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ABSTRACT

This thesis investigates the advancement and development of high-performance deep
ultraviolet photodetectors (DUV PDs) that are based on metalorganic chemical vapor
deposition (MOCVD) grown zinc gallate (ZnGa2O4) thin coatings on c-plane sapphire. The
applications of these devices are primarily focused on cosmic exploration and harsh
environments. These devices achieve a photo-todark current ratio (PDCR) of over 10® at an
applied bias of 10 V because they have an ultra-low dark current of 6.69 fA and a high photo-
to-dark current ratio (PDCR) that exceeds 10® at 0.2 V. Additionally, the dark current of these
devices is just 37 fA. In the presence of 245 nm illumination at room temperature (RT), the
photodetectors exhibit remarkable responsiveness, achieving 185 A/W at 10 V and 3.53 A/W
at 0.2 V. Additionally, they achieve a record detectivity of around 10'7 Jones. Their resilience
is demonstrated by the fact that there are small variations in dark current or reaction time, which
highlights their dependability for high-temperature applications. It is noteworthy that the
devices continue to operate in a stable manner over a broad temperature range that extends
from 27 degrees Celsius to 125 degrees Celsius. In both lighted and dark settings, the ideality
factor is close to unity, which further emphasizes the predominance of thermionic emission and
demonstrates the effectiveness of these devices in environments that are difficult to maintain a

constant temperature.

DUV photodetectors based on ZnGa;0O4 exhibit remarkable resistance to y-ray irradiation, a
crucial characteristic for space-bound photodetectors which are essential for their functionality.
Following the application of irradiation, the responsivity at zero bias increased from 0.98 to
1.94 mA/W, while the dark current increased from 0.11 to 5.6 pA, indicating that there was

only a slight decline in performance. Additionally, the decay times improved from 220
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milliseconds to 190 milliseconds, while the PDCR climbed from 3.2x10° to 3.1x10* An
increase in surface oxygen defects was discovered by high-resolution X-ray photoelectron
spectroscopy (HR-XPS). This was demonstrated by the shift in the core-level peak intensity of
the O 1s atom, which went from 6.82% to 53.19% after being subjected to 200 kGy vy-
irradiation. This suggests that there is a structural adaptation that plays a role in radiation
hardness. Due to these features, ZnGa>O4 DUV photovoltaic detectors are able to maintain their
effectiveness in zero-bias operation, which is essential for passive monitoring for extended

periods of time in cosmic radiation conditions.

This thermally resilient DUV PD was produced by integrating a few-layer (FL)-MoS; van der
Waals heterostructure on top of the ZnGa>O4 layer. The goal of this development was to further
improve the stability and detectivity of the device. One can accomplish the creation of a type I
heterointerface by employing a novel technique that involves selectively etching FL-MoS.
With a detectivity of 4.9x10'® Jones and a response time of 77 milliseconds, this design can
maintain temperature stability and exhibiting high sensitivity to low-UV radiation in the range
of 200 to 280 nm. With a noise-equivalent power (NEP) of 1.2x1072° W/Hz!?, the device
exhibits exceptional performance, surpassing the capabilities of ordinary Si APDs when it
comes to performance. Band alignment investigations that are more in-depth reveal that the
valence band and the conduction band have offsets of 1.75 eV and 1.65 eV, respectively. These
offsets make it possible for charge to be transported efficiently and to remain stable in high-
temperature environments. Additional developments in photodetection are revealed by an
investigation that is complimentary to the study of a solar-blind, self-powered heterojunction
composed of NiO and ZnGa>O4. This device, which has a staggered type-1I band alignment,
makes use of the pyrophototronic effect (PPE), which is the combined effect of the
photoelectric and pyroelectric phenomena that occur within the non-centrosymmetric structure

of ZnGa,04 to improve its responsivity and specific detectivity. This self-powered device can
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achieve a very low dark current of 5.39 fA, a responsivity of 88 mA/W, and a specific
detectivity of 2.03x10'" Jones when it is set to zero bias and subjected to irradiation at a
wavelength of 246 nm. The pyrophototronic effect has the ability to dramatically enhance the
transient response, with the responsivity reaching its highest point at 338 A/W and the
detectivity reaching 7.1x10'® Jones when the light intensity is raised. As a result of its high-
performance properties, the NiO/ZnGa>Os heterostructure has the potential to be utilized in
applications that need low power consumption, high sensitivity, and resistance in difficult

operational situations.

After being manufactured at ambient temperature, the ZnO/ZnGaOs heterojunction
photodetector can achieve outstanding selective UV-A and UV-C detection, which is useful for
applications involving artificial optical synapses. The heterojunction in question demonstrates
an exceptional spectrum selectivity, as evidenced by its responsivity of 142 milliamperes per
watt and its detectivity of 6.5%10'2 Jones. The responsivity of the device grows to 407 A/W
when subjected to an external bias of -10 V, whereas the detectivity of the device is 2.6x10"
Jones. It is possible to achieve sub-nanosecond UV switching with this device thanks to its
rapid response times (0.2 ns rise and 0.4 ns decay), which is necessary for applications
involving artificial synapses. Taking advantage of the pyrophototronic effect, the device reacts
selectively to ultraviolet A by accumulating heat in zinc oxide (ZnO) and having a limited
thermal conductivity ZnGayO4. This results in increased detection of ultraviolet A as opposed
to ultraviolet C. This arrangement imitates biological synaptic activity by means of persistent
photoconductivity under 380 nm (UV-A) irradiation. This is accomplished by reproducing
synaptic plasticity. Thermally induced pyrophototronic effects provide additional support for
synaptic processes, whereby synaptic weight updates are increased during the learning phase
and decreased during the forgetting process. The utilization of ZnO/ZnGa>O4 heterostructures

