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Chapter 1

Introduction

In this chapter, we will discuss the physical properties of metal oxide semiconductor and
underlying physiceehindtheir specific electroniand optoelectronic propertiethat make it
interesting in practical applications This thesis deals with thkasic physics related to
electrical and optoelectronic and other areas using this metal oxide semiconductor
heterojunction with 1D nanostructuréisat has not been explored much till datée mainly

focus on heterojunction arrayvhich has been formed ugianc oxide(ZnO)/ doped ZnO and
vertically aligned 1D Si NWs arrayis this thesis The electrical, optoelectronics and gas
sensing propertiesf oxidescan be tuned by making heterostructures or FET type device
structures or by decorating witflasmonic nanopatrticles (Aun this thesiswe will introduce

how one can tune the charge carriers by using the effect of photo gating, gas injection or by
field effect using electric double layer (EDL) gate and to understand the basic physics
underlyingthe charge carrier transporiThe electrical conductivity and photosensitivity of
oxide semiconductors can also be engineered by tunning of surface/interface @feats.

than basic physics, the experimental observation/ understanding leads to a ety go
contribution to flexible electronicand also in gas sensing application with a very good
application potential. The proof of concept had been patented and highlighted in this thesis
workalso. The literature survey on some novel and interesiptgelectronic, gas sensing and
physical propertiedf thesemetal oxide semiconducwhave been provided in this chapter.
Lastly an outline of the thesis has bgersented to highlight the mainvestgation of this

thesis.
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1.1 Introduction to m etal oxide semiconductors

M etal oxide semiconducto@OSs) are widely investigated in the field of fundamental

research as well as industrial applications during last three decades since they are earth
abundant, biocompatible, low cost, and in some cases, chemically stable and with suitable
electrical and opticatharacteristics. The optical, electrical amgtoelectronic properties of

metal oxides can be engineered by modifying their size, structure, composition and
stoichiometry, and by doping [1]. In recent years capability to grow eeadeconductors at

low processing temperature on flexible substrates has given a boost to the general area of oxide
electronics [23]. Size reduction to nano dimension of oxide semiconductors leading to
guantum confinement phenomena modify their intrinsicopprties like electrical
optoelectronic and other physical properties with respect to their corresponding bulk properties
[4-5]. The opteelectronic properties of metal oxide heterojunction can be engineered by
modifying their surface morphology, sizéyape, and compositiolBut metal oxides have
uncontrollable charge carriers due to oxygen vacancies and other dstedts very crucial

to develop proper and appropriate materials with stable charge carrier density for practical
application.This canbe controlled by doping, exposure to band gap illumination as well as by
field effect using gat¢6-8]. Oxide semiconductor can also be integrated into heterojunction
with 1D nanostructure that can tune the electrical and optoelectronic propertiesysuitabl
Recently the heterostructure and ceshell structurébased deviceare promising entrant for
various sensingand optoelectronicsipplication[9]. Interesting device concepts based on
heterostructures have been proposed recently forg@gbrmance gas sensors that go beyond
conventional chemiresistors because of enhanced surface to volume ratio, higher gas diffusion
rate and enhanced reactivityd]. The basic physics related to electrical and optoelectronic and
other areas using theseetal oxide semiconductor heterojunctions with 1D nanostructures has
not been explored much till date, very few reports are available in this refiri8][

In this thesiswe have concentrated on heterojunction arfagth pn and an junction)which

has been formed usirgnc oxide / doped ZnO and vertically aligned gillcon nanowiresSi

NWs) arrays This combination furnishes verjigh-quality optoelectronis properties
including high surface to volume ratimgh surface reaction activitigw reflection and strong
absorption in UWis-NIR broadband regigrstrongelectron and phonon confinemeiatsd
enhancement of charge transéedthat canbe integrated with siliconntegatedcircuit (IC)
technology.Their low-dimensional nanostructures with suitable bgagd, unique conduction

properties, and confined carrier conduction pathways made them suitable candidates for

2
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sensitive materials in photoelectric and other sgndaviceq14-15]. In this thesiswe have
mainly investigated a selected portion of physical propestiek as electrical, optoelectronics
and gas sensing properti@élsZnO/Si NWsnanctructuresarraysand thin film of doped ZnO.

