied voltaggk?3].
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7.2. Sel-Powered Operation

Upon X-ray illumination (45<V, 40 mA), the device exhibited-Kay induced conductivity
at no external applied voltage with the current reack2AgpA as shown ifrigure7-3. For such
no bias operation, the dark transient current ¥ak5 (+£0.05) pA, which is close to the SMU
resolution (the testing box cover was open comprimigithe noise level). Assuming that a built

in voltage is responsible for the 4htas deice operation leaking 0.15 pA, the calculated SNR

8
8

( no g QMO QO N OO DdE Q&G OCTREG s
139. Moreimportantly, the rise and fall time of the signal is less than 0.3 sec. This operation is

expected to be in the photovoltaic mode, where no electnigisating from trapgontribute to

thesignal (no derapping).

hlalalal
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Figure7-3: Self-powered transient (period = 10 seconds) respona@ofTi/b-GaO3/Ti/Au X-

Ray detectof123].
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To gain insight into the undging reason for the buiin voltage, we consider three
different scenarios. First, it could indicate that the +@lamic (no turron voltage betweerl0
and 10 V) behavior exhibited by the devic@anting to aSchottky contact formatiotdowever
the current does not exceetl0 pA under an applied voltage -df00 V. Thusa Schottky contact
formation is highly unlikely to be responsible for the binltvoltage. The second possibility is
that the builkin voltage was triggered by electrbole formaton from X-ray interaction
(photoelectric and Compton scattering) near the irradiated surface. Charge carriers get trapped near
the surface by deep level defects that are potentially abundant near the surface, leading to a built
in electric field. The thirdoossibility is that Fe dopants might have a nonuniform distribution
throughout t heGaDitrystakleadisgso boiih voltagee In that case, the built
in voltage arises from the difference in electrons/holes concentrations throulgickheds due to
the nonuniformity of Fe distribution. TOFSIMS was used to obtain the information of Fe
distribution through the thickness bfGa0z3 (Fe), as shown ifrigure 7-4, which revealed a
nonuniform distibution of Fe doping. This is consistent with the assumption that the nonuniform
di stributi on o-GaCz(Ee)isthe ukder@inggeasomfor thélt-in voltage that
allowed the Xray detector operation under the absence of extgrappliedvoltage. From a
sensor device viewpoint, the significgnhigh SNR and fast timing response show the potential

of Fedoped Gg0s as a promising Xay detetor for low power operation.
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7.3. Temporal Response aiNo, L ow, and High Applied Voltage

The device was tested under tbe lapplied voltage of 5V ané V. The transient response

for 10 seconds Xay (45kV and 40 mA) period is shown iRigure7-5. The device showed no
experimental lag in its responsefft @i Qi the presence of low electric field similar to

the case when it is absent. Compared to the same positive applied field, the signal was higher under
the negative ggied field, which is seen as a consequence of theumsiorm distribution of the
Fe ions

~—bHV——-5hV
300 - L
< » . .
:?200— W r.‘ h -
G:J T\.y L\, N N
3
100 - L
ol WU LU UL

0 20 40 60
Time (s)

Figure7-5: Low voltage transient (period = 10 seconds) response of the device. The negative

current waglipped for illustration[123].

To further examine the fast response time stability, the transient operationsiihtler
20 V, -50 V, and-100 V were examined. The results, showrFigure 7-6, illustrate that the

response timdoes not deterioratender high electric fields as well, and it remains below 0.3 sec.
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Figure7-6: Transient (period = 10 seconds) respongh@fAu/Tib-Ga203/TiAu device under

low ard high applied voltag€d.23].

To study whether the contact has a role in the device fast signal temporal behavior or not,
A u / NGafOfTi/Au device was fabricated and the sighatithe same fast response as shown
in Figure7-7. It is noteworhy mentioning thathe FV behavior of this device was ne@hmic as

well, whichistheame behavi or e x h-GaOs/Ti/&uddevicey t he Au/ Ti / b
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Figure7-7: X-ray (45 KV and 40 mA) induced conductiviinsient (period = 1 minute)

response -GagOg/Ti/Auddvise uhder 10 Y123].
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To further analyzethe rise and fall temporal behavior, XRIC measurements were
conductecemployingfiner timing stepskigure7-8: XRIC rise timeof the Au/Tib-Ga203/Ti/Au
device undeB V applied voltageA single exponential decay equation was used to fit the rising
currentshows the rise time for the u / TQaOHTi/Au device with an applied voltage of 3 V
which has a characteristic tirsernstant {J) of 0.08 sec.Figure7-9: XRIC riseand falltime of the
A u / TGa208®Ti/Au device under5 V applied voltageThe current was flipped for illustrating
the rise and fall behaviolhe complete XRIC signal was fit using two doubig@onential decay
equatons, one for the ring behaviorand the other for the fatlg behaviorof the currentshows
the XRIC rise and fall behavior for the sasample at5 V applied voltage. Tis XRIC behavior
is characteried by tworise time constants). 0.02 sec and 0.3 seamd twofall time constantl),