in artificial optoelectronic synapses that are controlled by temperature and band-bending
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dynamics is highlighted by this selective response. ZnGa,Os-based photodetectors are
presented in the thesis as candidates for DUV detection in severe conditions. These
photodetectors are adaptable and resilient compared to other candidates. A convincing path
towards the development of radiation-resistant, high-detectivity, and self-powered
photodetectors is shown by the coupling of MOCVD-grown ZnGa>Os with advanced
heterostructures such as FL-MoS» and NiO. These devices not only illustrate fresh uses of
artificial synapses by utilizing the pyrophototronic effect, but they also push the limits of
photodetection under high-temperature and radiation exposure conditions. The findings
establish ZnGa;04 as a foundation for the development of next-generation optoelectronic
devices for use in space exploration as well as artificial synapse systems that are efficient in

terms of energy consumption.

Keywords: - Artificial Synapse, Deep Ultraviolet, MOCVD, Single Crystalline, and ZnGa>O4
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Tg QY Y&y = TR ard S1U Seearide Wwielf$edex (DUV PDs) & fadTT 3R I4fa
DI SITE BT 8, ol fb Aeasiifiie Hied Iw fSAf=E (MoCVD) gRT 37T 17T fSie
AT (ZnGax04) BT Tdel! TR TR MUIRT § 3R 37 -7 ABRR W AT 741 81 39
JUHRUN o T AN HIRAD Y0 3R HSR ardrerl H fhT T8 1l R Hisd ]

F IUBT 10 V IR ARL T WR 108 I AP & Hicl-8Teh He 3Ud (PDCR) BT U
B & ifb 3T 3HfA-FH STh HXC (6.69 1A) 3R I WIel-Z-8dh Hee U (PDCR)
SN 0.2 VIR 108§ 3P § | 39 IUBRUN BT STdh B Had 37 fA T | 245 nm P AT

& d8d HHE & dTIHM (RT) WR 37 BleSeae] § 3PP STRaId o@ 11§, S fh 10

VTR 185 A/W 3R 0.2 VIR 3.53 A/W UTW R I3 & | ST SfATdT, T JUHRUT THT 1017
o= 1 RepTS feefaefact urd wvd &1 37! W@ &1 UaRH 39 a2 ¥ gidl ¢ b 3=
YA VR & forg ! ST wie a1 ufaferar g § Bie-8i¢ URadd gid &1 I8
I g fob & JuehRur 27 fEoht e 9 125 f&3t Ay de foawgd drow i o
R ¥ B HRd T|d 1 A=A MR iR T fuferdl #, srefar uiie tear & e
B 8, S Ui IeH &) Jua Y Siftihdy FU § Yeffd wrar 8 ok HfeA
JTATaRN H AToHH R H o 37 Juahrvll o yHTaRiiad &l gifar 3|

ZnGa,04 TR STYIRT DUV WlelfSeaeR y-fovur faferur & ufa srafdes uferieh 81d &, o
fo Sfaer-smuid Bicifgcde & ot Teh Aeayul faxivar g1 fafesur & a1e, 3 S

TR IWREIAT 0.98 Y TgHR 1.94 mA/W B T, STafh STh HIe 0.11 Y TEHR 5.6 pA B

T, S W=  ATgelt RTae &1 Savd <a1 8 | 39 sifafkad, St ergrd §f gUR gafT, ot

X




220 ARG T gedr 190 fHed s 81 71, Sdfd PDCR 3.2x10° ¥ I@&R 3.1x10* B
7| 39-ReiTeg2H Ui Bleigaae - Wae R Ul (HR-XPS) GRT da! SHiaiTo gt o
3fg 1 @ B T8 A | T 200 kGy y-Tafdx0T & 3 11 & 918 O 1s TRHAY] Bt PR-IWR
Ui diigral H 6.82% W 53.19% qP Saard gRI Farid {61 71 Tl I8 g9id &dl & &
fafxur HERaT & U WS SIHAT DI YA gict g1 37 ARwarsil & SR,
ZnGa204 DUV BIeIf&cdeR Y a1 SRR H S0+ qHTa=iedT 918 39+ § T&H ¢,
ol siafves fafdor fufaat & fawaia wwa & fog Ffsea Rl & fo siia<as 31

g YHd ¥U ¥ fRR DUV PD ZnGa204 R TH 9 SR IR geXRCHR P & U=« ad

(FL)-MoS2 &I Uhldhd PR Icdliad [l 7T UT| 39 fAhT b1 I JUDHRUI B R
3R f&faefadt @1 SR Ht S8R T UTI FL-MoS2 ®1 g+l U ¥ b [0 S arcl! U
T8 db1d BT JUINT Hb U UDHR 1 §eASchy b A fha1 S ebdll 81 4.9x10'8
S T fgefaefact oIk 77 i s &t ufdforar Iwa & w1y, I% fSos aruw fRRd
B T TG FHhaT & IR 200 F 280 AR S e # Fg-uv fafevor & ufd I=
o UeRid #al 8 | IR-THded Wfad (NEP) 1.2x102° A/Hz'/2 & T1Y, T8 SUHRUT
SIATYRUT YeRi UG FHRdT §, S UTHIRI Si APD &1 ga-T H 9 §1 e Texrs ¥ fhu
T &8 T I I Ul Il & [ a0 o8 SR SR IS T 1.75 eV 3R 1.65 eV