The thesis worlalsofocuses with the dealing of known challenges on fabrication processes
and he electrical, optoelectronics and gas sensing propeftesdes can be tuned by making
heterostructures or FET type device structures atdmprating with plasmonic nanoparticles
(Au). Other than basic physics, the experimental observation/ understanding leads to a very
good contribution to flexible electronics and also in gas sensing application with a very good
application potential. The pof of concept has been established and patémtedme areas;

like, gassensorused inexhaled breath analysis afidxible transistors for wearable and
stretchable electronic device& brief discussion of basic crystal structuremétal oxide
semicondctors some novel and interestinglectrical, optoelectronics and gas sensing
properties associated withsemiconductornanatructureshave been highlightedin the

following sections

1.2 Fundamental properties ofmetal oxide semiconductors

Metal oxide semiconductors can adtipgmost distinct structure at the nanoscale whitécts
their electrical,optoelectronicsphysical and chemical properties in practical applicgdtién
17]. The most common examples of metal oxide semiconducto&n@eTiO;, WOs, CuO,
SnG etc. This thesis mainly focuses on synthesis and physical properties study on
nanostructure@nO heterojunction and doped ZnO. Hence this section provides a review of

fundamental properties of ZnO addpedzZnO.
1.2.1Zinc oxide (ZnO)
1.2.1.1Crystal structure

At ambient temperature and pressure, ZnO appears in the hexagonal wurtzite sifheture.
other strutures are zinc blend (with a cubic or hexagonal phases) and rocksalt (with a cubic
phase) but under ambient conditions they are thermodynamically unskabldnexagonal
wurtzite structure has a unit cell witlvo lattice parametes= 3.2495A and ¢ = 5.2064 in

the ratio ofc/a = 1.602 corresponding to P63mc space groijis ZnO space group is
characterized by presenting two interconnecting sublatticéséof andUb  ions in which

each zinc ion is surrounded by a tetrahedral of fourgemyions[18]. A schematic
representation of the ZnO hexagonal wurtzite structure is shown in Riguréhe zinc and
oxygen ions are arranged alternately along tagis and exhibit positive and negative polar

planes richinh € and0 ,respectivg). This® & and0 |, tetrahedral coordination is the

3
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origin of a polar symmetry along the hexagonal @& most common and stable ZnO crystal
exhibits a wurtzite structure with four face terminations: polateZminated (0001) an@®-
terminated (0001) facets, and rpalar (1010) and (1120) facets which containing an equal
number of Zn and O aton]d49-20]. The polar planes are in favour to crystal growth
changingw ¢ terminated surface with the , terminated surface or vieersa.Such growth
process is repeated over a time which enhance the growth al@@§1) plane rather than
other commonly observed non polar plan€sus, the polar behaviour igsponsible for a
number of properties in Zn8€uch apiezoelectricity, crgtal growth and defect generati@1i-

22].

Figure 1.1 Schematic of the unit cell of the ZnO hexagonal wurtzite structure

1.2.1.2Electrical properties
The unique optoelectronics properties of ZnO coupled with its nontrivial electrical
characteristics made it suitable candidate in photoelectric devices. As a wide band gap
semiconductor, ZnO nanostructures are associated with ability to sustain large electric fields
(high break down voltage), high temperature and -pigiver operation. Théackground
carrier concentration of undoped ZnO varies a lot within the range®f 139c@P according
to the quality of the samples, however the average value of carrier concentratiotfis £0
All form of ZnO nanostructures usually reported to exhibiype conductivity with carrier
mobility in the range of 0.1 100 cnt/V-s. The first report claimed that the intrinsic defects
such as zinc interstitialg)£) or oxygen vacanciesyi ) were responsible for the intrinsie
type conductivity{23-24]. The hydrogen incorporation can causgype conductivity in bulk
ZnO [25 and it was theoretically shown that hydrogen acts as a shallow dafpr [

Furthermoreit has been found that the gpoll impurities (such as Al, In, Ga) have taken into
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account to increasetype conductivity of ZnCby Zn substitutiordepending on the growth
process[27-28]. However, thegrowth of p-type ZnO is still difficult Among thep-type
dopantshpitrogen acts as a promising acceptor for Z8930].