0.2 secand2.9 seqweakly contributing) These lowtiming-steps measurements were conducted
one year after performing all other measurements included in this chpterlower XRIC was
circunstantial as the toplectrode wire was connected using silver paste which contributed to
attenuating th X-ray flux. The calculated rise and fall times illustratgrojected capability of 10s

frames persecond-K ay i ma g iGaQs based Xraygdetdiors.
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Figure7-8: XRIC rise timeof the Au/Tib-Ga&Os/Ti/Au device undeB V applied voltageA

single exponential decay equation was used to fit the rising current.
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Figure7-9: XRIC riseand falltime of the Au/Tib-GaOs/Ti/Au device under5 V applied
voltage.The current was flipped for illustrating the rise and fall behavibe complete XRIC
signal was fit using two doubkxponential decay equatis, one for the riag behaviorand the

other for the faihg behaviorof the current.
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7.4.SNR atNo, Low, and High Applied Voltage

Considering that the device can be operated under zero, low and high applied voltages, the
preferable operating regime shouklthe one that produces the highest SNRthermorea high
SNR is critical if the operation of the device would be extended to pulse reading mode for energy
resolved Xray detection. As shown Higure7-10, the SNRfor operating voltages between V
and-50 V stays above 800 and decreases for the higher applied voltages. This indicates that the
increase in intrinsic dark current is higher than the increase in the induced current. More
importantly, tle SNR stays above 1000 for applied voltages betw&ex and-20 V, and it is
further optimized at5 V exceeding 1200. These results clearly show that the device possesses

better characteristics at low voltage operation comparttetugh voltage region

1200+ ’\‘ —€9- SNR i
/ \‘
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Figure7-10: SNR at tested applied voltages (&5, 40 mA)[123].
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7.5. X-Ray SensorL inearity
The X-ray tube power was varied by changing the tube current at constant tube voltage
under-5 V applied voltage to test thievice response linearity. As@hin in Figure 4(c), the X
ray induced current response is linear with the current of thayXube. Such linear response
encourages further investigation on operating the device in pulse mode (potentially low power X
ray sgectrometer) as well as in curtemode (Xray counter as in regular imagers with very high

dynamic range when operated at high voltage).
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Figure7-11: Linearitybetween the ay tube current and the XR[T23].

87



7.6. X-Ray Sensor Stability

Continuous Xray (40kV, 40 mA) induced conductivity measurements warneducted for
more than 15 minutes at 5 Vg V, andno voltage to assess téability of thedevicéd sesponse.
As seen irFigure7-12, the device showavery high stability at tested operating voltages, all with
the same fast rise time. However, a closer ltke evolvement of signal time reveals some small
exponetial decay within the first minute that stabilizes after thae inset ofFigure7-12 shows
a double exponential decay fitting for the continuousyXtime-dependent respons&Y/, 45KV,

40 mA), resulting int v ¥ i Qapdt p i ‘Q(Stability). Two possile scenarios can be
responsible for this behavior.

First, the poorGa@:maythave causaislightincrease irotlie sgie
temperature due to device operation such asyXmaterial interaction and charge flow in the
device when the Bs voltage is applied. This temperature increase deteriorates the transport
properties of charge carriers, as illustrated by previous EBI@ies, which would lead ta
decrease in the induced currgd25]i [129] In this scenapo the total drop in the current should
significantly differ at different operating voltages, wdthigher drop at higher voltages, and/or
higher Xray power. Moreoverthe detector under continuous operation should suffer &rom
continuous induced curredrop, which ishot the case in our study. Thuge exclude that the poor
thermal conductivity was the reason behind this effect.

The second scenario can be triggered by sphasge accumulation on the surface near the
electrodes, causing an internal atlie field opposite to the external applied electric field and
leading toaslight polarization effect. In further analysis of this behalojonic conductivity of

defects (ay. oxygen vacancies) should be considered.