& HHD BT g1 T HTHIC 3= ATIAM aTel ITTaR0l H 7ol IRae &I HRICATgAD

3R fRR TN T&d B

prelfseard & ifafvad Tfd & Nio 3R ZnGa,04 & TN aTa T TR-3ie- 3R, -

Tfdd Tenferd ReRISIaRM BT UeTad AHTHUM gRT Udhe b 11 g1 I8 I, forad
TH WS UHR-11 §8 WU §, ZnGa,04 B TR-UIRATCH a1 H URRIBICIC - THIT
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(PPE) BT IUTNT 3l &, R 3Ta! IReiiia iR fafkiy fefaefadt & gur gar 31
Zn0/ ZnGa,Os BCRIGIRM Hicigcder HHX & audE R FHHd g9 & a1 ST
TS UV-A 3R UV-C fECRA & & 9e g, ot fob S siifddwa R 9 waifda
SV & oI IUART 81 ZnGa,04 SMUTRA WICIScaeR! &I 39 MY T H HOR
oRfRufd! & Stu U feeam & fog Hwifdd & wu # weqd fosan T g1 39 IuaRon #
3ol PRI P R TUNTerdt & Tr-1Y SHfRer 3Fau0 & SUANT & ol Zn0/ZnGax 04
FTRICFR HT I R I 3 dgT &1 AN feamn T g

xii



TABLE OF CONTENTS

DEDICATION ..ottt ettt ettt et sb ettt s bt e bt e st e sb e e bt setesbe et e eatesbeensesaeenbeennens i
CERTIFICATE ... oottt ettt sttt et e st et e e st e e st enseenseeseenseensesseenseensens i
ACKNOWLEDGEMENTS ..ottt sttt ettt st sae e il
ABSTRACT ...ttt ettt ettt et sa et e et e s st e s e eseeeseenseeneesseenseeneenseensenneenns vi
TABLE OF CONTENTS ..ottt sttt st xiii
LIST OF FIGURES ... oottt ettt et sttt sbe e sneens XV
ABBREVIATIONS ...ttt ettt esseeseenaesseenseenseennenns XVi
Chapter 1: INtroOQUCHION ......ccvieiiiiiieiiecie ettt s ete e s ae e e e saeeabaesnseenseenens 1
1.1 BaCKEIOUNA ...ttt sttt ettt et e e e e 1
1.2 Fundamental of Photodetectors: Figure of MEtris .........ccccoeveeeiieniieniieiienieeieeeee e 2
1.2.1 RESPONSIVILY ..ttt ettt ettt ettt sttt et sae et sttt et e e 2
1.2.2 Photo to dark current ratio (PDCR) .....cccuoiiiiiiiiiiiiee e 3
1.2.3 Switching Speed and reSPONSe tIME..........ccvveeerieeerieeeiieeeeeeieeeeireesieeeereeesree e 3
1.2.4 Noise Equivalent Power (NEP) .......ccccooiiiiiiiiii e 4

1.2.5 SPECITIC AeLECHIVITY ...uuiiieiiieeiieeeiieeeiieeeieeeetee et et e et e et e e e eaeesntaeesnseeeesseeennseeenns 4
1.2.6 Technology advancement for the next generation Deep UV photodetector ............. 5
1.2.7 Metal Semiconductor Metal (MSM)........cooiiiiiiiiieiieeiieeeeee et 6

1.2.8 Heterostructure based deep UV photodetector ...........cceevviiiiieniieiieniieiieeieeeene 7

1.3 Material selection for the Deep UV photodetectors ...........ccceevveevieniienienieeiieeieeieene 9
1.4 An Overview 0N ZnGa204 c...coiueiiiieiiiiiieeie ettt 11
1.5 TRESIS OVEIVIEW ...eueiiuiiiiiiiieieeiie ettt ettt et sttt et sb et sbte bt et sbtenbeeseesaeesbeensenanens 13

xiii



Chapter 2: Experimental Methods and Characterization Techniques...........cccceeevveeriuieennennns 17

2.1 Growth of ZnGaz04: MOCVD ...c..coiiiiiiiiiiiiieeesee ettt 18
2.2 Growth Of N1O: PLD ..ottt st 19
2.3 Growth of ZnO: RF-SPULETING.......cccuiiriiieiieriieeiieie ettt et sreesae v e ssaeennees 20
2.4 Metal Electrode Deposition: Thermal and E-beam Evaporation..........c.ccecevceeneeiennce. 22
2.5 Characterization TEChNIQUES .......cccviieiuiieeiiiiecie ettt sree e e 24

2.5.1 X-ray diffraction (XRD) .....cccieriiiiiiiiiieiiecieee ettt st 24

2.5.2 UV-ViSIDIE SPECIIOSCOPY ...vvieurieuieaiieeiiieiiesiteenite et esitesteestteereesteesteesaeeeseesseesnseas 25

2.5.3 Atomic Force Microscopy (AFM) and Kelvin Probe Force Microscopy (KPFM) 26

2.5.4 X-ray photoelectron spectroscopy (XPS) .....ooiiiiiiiiiiiiieeeeeeee e 27
2.5.5 Transmission Electron Microscope (TEM)......cccoeeviiiieiiiieiiiiecieeeeeeee e 28
2.5.6 Photoelectrical MEaSUICIMENLS ........cc.ceruieieriieriieieeiienteeie st steeie et eee e enees 30
2.5.7 Gamma CRamDBer .......cccuiiiiiiiieii et 32

Chapter 3: Fabrication of MSM Type Deep Ultraviolet Photodetectors Based on MOCVD-