1.2.1.30ptical properties
The semiconductor ZnO has gained substantial interest in the research conmcenitye of
its direct wide bandjap © ~3 . 2 3 . latge exditpn binding Gnergy (60 mep3)L-
32]. ZnO being transparent in visible region acts as a good UV absorber as well as €hstter
optical properties of ZnO are connected with both intrinsic and extrinsic effecintditaetion
of light with ZnO follows various physical process such as optical absorption, transmission,
reflection, photoluminescence and cathodoluminescence. Béarpion of light in ZnO
creates electrons in conduction band and holes in valence band by interband transition.
However, these electremle pairs in same space point can bind as excitons due to the coulomb
interaction and act as energy carriers liketphs. The required condition for the exciton
formation is the same group velocities of electron and hole. The extrinsic properties in ZnO are
strongly dependent on dopants or defects which usually create discrete electronic states in the
band gap which piathe vital role for optical absorption and emission processes in this material
[33].

1.6
_ (a) ——7Zn0 I (b) A —O—ZnOI
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Figure 1.2 (a) UV-Visible absorption spectra of ZnO nanostructure film. (b)

Photoluminescence spectra of Zn@nostructurdilm. A; represents the excitonic emission
peak where as Aepresents the defect emission peak.

The UV-visible absorptiorspectraof nanostructured ZnO film exhibits the strong baag
absorptiomaround 3Bnm (O & 3 . & Figue)12 (a). From absorption spectmnd gap

is calculatedfrom the extrapolation of] 'Q 0 i('Q graph where | is the absorption
coefficient andQ is photon energyl'he optical absorption is correlated with the transition of
electrons from valence band tbe conduction band or defect states. It also includes the
transportof electrons from defect levels to conduction bartie optical as well as electrical
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methods have been utilized to characterize @feal levels in ZnO. In optical methqdke
photoluminescenc€PL) spectroscopyhas beerusedextensively to determine the crystal
guality and the presence of the defects as well as exciton fine stru¢tusasethodgivesthe
detailsinformation about charge carriers transitidram band to bandhrough the various
defect statesrigure 12 (b) shows the room temperature PL spectra of a nanostru&od
fimf or an excitati onThaRLsgettra of gandstruetured Zn® @xhibita m.
the general feature of ultraviolet (UV) emission~-aB75 nm which is corresponding to the
nearbandedge (NBE) transition of wide band gap intrinsic ZnO. In addition to NBE emission
there is a broad defects band emission in the visible rebi@mctharacteristics features this
emission spectra dependh ahe defectsstates availablen the ZnO. Generally, the
polycrystallineZnO nanostructures having large number of graind defect statesan give

rise to the wealBE and strondroadvisible/defectsemission spectra. On the other hand, the
highly oriented or less defective single crystal of Zexhibitsthe strongNBE and weak
visible/defectsemissions. The origin of defect emissions in visible regiomassignedo
shallow and deep level defectsianostructured Zn(he broad defects emission in the visible
region can be readily deconvoluted into different bands namegteas, yellow and red
emissionand hese emissions aoerresponding tthe varioustype of defectpresenin ZnO.
These defecstates in ZnO are introduced at the growth time and can be controlled by growth
methods ancdconditions, suchas deposition temperature, oxygen pressure and annealing
temperaturg34]. The gtical processes in various nanostructures of Zn@@meected with

the intrinsic and extrinsic defects and the commonly reported defects in ZnO system are oxygen
vacancies with different chargggofo o ), zinc vacancies ¢f ), zinc and oxygen
interstitials (0 € and0 ). Oxygen and zincacancies are considered to be the most predominant
defects in ZnO and these defects act as traps which exchange chargeaptitte of
electrons/holes irthe conduction band and valance band through the emig3%e®6]. A
schematidllustration of the excitatiomnd emission processes of Zrgashownin Figurel.3