88



200 -

160 - _
< il === Double exp. decay fit (on)
£ 2404 . X-ray on/off
21204 |< ~ X-ray on I
c £2301 .
o = R
S =
3 80 |52 i
O_L'\i'\-ui..i.;.-..a.;_ A S
40 - 0 100 200 300 400 500 -
] Time (s) i
[P 0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0—0-0-0-0-¢
0 - )

4 8 12 16
Time (min)

o

Figure7-12: Stability test for 15 minutes. The inset shows double exponential decay fitting for
15 minutes stability test undes V applied voltage with Xay tube operating at 48/ and 40
mA, compared to ON/OFFesting under th same applied voltage and tube parameters. The

negative current was flipped for illustratifi®3].

Comparing the timelependent evolution of the current under continuous and oray X
illumination under the same measurement conditions, we obgbememory effect othe signal,
as shown inFigure 7-12 inset. In other words, this decay effect is independent of thayX
illumination state after the itnal X-ray pulse, which consolidates the second scenario involving
the polaization effect. After the space charge is formed on the semiconductor surface near the
electrodes, they stay there as long as the electric field is applied, thus the eledris fiel

deteriorated and remains this way even in the absence of chargegamaeation. This behavior
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could be related to ionic migration of oxygen vacancies (ionic conductivity). In fact, one possible
interpretation of the nea@hmic behavior itself ishiat the device is actually functioning as a

bipolar switch[130] due to high Fe compensatiomating to only negative ion conductivity.
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7.7. Applied-Voltage-Dependent SubBandgap UVIC

To investigate the UV photocurrent transient response, thbauligap excitement with
365 nm LED (3.4 eV) wa sGaOsz¢Fe)ds 445 eN8lleUViChesultd and g a
are shown irFigure7-13. 10%-90% rise/fall time improved from 2 sec/16 sec at 5 V to 11€ec
sec at 200 V, and the photocurrent had a linear dependency with applied voltage, which is unlike
the X-ray induced currentoltage dependence that follows the Hecht model). Therideated
transient and charge carrier transport properties are protaided by the enhanced charge carrier
transport properties for charge carriers excited above the deep acceptor legglaftérereferred

as k¢ eV below CBMJ131], [132] compared to Xay induced response.
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Figure7-13: UV transient (period = 2 minutes) photoconductivity at different appliedges

[123]
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7.8.Charge Carrier Transport Properties
Iron is expected to form ke deep level around 0.8 eV belothie conduction band
minimum (CBM)[132], [133] The fact that the signal rise and fall time is so fast, compared to
undoped G#D3 based Xray and photaletectors, may either indicate that this deep level band

contributes to conduction or thiaitraps charge carriers witbhban effective detrapping process.

Single carrier Hecht fit
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Figure7-14: Single charge carrier Hecht fittifg23].

To gain more insight abouté charge carriers transport properties, the single carrier Hecht
equation fitting was used to estimate the drift length of the effective charge cgr84}i§137]
as shown irFigure7-14. It should be noted that althouglsingle charge carrier is assumed here,
this assumption is only made in order to gain a quantitative estimate for the transport properties of
charge carriers, and the contribution from both electrons and holes stoabbe overlooked in
highly accurate treatments as both types of charge carriers could contribute to the signal. In fact,

the mobilityl i f et i me product (e 0) factor cc&lYcul at ec
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pTt a T, whi ch vyiB%.l6d se eddbitbengtmidr 20V/10V, respectively. These
values are higher than that obtained from Electron Beam Induced Current (EBIC) for electrons

and holefl25]i [129], suggesting that they both contribute to the signal.
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7.9. Comparison with Emerging X-Ray Detector M aterial

Table7-1: Comparison of tengral response and SNR ratio ofrXy detectors based on wide
bandgap semiconductors, showing the significant improvement of timing characteristics of
Fed o p eGrOfbased Xray detector comparedtoiumt ent i o n-@GadOkand dop e d

amorphous G#3, without compromising SNRL23].