Grown Epilayers on Sapphire for the High Temperature Functionality .........c...ccoceeeeniennee. 33
3.1 INEEOAUCTION ...ttt ettt et ettt e e sae e e beenaneeas 34
3.2 Experimental details..........ooeoiiiiiiiiiiiiiieiie et 36

3.2.1 Growth of ZnGa04 using MOCVD .......c.coooiiiiiiiiieiiecieceece et 36
3.2.2 Material characterization t€ChNIQUES ...........coceevierieriiriienieeeiereeeeee et 36
3.2.3 Device fabrication and IV measurements .............ccoceereereerienieenieniieesie e 37
3.3 Results and diSCUSSION ....c..ceviiuiiriiiiiniieiietecit ettt ettt 37
3.3.1 Material CharacteriZation ...........cocuevverierierienieeieseete ettt 37
3.3.2 Current Voltage (IV) characCteriStiCs ......c.uiviiieeiieeriiieeiieeeieeeeeeereeesveeesvee e 39
3.3.3 Temporal response and Temperature dependent characteristics ...........cccceeeveenennne 45
3.4, CONCIUSION ...ttt ettt ettt et e st e bt e sb bt et e e s bt e enbeesaeeeabeesaaeens 50



Chapter 4: Effect of y-ray irradiation on MSM deep ultraviolet photodetector based on

MOCVD-GIrOWN ZINGa2O4...cueieeieiienieeiieieeie ettt eteette st tesetesteetesseesseesesseesseenseeseenseensesneens 53
4.1 INEEOAUCTION ...ttt ettt ettt et e b e et et e st e e sateenbeesseeeneeas 54
4.2 Experimental detailS........cccocueeuiiiiiiiiiiiieeit ettt e 56

4.2.1 Growth of ZnGa;04 and Device fabrication...........cccceevieeniieiieenieniieieeeeee e 56
4.2.2 Gamma Irradiation ........cc.eeoueriiiiiiiienieieee ettt 56
4.2.3 Material characterization technique and photodetection measurements ................ 56
4.3 Results and DISCUSSION ...ccuvevuiiiiriiniieiieiesiieie ettt sttt sttt saeeeeseeens 57
A.3.1 AFM ettt sttt et st aeenees 57
4.3.2. XRD oottt ettt e ettt e e ntete et e eneenaeeneas 58
4.3.3 UV-VIS SPECLIA ..euvieiiieiiieeiieeite et eiee et etteeeteeteeesaeesseessseesaeesseenseesnseenssessseensseensens 58
4.3.4. Time resolved photoluminescence (TRPL) ......c.ccccoviiiviiiiiiiicieeeeeee e, 59
4.3.5. PhotoelectriCal PrOPETLICS. ...ccuveruvieiieeiieiieeieerieeeteesteeeebeeaeeereesseesseesaaeesseessseensees 61
4.3.6. X-ray photoelectron spectroscopy (XPS) Analysis.......cccceceeevierieniieenieeneenieenen. 68
4.3.7. Temporal 1€SPONSES (IT) ..ecouvieeiiieiiiieeiieeeie et 70
4.4 CONCIUSION ..ttt ettt st e b e et s e sat e et esbeeeaeeas 73

Chapter 5: Utilizing the Ability of Few-Layer MoS: Integrated with MOCVD-Grown

ZnGazO4 for Thermally Stable Deep Ultraviolet Detection Performance............cccceoeeeene. 75
5.1 INEEOAUCTION ...ttt ettt et s e et sae e e beesaaeeas 76
5.2 Experimental detailS.........ccoeiiiiiiiiiiiiiieeiieeee e e e 78

5.2.1 Fabrication of the deVICe.........ccceeviiriiiiiiiiiiiecieeeeeeeee e 78
5.2.2 Material characterization and electrical measurements .............cccceeveeriieenieenneenne. 79
5.3 Results and diSCUSSION .......couiiiiiiiiiiiiniiiiietectestcete ettt sttt 80
5.3.1 Synthesis of MoS; and Characterization of M0oS2/ZnGaxO4 ......cccuveeeveeeereeennennne. 80
5.3.2. Material CharacteriZation ............cccoierueriirienieeie ettt 80

XV



5.3.3 Photodetection perfOrmance ............cccccuuieeuieeriieeiiee et eee e eee e ree e evee e 84

5.3.4. Energy band OffSELS.......cccuiiiiiiiiieiieiie ettt 87
5.3.5 Temperature dependent pPhoto TESPONSE........eevveeerireeiiieeiieeeiieeeiieeereeeereeeevee e 89
5.4 CONCIUSION ...ttt sttt ettt et st e bt et esbeesaeenresanens 93

Chapter 6: Unveiling Superior Solar-Blind Photodetection with a

NiO/ZnGa;04 Heterojunction DIode .......cc.eeeiieiiiiiiieiieeiieiecie et 95
6.1 INETOAUCTION . ...ttt ettt ettt et e sttt e st e ebeeseeeebeesaneens 96
6.2 Experimental details..........coueiiieriiiiiieiiecie ettt ettt eba e ens 99

6.2.1 Growth of NiO on MOCVD-grown ZnGazO4........cecueevuerienieeienieniieieeienieeieneens 99
6.3 Results and diSCUSSION ......cuuiiiiiiiiieiiecie ettt sttt et 100
6.3.1 Structural and optical properties analysis of NiO/ZnGa>O4 heterointerface......... 100
6.3.2 O 1s XPS spectra analysis of NiO/ZnGaz04.....cc.cevvereeniieiiiniineiiinicniceieeecene 101