[37]. The baneto-band excitation (1) and the formation of excitons (2) have been occurred
when ZnQOis excitedwith photons of energy higher than the band. & ecited free charge
carriers are then trapped by, @ andU0 occupying in the bandap corresponihg to the
processes 4, and 9respectively.De-excitation process (3) and radiative recombination
processes (5 and 6) give rise to the NBE and gee@ssion bands respectiveljhe radiative
recombination of shallowly trapped electrons with deeply trapped halesatresponding to

the processes. 8he process 10 correspondstte radiative recombination of shallowly
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trapped electrons with deeply trapped holes aivhich gives rise NIR emissioiHowever,
further investigation is required ioterpret otheemission bands such as yellow and red ones

that we have discussed imetchapter 7.
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Figure 1.3 Schematic illustration of the excitation and emission processes of ZnO. (1) Band
to-band excitation(2) and (3) adsorption and emission by exciton@k (7), and (9) trapping

of charge carriers by, w and0 , (5) radiative recombination of deeply trapped electrons at
@ with holes from the valence band; (6) and (8) radiative recombination of shallowly trapped
electrons with deeply trapped holesiat andU ; (10) donor acceptor transition involving

andw ; (11) subband excitationReprinted with permissiofrom [37].

1.2.2Doped ZnO

The doping of ZnChas attractedonsiderable researdhterestto tune optical, electrical and
optoelectronics properties of ZnO suitaf88]. There aralifferenttopics ofinterestin doping

of ZnO. Generallydoping with donoand acceptor impurities have been dtmachievehigh
n-typeandp-type conductivityof ZnO respectivelyAlso, doping with rareearth elementand
transition metals have been acceptedobtain desired opticaland magneticproperties
respectivelylt has been found that the group Il impurities (such as Al, Ine@ahave taken

into account to increasetype conductivitywith desire optoelectronics propertiesZnO by

Zn substitutiordepending on the growttonditions[39]. Recently,among the statef-the-art
flexible thin film transistors (TFTs) technologyetal oxide semiconductqrsspeciallydoped

ZnO, are promising candidatewing to their unique properties such @scellent carrier
mobility even in amorphous state, high electrical conductivity, high optical transparency in
visible as well as neanfrared region and large area uniform deposition at low temperature
[2]. To increase the electrical conductivity, carmeobility and transmittance of ZnO, In and

Ga have been used as dopant because of good lattice matching with Za©.2A 1 =
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0.81A andi = 0.74A] and less reactive as well as more resistant to oxidation If4€is
section we will prouile a review of fundamental properties of In and Ga doped ZnO (IGZO).
The most general formula of IGZO is INnG#2nO)n, where n is an integer. A homologous
compound represented by the chemical formula R(MD),, where R=Lu, In etc. and M=In,
Ga, Fe, etclGZO has two phases amorphous and crystalline. Amorphous phase is preferred
over crystalline ones for active layers in thin film transistor (TFT) from the viewpoints of
processing temperature and uniformity elite characteristic®]. Figurel1.4 (a) illustrates
thecrystalstructure of crystalline InGaZn@c-1GZ0O). The crystalline dGZO is made of the
cornersharing network between IeGand (Zn/Ga®) polyhedra. Figurel.4 (b) shows a
structure model ofraorphousinGazZnQ (a1GZ0O) determined by extended-b&ay absorption

fine structures (EXAFS). It shows that the edparing networks of InOpolyhedra are
retained even in the disordered strucfdrke 42]. IGZO is an ratype and direct wide band gap
(3.27 3.6 eV) semiconductor with high transmittance (> 90 %) in visible region.
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Figure 1.4 Polyhedral views of crystal structures of (a) crystalline InGade@GZO) (b)
amorphous InGazn{a-IGZO). Red and gray polyhedra show k#dd (Zn/Ga@) polyhedra.
Reprinted with permissioinom [42]. (c) Relationship between roetemperaturdall mobility

and carrier concentration forl&ZO films. Data on singkerystalline InGa@ZnO) films are
shown for comparisorReprinted with permission fron2]