Material Preparation Rise time  Decay SNR Ref.
method (s) time (s)
a-Gax0s RF sputtering 15.5 1.1 - [44]
(P& p8&8 pmt
Pa)
RF Sputtering 50.1 3.3 >10*
(PG p8t  pmt
Pa)
Unintentionally EFG 18.3 20.9 >800 [45]
d o p e@a06 (-15V) (-15V) (-15V)
<0.02 <0.02 -
(OV) QV)
b-Ga2:03 (Fe)  EFG <0.3 <0.3 >10° (low voltages) This work.
>10?(0 V and high [123]
voltage
GaN MOCVD 15 - <30 [138]
<0.02 <0.02 <20 [47]
OV) 0V)
GaN (Fe) HVPE 28 2 180 [139]
Zn2SiOq4 RF sputtering <1 <1 >10° [140]
and annealing ~30 ~8 480 [141]
ZnO RF Sputtering - ~0.1 <5 [142]
RF Sputtering 0.2 0.2 300 [143]

Table7-1 shows characteristic temporal response and SNRG#H0; (Fe) X-ray detector
compared to previously reported 88 based Xray detectors as well as othefrXy detectors
based on wide bandgeaemc onduct or s . | tGaOs &Fr) X-bag respanse gshowed at b
approximately two orders of magnitude transient response improvement compared to previously
reported GgOs X-ray detectors, without compromising SNR. Compared to other wide bandgap
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X-ray de¢ e c t -GaGs (Fe) Bhowsanoutstanding compromise between the transient response

and SNR, especially under low applied voltages, which can be achieved using 5 V batteries.
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8. CONCLUSION AND FUTURE WORK
8.1.Conclusion

b-G&0s (Fe)was investigated asdired X-ray detection material motivated by its high
resistivity and ultrd ow | e a k a ¢Ga0s¢Fa) witheTitAu electbodes demonstrated high
SNR under three operation modes including low applied voltage (>12@0\gt high applied
voltage (>650at -100V), and seHpowered operation mode (>10Q)inearity between Xay
induced photocurrent and-pay tube currenis also evident from the resultislore importantly,
t he signal 6s werebelew OBrsedfor tha 50Bum-thickndetector which offers
excellent measurement time resolution. This fast response was independent of the applied voltage
and was not electrode dependent, as indicated by the fact that the response did not deteriorate upon
testingthe A u / NGaOfFe)Ti/Au device.

Ti/Au/b-Ga0s (Fe)Ti/Au based Xray detectorshowed high stability upon continuous
illumination for 15 minutes with an exponential decay behavior ¢ i 'Q @hich stabilizes
shortly after that. The suband photocuent measurements showasignificantly lower transient
response. Further ingggations of the device response to UV light, especially in the energy range
between Eand CBM band (3.65 to 4.45 eV), are necessary to evaluate the device performance as
asolarb | i nd deep UV s-&al@e) XrayAdetectorycharasterigs fncluding
charge carrier transport suggests that both holes and electrons contribute to the signal formation
and that a slight polarization effect takes place. The results demmoast e t he great po
Ga0Os (Fe) as a radiatieresistant Xray deector withanexcellent temporal response for a wide
range of applications.

Different defect types were suggested based ordouperature CL studies for the EFG

(010)b-GaOs3 (Fe) We pr opose t h#&s0skas td\dspVio forghationfresuiting
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inB1(251eV),B(257eV),B(264eV)andB( 2. 73 eV) CL peaks whict
un d o pGaMs.[107] We also propose that thieepdonor \b defectleads to B (3.02 eV) CL

peak related to ¥, deepacceptor and UV (3.12 eV) CL peak related to &edeepacceptor

compared to a single peak fop Velated luminescence (3.5 eV) and two peaks fex rélated

l umi nescence (2.5 aGaD:.1D7].PALS ¥hd DBSamnalysispanteg @d b
thepossible presence of hydrogenated gallium vacanciesl(M or Vea2H). TORSIMS showed

a nonuniform distribution of Fe in the sampldigh can explain the passive operation of the tested

X-ray detector. Frorh 20 mapped impurity species, Cr had the closest (almost identical) spatial
distribution throughout the thickness of t&a03 (Fe) to that of Fe.