6.3.3 Cross-sectional transmission electron microscopy (XTEM) analysis of

NiO/ZnGaz04 heteTOINIETTACE .......eeviiiiiieiieiieeiieee et 103
6.3.4 Photoelectric characteristics of SB PDs of NiO/ZnGa»O4 heterointerface............ 104
6.3.5 TeMPOTAl TESPONSE ....c.eveeiieiiieiieeiie ettt et ettt et e et e st e bt e saaeebeesaeeenseesneeenseas 108
6.3.6 Energy band Alignment of heterointerface ...........ccceeevveeeiieeeiiiencieeeee e 112
6.4 CONCIUSION ....eeuiiiiiieiie ettt ettt ettt et e et etee s bt e saeeeabeeseesnbeesneeenseennes 117

Chapter 7: Ultraviolet Sensor distinctive towards UV-A and UV-C Via Pyrophotronic Effect

Based on ZnO/ZnGasO4 HEteroStrUCTUTE.......cccueiiuiieiieeiiieiie ettt 119
7.1 INEEOAUCTION ...ttt ettt et et e sbt e et e b e et e e bt e enbeenae 120
7.2 EXPErimental SECHION.....c..eeiuiiiiiieiiieiie ittt ettt ettt ettt b e see et e e s e enbeenes 123

7.2.1 Fabrication of ZnO/ZnGaxO4 heterojunction device ..........ccceeeevveercvieencieeerveeennne. 123
7.2.2 Characterization and photoelectrical measurements...........cocceeeevvereeneevieneennene 123
7.3 Results and DISCUSSION ......erueiruieiiiriiiieiieeitenieeie ettt sttt st 124

XVi



7.3.1 Structural and optical investigations of ZnO/ZnGa>O4 heterostructure ............... 124

7.3.2 XPS investigations of ZnO/ZnGa;04 heterointerface...........ceoeevievienennieniennnne. 125
7.3.3 Self-powered deep UV photodetector.........cuvieuiieeiieeeiieeciieeeiee e 127
7.3.4 Mechanism of selective UVC and UVA 1eSpONSes.........cccveeveerieenieenieenneenneennnn 131
7.3.5 Pyro-phototropic effect modulated UVA artificial synapse ..........cccceecveeveenenennen. 134

7.4 CONCIUSION ..eenivieeiiieeciieeeeiee et e et e e st e e e tteeetaeeeaaeeessaeessssaeasssaesssseessseeessseeessseeenssenanns 137
Chapter 8: Conclusion and FUture SCOPE........cceeviieiieririiiieniieieerie ettt 139
8.1 SUIMMATY ..ottt ettt sttt e sae e st eene e e e eanees 140
8.2 FULUIE SCOPEC ...vvieeuiiieeiiee ettt ettt ettt et e et e et e et e et e e estbeeessteeessaeennseeeenseeennseeennnes 141
RETEIENICES ..ottt et 143-172
List Of PUDIICAtIONS ...cuviiieiiiiieriieieeeiet ettt et 173-175
F N 0815 116 (oSSR 176-188
BIOAALA ..ottt ettt sttt nae e 189

xvii



LIST OF FIGURES

Figure 1.1 Applications of the deep UV detectors.........oovvuiieriiieciieeiiie e 6

Figure 1.2 Energy band diagram of MSM structure under (a) thermal equilibrium (b) applied

bias V in dark condition and (c) applied bias V upon optical illumination ............ccccccueeeennenne. 7
Figure 1.3 Schematic of the heteroStructure®>2 ............ccocovvveeeeeeeeeeeeeeee e, 9
Figure 1.4 crystal lattice structure of ZnGazO4s......cccueeueeriiiiiinieiiiieeieeee e 12
Figure 2.1 Schematic of the MOCVD growth Setup.........cccceveeririiiniineniienicnieeiceecieeeneens 19

Figure 2.2 (a) Image of the PLD setup system at IIT Delhi (b) ablation of the target creation of

plasma plume Of NIO tarZeL. ......cceeveiiiriieiieiie ettt ettt ebeesaeeeseessaeebeessaeesseenens 20

Figure 2.3 (a) Schematic of plasma and (b) depiction of the plasma creation of ZnO on

bombardment Of AT 10MS. ...cc..eiiiiiiiieiie ettt ettt ettt e e 22
Figure 2.4 Schematic of the thermal and the E-Gun Evaporation system............c.cccccveevnenn. 23
Figure 2.5 Schematic of UV-Visible SpectroSCOPY SETUP. .....cc.eervirriierieeriienieeieesieeieesee e 26
Figure 2.6 Transmission electron microscopy setup and internal schematic of setup. ............ 28
Figure 2.7 Block Diagram of the photoelectrical measurements ...........ccccceceeveecveneeneenennns 31
Figure 2.8 Keithley SCS4 200 SEUP......eeviuiieeiieeeiieeeieeeeiteeeiee et e esveeeereeeeeeeseaeesaeeeseseeenes 31
Figure 2.9 Image of the Gamma-ray chamber. ...........ccccociriiiiiiiiiiniiiececeee 32

Figure 3.1 DUV PDs (a) Schematic of MSM device and (b) Scanning electron microscope
(SEM) image of fabricated Pt/ZnGazO4/Pt MSM StrucCture. ........ccceeverveeeuieeniieeeiieeeieeeeieeenns 36

Figure 3.2 (a) High-resolution GI-XRD pattern of ZnGa>O4 epilayer on sapphire, (b) Rocking
curve of the (111) plan of the ZnGa>O4 epilayers, (c) absorbance spectra of ZnGa>O4 inset:

corresponding tauc plot and (d) AFM image of surface topography of the ZnGaxO.. ............ 38