IGZO exhibits the unusual carrier transport properties as sown in Higufe). The electron
mobility of amorphous as well as crystalline IG4xreaseswith increasing free electron
density. This phenomenon is opposite that of single crystalline covalent semiconductor like
silicon, in which, the carrier mobilitysually decreases with increasing carrier density due to
scattering of carrier with the ionidelonors or acceptors. This difference can be explained from
the concept of chemical bonding [43]. Thg hybridized orbitals that form the carrier
transport paths inovalent semiconductor like silicarenoticeablydistorted by disorder and

form deep localized states (Figure 1.5 (a) and (b)). This results in the hopping conduction and

8
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the low drift mobilities in siliconSo, both electrons and holes migrate by hopping and not by
band conduction which results verylalectron mobilities of < 1 cAfV-s. In contrast, the
carrier conduction paths in metal oxide semiconductors are formed maislyrbyals of the

metal cations.This spherically symmetrical ns-orbital provides small effective masses of
electron and eitient electron transport even in the amorphous state, as a result, the electron

mobilities in IGZO both in amorphous and crystalline phase easily exceed?A-1i2, 42].

Covalent semiconductors Metal oxides

Crystalline Amorphous Crystalline Amorphous

(C) Oxygen 2p-orbital

W

Metal ns-orbital

Figure 1.5 Electronic structures of Si and metal oxides. Schemaftiorbital transport
pathways in the conduction bandajfcrystallineand(b) amorphous covalent semiconductors
(c) crystallineand(d) amorphousnetal oxidesReprinted with permission fron2]

1.3 Optoelectronics studeson metal oxide semiconductors

Metal oxide semiconductors arédely investigated in the field of optoelectronics applications

for their specific electronic and optoelectrompcoperties[1]. Most of the conventional
photodetectors that are widely used are basedrojupctions using elemental (Si and Ge) or
binary (GaAs) and ternary (InGaAs) semiconductors. Each of these detectors have a spectral
range depending on fundameritand gap of the semiconductorwhich most ofthemlie in

NIR region.Recently broadband optical detector is a-thsteloping field with significant
impact in various applications like UV radiation monitoring in an environment, healthcare
research, sece communication, and so on. As the characteristics of the jgeotrated
charge carriers play an indispensable role in the photodetector operation, researchers have
proposed several strategies, including modification of light absorption, design of novel
heterostructures, utilization of defects engineering, and construction of specific geometries to
modulate the chargearrier behaviours and improve the photodetector perfornidaterhe

photo detection properties of inorganic semiconductor nanostructures such as ZnO, CdS and
CdSe have been widely investigatadhich could pave the way of fabricating suitable
photodetect@[45-46]. Among them, ZnO has received much attenéisthe performancef

ZnO based photodetectaran beimprovedvia tunning of surface morphology, doping with
metal into ZnO,and functionalization of ZnO surface by noble metal nanopartifi&3.

However, the key issue is that these materials in their priime work only in ultraviolet

9



Chapterl Introduction

(UV) region Also, a proper control over the surface/interface defect states is mandatory f
practicalapplication oZnO nanostructures in photodetectiasthe modulation of defect states

can be governed by tiseirface/interface treatmejdi3-49]. Most of ZnO based optoelectronic
devices are either photoconductive detectors in thin film transistor (TFT) configuration or they
are heterojunction betweertype ZnO and fiype semiconductor materials. The most commo
selectionis p-type silicon due to its distinct advantages, such as abundance, stability, and ease
of processing.Recently, the design and fabrication of ldwnensional semiconductor
nanostructurdSi NWs compositeheterostructuresreatea wide platform for fabricaton of
high-performance photodetectonghich alsoovercone the inherent limitations of Svased
photodetector§l0]. For an examplea coreshell heterostructure-AnO/n*-Si NWs has been
reported for NIR region with a maximum zerod®d responsivity of 0.54 A/\\L3]. They have
claimed that the superior performance of radial junction is correspondingaog@énterfacial