Deep acceptors and donor deteddydCL may be responsible for high trapping rates of
charge carriers generated from radiation passage in the detector material, leading to incomplete
CCE of the fabricatefl-Ga0Os3 (Fe) detectarThis can beseen in the behavior of the CCE that was
tested up to 100 V2(kV/cm for the 508um-thick detecto). Vea+Vo was not pointed out in any
area of this study except in the CL analysis, and further stubhGaOs (Fe) optical signatures
may leadto the identification of other defects responsible the B4 peaks. \ and STHare
possibletraps and annealing may affect their density as concluded from CL analysis. Further
studies and correlation with electrical properties will be needed to coftfignsuggestion.
Hydrogenated gallium vacancias sugested by PALS and DBS analysis may hagentribution
in trapping charge carriers. Further understanding of their trapping eHisatgell as their role in
radiationinduced effects (especially fromrotons), can shed more light ofb-GaOs (Fe)
applicallity as a radiatiorhard detector. Although a more complete understanding of the

experimental DBS anisotropy and further identification studies are needed, utilizing PALS and

97



DBS and exploiting the asotropy in DBS signals frorb-Ga0O3 appear to be a werefficient

method to study hydrogenated gallium vacancids@e.0s.
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8.2. Recommendedrurther Research

Based on the presented resudtsyeralresearch directions are recommended for further
investigaion of the b-Ga0z (Fe) applicability limit in Xray detection

The wide bandgap a+#G&eOiztmbéer mat esftabthetyiafe
Ga0s (Fe) hgh-temperature Xay detector opration At temperatures higher than RT, the
leakage curren f r-@Gais (Be) is expected to increase which would affect the detection
performancehowever the initial very low leakage current (pA) might give room for high
temperature operatioAnother esearch direction that is needed to support the harstoement
applicability of this class of detectors is radiation hardness studies, with a focus on detector
performance and the defects involved. The material characterization conductegedénts
study suggesd various defectge.g. \eaH, and \6) which may helppin down the involved
defects in irradiation studiemd their role in the detector performance

Accur ate deter mi nat iGe@s(Fe)fas welh & cangrucsng andv i t vy
testing Xray imagers based on it, are recommenddteasext steps. Such research direction will
pave the way to radiatieimard, efficient, lowmpower, and RT Xray deectors with applications in
medical imaging and industry.

Passive (No applied voltage)-rtdy detection has been illustrated previously for (1)
Schottky unintentionally dopedgpe [40], [45], and (2) Ohmic Feloped rtype compensated
semii nsul eGaO:NIR3. Fhese features motivat-&€a0t urther
applicability in radvoltaic (ex. betavoltaic) which, if proven, would make it a very compett
candidate for these applicatmiThe applications for this device include space exploration power
sources and safety power source for nuclear reddid4$ The latter is particularly important for

accident scenarios through harvesting the remnant gamawfretion.
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In the next subsection, a radiation detector concept based on the results obtained throughout
this workwill be proposed.

8.2.1. Emerging DeviceStructure : Integrated Semiconductor Scintillator Detector

The major problem facing many emerging semiconductor detector materials under
development is their low energy resolutmnlack of energy spectrurithis can be traced back to
one or more of the following reans:

1. Low charge carrier(s) transport properties

2. A small volume of the material (for gamma spectroscomtative to the particle range

3. High leakage current

4. Wide bandgap (the larger the bandgap, the higher the energy needed to generdite one e
pair)

High leakage current might be overcome by using Schottky contacts, or compensation
doping.The snall volume is dependent on the growth and preparation methods, and theen if
thickness of the ADM is not enough for stopping gamma rays, it might be efmustbpping
charged particles and/or-bays. The most pivotal and crucial problem is the low charge carrier
transport properties because in many cases it is inevitable to have material defects either because
of the crystal growth method or as inherenedes €.9. self-trapped holes).

The low charge carrier properties are expressed in the low vald@@axdtors, meaning
that the average distance that the electron/hole can wassich the anode/cathode is small
compared with the ADM thickness. Thisiaknes must be large enough for complete energy
deposition from the radiation of interest, isdés a mandatory condition. The result of the small
drift length is significant deterioration to the energy resolution because the signal becomes

dependent orhe loation where the-@ pair originated from.
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A closer examination of this phenomenon reveals that the average short drift length is
resulting from the high recombination interaction k&teharge carrieratmaterial defects, mainly
at point and linelefecs. This recombination is either radiative or fradiative(trap mediated or
Auger type) Scintillator detector materials are chosen such that the recombination rate is high,
and the radiative recombination is dominant. While semiconductor deteaterids are chosen
such that the recombination rate is low.
If we assumed thafl) dl recombination is radiativeand (2) he luminescence decay time constant
is comparable to the time needed for charge carriers to travel the thicknesslefeitter it is
possible to overcome the limitation of the low charge carrier transport properties since the loss in
the pulse voltage will be proportional to the luminescence intensity.