Xix



Figure 3.3 (a) DUV PDs current-voltage characteristics with and without irradiated with UV
light of peak wavelength of 245 nm, responsivity of the PD at 245 nm under UV irradiation,
measured at (b) 0.2 bias and (c) biases of 2, 5, and 10 V, with a fixed power density, (d)
variation of the detectivity and NEP with applied bias, () IV characteristics after a year and

(f) spectral 1eSPONSE AftEr @ YEAL. ....eecuvieiieiiieiieeie ettt ettt st eebeesneeenneas 40

Figure 3.4 (a) Photocurrent as a function of power density in log axes. (b) Responsivity vs
power density of PD irradiated at wavelength of 245 nm biased at 10 and 0.2 V. (¢) Gain and

responsivity variation with voltage at peak wavelength. (d) Plot of responsivity ................... 42

Figure 3.5 (a) Energy-band diagram of metal-semiconductor-metal (MSM) structure in dark

condition and (b) under deep ultraviolet light of 245 nm. ........ccooiiiiiiiiiinii e, 44

Figure 3.6 Temperature-dependent I-V properties of DUVPDs on the entire temperature range
from 27 to 125 °C are shown in (a) dark, (b) exposure of 245 nm respectively and (¢) variation

of UV-Vis rejection ratio and PDCR at 245 nm with an applied voltage of 10, 5 and 0.2 V...46

Figure 3.7 Temporal response of the DUV PD, semilog plots (a) Different bias at the RT (b) at
0.2 V on the various temperatures (c) semilog single cycle plot at the different applied bias (d)

at 10 V on the various temperatures and (e) linear plot of single cycle at a different temperature

OIL 10 V DIAS. ettt e e e e e e e e et e e e e e e e e et e e e e e e et ———aaeeeereaan——_ 48

Figure 3.8 The plot of In[ IexpqV KbT] with respect to the voltage of MSM Pt/ZnGa;04 in (a)
dark conditions and (b) DUV @XPOSUIE. .......eerueiriieriieiiieiieeieeriee ettt ettt site e e seeeenees 50

Figure 4.1 (a)-(d) AFM images of MOCVD grown ZnGaxO4 thin films after exposed to

cumulative y-ray doses of 50, 100, and 200 kGy, respectively. .......ccceeveieiriieiniieeniieenieeens 58

Figure 4.2 y-ray irradiated (a) GI-XRD of ZnGa;04 thin film on sapphire, (b) omega scan of
corresponding to (111) plan of ZnGaOs4, (c) UV -Vis Spectra absorption spectra and (d) Tauc

plot corresponding to0 UV-Vis SPECLIa. .......cceieiiiiiiiiiieiiieeiee ettt s 59

Figure 4.3 (a)-(d) TRPL spectroscopy of ZnGayO4 thin films Grown by MOCVD that were

exposed to cumulative y-ray dosages of 0, 50, 100, and 200 KGY. ......ccccoveerieveniieneenennennns 61



Figure 4.4 Current-Voltage (IV) characteristics on the y-Ray irradiation (a) dark current, (b)
photoexcited current at 450 nm and (c) photoexcited current at peak wavelength of 245 nm. (d)
Peak responsivity at 5 V bias, (e) spectral responsivity at zero bias and (f) detectivity and NEP

variability with applied bias VOItages. ........cceeviieiiiriiiiiiieceee e 64

Figure 4.5 (a) variation of PDCR on y-ray irradiation doses, (b) rejection ratio variation with
y-ray irradiation, (¢) dark current and SBH variation with y-ray irradiation, (d) apparent barrier
height variation on y-ray irradiation with term e/kbT and (e) SEM image of pristine device and

(f) SEM image y-ray irradiated device after 200 KGyY......cccoeeevierieiiiieniieiieieeeeee e 67

Figure 4.6 XPS analysis of O 1Is peak of the ZnGa>O4 to understand the effect of y-ray

irradiation On the defeCt TOTMMALION. ......ceeeeieeeee e e e e e et e e e e e e e e eeeeeeaaeeas 69

Figure 4.7 Temporal responses of y-ray irradiated ZnGa>O4 DUV PDs (a) dynamic response at
applied bias of 5 V, (b) single cycle response with normalized photocurrent, (¢) dynamic
response at without applied bias and (d) The compare graph between the reported DUV PDs
and this work under y-ray irradiation as responsivity is represented on the X-axis, while

detectivity is plotted On the Y-aXiS. ...cc.eerieiiiiiiiiiiieie et 71

Figure 4.8 Log-log axes (a) variation of photocurrent at applied bias of 5 V with energy density

and (b) variation of photocurrent without applied bias..........cccceeviieeiiiiniiieeiee e 72
Figure 5.1 Schematic of the DeVICE.........ccceeiiriiiiiiiiiceeee e 79

Figure 5.2 Scanning electron microscopic image (SEM). (b), (c¢), (d), (e), and (f) show the
EPMA elemental mapping of the MoS2/ZnGa>0O4 heterostructure, illustrating the distribution
of S, Zn, O, Ga, and Mo, respectively. This confirms that there is no deterioration in the

ZnGaOy4 thin film on sapphire and that there is no MoS: present in the obtained channel. ...79

Figure 5.3 (a) XTEM image of ZnGa>O4 hetroepitaxy on sapphire, (b) magnified XTEM image
of ZnGa;04 hetroepitaxy on sapphire, and (c)AFM image of as transferred image on ZnGaO4

1180 1<) 017 . 2SR USUPPRTR 82

Figure 5.4 (a) GI-XRD of the heterointerface of the MoS,/ZnGa04, (b) Omega scan

corresponds to peak (111) of the single crystalline ZnGazO4, (c) Raman spectra of as-grown-

XX1



MoS; (d) Raman spectra of the MoS>/ZnGa>O4 heterostructure, (€) UV-Vis absorption Spectra
of MoS>/ZnGa>O4 and (f) Tauc plot corresponding to the absorption spectra of the ZnGa,Os.