area and efficient charge carrier collection due to the core (SiiNWA&) (ZnO) structure.
However,most ofjunctions based {p heterostructures) photodetectors have limited gain and
the responsivity (mostly p06%w and more importantly the band width of detection is
governed by the barghp.But one can break the limitation détectionband width bysurfae
plasmon resonand&PR)usingof plasmonic nanoparticles (NP®)overcomethe limitation

of spectral response arising from the bayab of the channel materidh this case the
photoconductive channel is not the only place where carrier generation occurs by illumination
but also the plasmonic NPs contribute charge carriers into the photoconduction chis®el.

of plasmonic metal NPs @fluminium (Al), silver (Ag), nickel (Ni), platinum (Pt) and gold

(Au) etc carenhance response in visible region by plasmonic excitation and charge transfer to
the active photoconductive chanrg0-54]. Thereis a report oflocalized surface plasmon
resonance (SPR) mediated by N&s employed to enhance the visible response of the ZnO
nanowires array@-igurel1.6 (a)) butseen decrease in UV response (Figuégb)). Also, both

visible and UV responseof this detectodecreases with increasing the diameter of Au NPs
[53]. There isanothereport of ligand free surface plasmon resonance of Au NPs implemented
to improve the visible response of ZnO nanowires arrays in Figarg) It has been observed

that Au NPs those synthesized by chemical route for attachment, niadxdiaiisg ligand or a
dispersive media which affects the surface plasmon resonance of NPs and reduces the inter
band transition which degrade the photodetector performaDeés in Figurel.6 (c) show the
responsivity(~ 0.4 A/W in UV region at a bias of 1 \Of Au NPs decorated devidhatis
enhanced not only in the UV region laisoin visible region in comparison with bare device

[54]. In this report they have also shown that a relatifastertime response in day of
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photocurrent under UV | | umi nat i on 2al1.6%d)) BaS Beennaohieedrdugto r e
decoration of Au NPs. Thisccurs due ttransfer of electrons from Au NPs to the defect states

of ZnOthatpromotes the reconversion processes of singly charged oxygen vacancy to neutral
vacancy leading to quicker relaxation of the photocurrent.
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Figure 1.6 Transient photoresponse of ZnO NWs and Au NPs decorated ZnO NWs(ander

UV (b) green LED.The illumination is turned ON and OFReprinted with permission from

[53]. (c) Spectral responsivity of Au NPs decorated ZnO NWs device and bare ZnO NWs
device (d) decay of the normalized photocurrent of bare ZnO NWs film and@@ NWs

films for wavelength & = 3564.nm. Reprinted w
From the above observationg have seen thatach of these detectors have a spectral range
dependig on fundamental band gap of the semiconductor. These photodetectors though easy

to operatebut certain issues need to be addressed, for instance each of photodetectors used
particularly in specific wavelength region that have been working either inialeagUV) or

visible (Vis) or neatinfrared (NIR) region. In this thesis further investigation has been carried

out to observe how one camntend the response afZnO based photodetector in UV to NIR
broadband region beyond its fundamental gaqmlbye x p| oi t i ng t he concept
gatingo. The nov e haye engineeredhda photodetectdr using oxide

semiconductornanastructure and plasmonic nanoparticleanovatively. The concept is
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demonstrated in a ligand free plasnmwAu NPs decoratedn n-ZnO/p-Si NWs coreshell
arrayswhere RZnO is the channel of theghotadetector and photgenerated carriers can be
transferredo the conduction band ofZnO from p-Si nanowire and Au nanoparticles in NIR

and visible region respecely. The responsivity of ligand free Au decorated ZnSigNWs
coreshell arrays enhanced significantly not only in visible region but also in UV and NIR in
broadband range (360100 nm) due to surface resonance coupling of Au NPs with Z80D/p
NWs. In addition to good responsivity over an extended wavelength range and no sizeable
droop in sensitivity at wavelengths in visible range and shorter wavelength (unlike Si and Ge
detectors), extremely low power consumption, the detector has added advdrg¢age of
fabrication which is compatible with standard semiconductor and TFT processing routes.