Constructing the detector such that both the voltage (potentialgetieic currat may be
used instegdand the optical signal are extracted with the same frequency, and simply adding them
(or usingamore accurate method for correcfignulse by pulse should result in an improvement
to the energy resolutiorkigure 8-1 schematically illustrates such operation without detailing
signal processing modules.

l'tds i mportant t o +hopdrefrom théatéractioh d radjatomeithat i o n
the ADM is a picesecond process, while bothethlrift of charge carriers and the scintillation
process are narto-micro-second processes. The frequency of signal extraction should take in
consideration the average lifegnof charge carriers and the luminescence decay time, such that

the signal extaction time is higher than their addition.
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Although energy resolution is the most important metric for assessing ADM for
applications needing spectroscopic performanus, metric had to beelaxed significantlyfor
manyapplicationdor lack of other optionssuch afarsh environment applicatisthat are found
in HEP,space technologyand nearreactor monitoring145]i [149]. Low energy resolution W8
and UWBG are the choiséor these applications. Invegétions in the integrated semiconductor
scintillator detector can lead & improvement in the energy resolution of WBG and B®/
pushing their applications to limits not achievable currer@gllium oxide has shompromise
both asascintillator detectoand as a semiconductor detector and is a very good canidiciitis
device structurd-igure8-2 shows the expected band diagram in the case where only charsdib
level originated fromself r apped holes i s present. This apepr
Ga0g, as its luminescence is governed by thetsaffped hole defect levansitiong[150].

Finally, if this design was feasible, many possibilities@aerge from itFor example, the

difference between the electrical signal and the scintillation signal (single pulseshavay s
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significart variation depending on the incident particle, which may be useful for pulse

discrimination applications.
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APPENDIX A SPATI AL DI STRI BUTI ON OBaOsW®OURI Tl ES
The table below showthe Fe and impurities spatidistribution in two different spots of
t h eGa03 (Fe) sample. The scanned areas were aribjtrelnosen, and they had dimensiafis
T™a a T@® A a. Scans were taken after cleaning the surface by sputtering. It can be concluded

that Cr and Fe havlé same spatial distribution.

TableA-1: Spati al di stribut i o@GaOp(Fe)ds evealadtty TOFMPp ur i t i

SIMS.
Element Position A Position B
S| p———100.00 um —a00 p——100.00 pm 0
2,50 i
C 3.0
:—2.00 i
L 1.50 20
1.00
1.0
0.50
Si- 0.00 gj 0.0
MC: 3;TC: 7.502e+003 MC: 4 TC- 8.334e+003
S ——100.00 g e ——700.00 pm "

—4.0

2.0

0.0

5
MC: §;,TC:6.918e+004 MC: 10; TC: 8.418e+004
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ContinuedTableA-1

Cl ———{100.00 pm » ——100.00 pm —
12
10
8
4
2
CL 5 C
MC: 14;TC: 1.343e+005 MC: 23; TC: 2.095e+005
Br ———{100.00 pmn - ———100.00 urn -
ek - i F15.0
Cs0 -
C F12.5
4.0 -
r r10,0
[ 3.0 C
2.0
1.0
Br- 00 Br-
MC: 6;TC:4.436e+004 MC: 16; TC: 1.540e+005
P p———100.00 pm - p———100.00 um -
F12
(PGy) -
10
s

PQOa-
MC:

13; TC: 6.941e+004

PQOa-
MC: 18;TC: 1.482e+005
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ContinuedTableA-1

AU ———700.00um 2.00 p———100.00 pm 80
250 I
6.0
2.00 i
1.50 ;4_0
1.00
2.0
0.50
AL 0.00 - 0.0
MC: 3, TC:4.237e+003 MC: 8 TC: 3.031e+004
Ni 1EID.IJD yrm ——100.00 pm s
RE
L 120
0.80
0.40
0.00

Ni+
MC:  1:TC: 2.990e+002

Ni+
MC: 2, TC: 3.260e+002

T| ——{100.00 pm

|
[
f=1
I=1

T
[ [
= n
= =

i
in
S

1.00

0.50

0.00

Ti+
MC. 3, TC:2321e+003

———100.00 urn

1.00
0.50

" 0.00
Ti+
MC: 3;TC:2.835e+003
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ContinuedTableA-1

——{100.00 prn

Na p————100.00 prn

Na+ Na+
MC: 6;TC: 1.840e+004 MC: 14, TC: 3.548e+004
Mg 1EID.Dm Ay
:—3.0
:2.0
1.0
0.0

Mg+
MC: 4;TC:6.4982+003

Al
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