Figure 5.5 Photo-electrical characteristics of the fabricated device (a) Current-Voltage (I-V)
measurements in of FL 450 and 245 nm of wavelength radiation of FL-M0S2/ZnGa204, (b)
Current-Voltage (I-V) measurements in dark, 450 and 245 nm of wavelength radiation of FL-
MoS2/ZnGa04/FL-MoS,, (c) spectral response of the FL-MoS>/ZnGaxO4 DUV PDs, (d)
spectral response of the FL.-M0S2/ZnGa,04/FL-MoS, DUV PDs, (e) single cycle response of
FL-MoS>/ZnGa>O4/FL-MoS> DUV PDs on fitted with bi-exponential equation and (f)
Detectivity and NEP of FL-MoS>/ZnGa>O4/FL-MoS> DUV PDs with applied bias.............. 86

Figure 5.6 (a) Mo 3d and (b) 2p core-level of Ga and VB spectra of FL-MoS; and ZnGaxOs4,
(c) Ga 2p and Mo 3d core levels for FL-MoS>/ZnGa>O4 heterointerface and (d) schematic of
band offset of FL-M0S2/ZnGaxO4 heterointerface. ..........cccevveeverieririenieneeieseeeeeesceeeeeen 88

Figure 5.7 (a) temperature-dependent IV in presence of 245 nm and dark condition, (b)
Dynamic temporal response at RT on 5 and 10 V of applied biases, (c) Temperature-dependent
dynamic temporal response on the entire temperature range, (d) Temperature-dependent single
cycle temporal response on the entire temperature range, (¢) Log-log axes plot of photocurrent
vs energy density at 10 V of fixed bias and (f) Log-log axes variation of responsivity vs applied

DS, ettt —————eee et et ——————————etetenn—————aaeeteunn—————————— 92

Figure 6.1 Device fabrication steps: (a) MOCVD grown ZnGa;O4 epilayer on sapphire with
physical mask for selected area deposition of cubic NiO (b) cubic NiO is deposited by PLD on
ZnGay04 at RT (c) Metallization on the heterostructure of NiO/ZnGa>O4 and (d) Fabricated

device annealed at 250 °C in presence of Ar for better adhesion. ..........cccceevvvvveviieeniieeninen, 99

Figure 6.2 (a) XRD of single crystalline NiO/ZnGa>O4 heterointerface (b) bitmap image of
NiO/ ZnGazO4 heterointerface on sapphire, (d) Omega scan of PLD grown NiO corresponding
to (111) peak, (c) Omega scan of MOCVD grown ZnGa;Os corresponding to (222) peak, €
The core level XPS spectra of MOCVD grown ZnGa;04 of O 1s, deconvoluted in two peaks

termed as lattice oxygen and defect peak corresponds to oxygen vacancies and (f) The core

xXxii



level XPS spectra of PLD grown NiO of O 1s, deconvoluted in two peaks termed as Ni*? and

Figure 6.3 (a) Cross-sectional transmission electron microscopy (XTEM) images of
NiO/ZnGa;04 heterointerface on Sapphire substrate (b) magnified XTEM image of ZnGa204
and sapphire interface with their corresponding Selected area electron diffraction (SEAD)
patterns and (c) magnified XTEM image of Cubic-NiO/ZnGaxOs interface with their

correSpoNding SAED PatteIMS. .....cviiiiiieeiieeeeiieeiieeertee et e e reeeseeeeseeeesreeesreeessseeessseeensseens 104

Figure 6.4 Photoelectric properties of SB PDs of NiO/ZnGa;O4 p-n heterointerface (a)
Schematic of SB PDs of NiO/ZnGa;Os4 p-n heterointerface (b) current-voltage (IV)
characteristics of ZnGaO4 and its heterointerface with NiO in dark condition, (c) IV of SB
PDs of NiO/ZnGa;04 p-n heterointerface in the dark and at peak wavelength of 246 nm, (d)
bias dependent spectral response on -13, -10, and -7 volt respectively, (e) spectral response at

zero bias and (f) variation of detectivity and NEP with applied bias. .........cccceevviecrennnnnns 107

Figure 6.5 Single cycle temporal response of SB PDs of NiO/ZnGa;O4 p-n heterointerface (a)
at -13 V of applied bias, (b) without bias. Log-log axes plot of photocurrent with a varying

energy density of peak wavelength of 246 nm (c) at -13 V of applied bias, and (d) without bias.

Figure 6.6 kelvin probe force microscopy (KPFM) images of (a) epitaxial ZnGa,O4 on
sapphire, (b) epitaxial NiO on ZnGaxOs, (c) binding energy difference between Valence band
(VB) of NiO and Ni 2p, and (d) binding energy difference between VB of ZnGa>O4 and Ga 3d.

Figure 6.7 (a) Core level binding energy difference between Ni 2p and Ga 3d b) Schematic of
emerged heterointerface between ZnGa>O4 and NiO according to XPS and KPFM studies, (c)
Mechanism depicting the p-type NiO photoresponse at 350 nm indicating restricting transport
of electrons and holes due to the formation of Type-II band alignment (d) band diagram of
NiO/ZnGazO4 heterojunction after contact at 0 V bias under the irradiation of 246 nm light

demonstrating the pyrophotoronic effect due dT/dt of non-centro symmetric nature of ZnGazO4

xXxiii



with transient response showing various stages of mechanism with and without illumination.

Figure 7.1 (a) Gonio-XRD of ZnO/ZnGa,04 heterostructure on sapphire, (b) GI-XRD of
Zn0/ZnGaO4 heterostructure to removing out the sapphire effect in XRD, (¢) Reciprocal space
mapping of ZnO/ZnGa>O4 heterostructure on sapphire, (d) absorbance spectra of ZnGa,O4 on
sapphire and ZnO/ZnGa;04 heterostructure with inset tauc plot corresponding the absorbance

of ZnGayOs, (e) absorbance of ZnO inset corresponding tauc plot. ........cceeeevveeecrieercreeennnnn. 125

Figure 7.2 HR-XPS of ZnO/ZnGa>O4 of heterostructure (a) survey spectra of surface and with
different etching time, (b) Ga 2p spectra of surface and with different etching time, (c) Zn 2p
spectra of surface and with different etching time (d) O 1s spectra of surface and with different
etching time, (e) fitted O 1s peak spectra of surface and (f) fitted O 1s peak spectra of surface
AfTET 60 CLCRING. ...oouiiiiiieiie ettt sttt ettt s aae e eee 127

Figure 7.3 (a) dark current and photocurrent variation of -10 to 10 V applied voltage sweep of
the heterostructure of the ZnO/ZnGa;04 (b) spectral response on peak wavelength on applied
-10 V and without applied bias and (c) detectivity variation for the UVC, UVA and visible
region Temporal response of ZnO/ZnGa>O4 heterostructure device (d) self-powered dynamic
response at peak wavelength of 230 nm (e) dynamic response at peak wavelength of 230 on
applied bias of -10 V (f) dynamic response at 380 nm on-10 V applied bias (g) switching speed
of the ZnO/ZnGa,04 device: ultra-fast decay and rise time observed 0.2 ns and 0.4 ns
respectively (h) dynamic temporal response over varying the energy density of peak
wavelength of 230 nm and (1) performance comparison of reported self-powered UVC (230
nm) with ZnO/ZnGaxO4 heterostructure based UVC self-powered photodetector on basis of

1eSPONSIVILY and AEtECLIVILY ...oevuiiiiiiiiieiieeie ettt et et 130

Figure 7.4(a) Dynamic temporal response in UVC without pyrophototronic current spikes (b)
dynamic temporal response in UVA with pyrophototronic current spikes, making the device a
selective for the UVA through pyrophotronic effect, (c) magnified view of the single cycle
temporal response to better understanding of pyrophotronic effect in device, (d) a schematic of
heterostructure,(¢) UVC illumination on the ZnO/ZnGa>Os heterostructure diode major

absorption along ZnGa;0s4, (f) no-Illumination of UVC on the ZnO/ZnGa>O4 heterostructure,

XX1V



(g) UVA illumination on the ZnO/ZnGa>O4 heterostructure diode major absorption along ZnO,
and (h) No UVA illumination on the ZnO/ZnGaO4 resulted polarization of carriers occurring

enhance the current, slows down the Speed. ..........cccveviiiiiiiniieiiiiieee e 134

Figure 7.5 Schematic illustrating biological synaptic behaviour alongside a photonic synaptic

device modulated by optical StMUIL. ........c.ccevviiieiiieeiieeeeee e 135

Figure 7.6 (a) Schematic depicting the memory process in the human brain, (b) I-T on the
different, (c) I-T on different UVA light intensities on -10 V applied bias, (d) current modulation
in the ZnO/ZnGaxO4 heterostructure caused by six successive light pulses (80 uW/cm?, applied
bias = -10 V), (¢) A1 and A> denote the amplitude of the current change during the initial and
subsequent light pulses of the 5-second photonic paired pulse facilitation (PPF) index in
relation to the time interval between consecutive pulses and (f) measured learning and
relearning experience behaviour of the optical synaptic device just on 80 uW/cm? pulse

TIUECTISTEY. 1eevvteutieeeteetee et et e ettt e it e eabe e tteesbe e seeeaseeseeesseesaeeaseessaeesseensaeensaensseanseesseenseesneanseensns 136

XXV



ABBREVIATIONS

PDs
DUV
SB PDs

2DMs
3D

NEP
TMDCs
OM
SEM
AFM
KPFM

XPS
XRD
RSM

B.E.

a.u.
TEM

XTEM
HRTEM

PL
TRPL

FESEM
EPMA
EDA

MOCVD
PLD
CVD

Photodetectors
Deep Ultraviolet
Solar blind photodetectors

Two dimensional materials
Three dimensional

Gamma

Noise equivalent power
Transition metal dichalcogenides
Optical microscope

Scanning electron microscopy
Atomic force microscopy

Kelvin probe force microscopy

X-ray photoelectron spectroscopy
X-ray Diffraction
Reciprocal space mapping

Binding energy
Arbitrary unit

Transmission electron microscopy

Cross-sectional transmission electron microscopy

High resolution transmission electron microscopy

Photoluminescence

Time-resolved photoluminescence

Field emission scanning electron microscope
Electron probe microanalyzer

Electron diffraction analysis

Metal organic chemical vapor deposition
Pulsed Laser Deposition
Chemical vapor Deposition

xXxvii