We have also investigated how one can tune the photoconduction and photoresponse of ZnO/p
Si NWsnanatructuresarraysby modulation of surface/interface trsjates.

1.4 Gas sensingroperties of metal oxide semiconductors

Metal oxide semiconductoese commonly used as gas sensors in environmental monitoring
and in industrial application®5]. In recent years, in addition to hazardous gas monitoring,
newvistas for application are opening up for sedidte gas sensors for use in healthcare such

as exhaled breath analysis6]. The sensor used in exhaled breath analysis would need
detection capability ofitric oxide (NO) gadelow 1 ppmasNO is abiologically significant
molecule and can be utilized as a primary signalling molecule (present in exhaled breath) for
norrinvasive diagnosis of certain pulmonary diseases such as asthma, broncHhig|.etc
While most of chemiresistors oxides gas sensave limitations of detection capability below

10 ppm and high operating temperatudong them, ZnO based gas sensors are widely
investigated because it able to detect a great variety of gases, such HsSCAQ, NO, NHs,

and CH [58-61]. The gas sesing mechanism of ZnO sensor is mainly based onhbmical

or physical adsorption/desorption of the gas on the surface of ZnO that leads to variation of
charge carrier concentration and the resist§@®2p The sensing response of ZnO based gas
sensor is strongly affected by operating temperafline high operating temperature toe

sensor is attributed to enhance redox reaction for improving sensing perforniianaefeen

also found that the gas sensing performances of ZnO nanostructswe germown due to the
reduction of chemisorbed oxygen ions on the surface above optimum operating temperature
[63]. Thus, the necessity for the improvement in gas response, rise and recovery time, stability,
selectivity, and reproducibility at low openagi temperature has paved advanced route for the

modification of ZnO nanostructureshe sensing performances can be enhanced via tunning

12



Chapterl Introduction

of surface morphology of ZnO, doping with metal into ZnO, functionalization of ZnO surface
by noble metal nanoparticlandUV/visible light activation[58-59, 64-67]. The most studies
onZnO based sensofscuson the influence of surface morphology on gas deteabipening

new strategiedo fabricatemore selectiveand sensitivegasdetectorq68]. For an example,
Gupta et al. studied the gas response for differ@mO nanostructures such as nanowires,
nanobelts and tetrapods in the detection of NO at8][$8]. Figurel.7 (a)and (b)showthe
typical gas response of ZnO nanowires thick film sensorrespondingo H.S and NO gas
respectively.They reported that the sensors based on ZnO nanobelts (Eigcd are more
sensitive to NO gas while tetrapods sensors are more sensitiy8 thu¢ito larger surface to
volume ratio of nanobelts in comparison with nanowifé®y claimed thathe mechanism for
detecting HS arises fronchanges in thenly grain boundary resistance, while for thetection

of NO it comesfrom changes in theesistance®f both thegrain boundaryand intragrain
Recently, S. Agarwal et. 4b9] reported surface morphology dependent gas sensing properties
of ZnO nanostructures, flondike ZnO nanostructures and floral assembly of ZnO razag
working at high operating temperatuoé 150250 °C. Both morphologes exhibit good
sensitivity towards N@at ppb levelat a temperature of 25T in comparison to the other
gaseous specieBigure 1.7 (d) andl show gas sensing response of flowke ZnO and floral
assembly of ZnO nanorods respectively at different Biédcentration and different working
temperaturesFigure 1.7 (f) shows the gas response of ZnO nanoflowers at different
concentration of benzen@sHe) and different working temperatures. Furthermdtey
analysed that nanoflowers have larger surface area and surface defects than nanorods leading
to much enhance respongeother recent studies for application in nitric oxide (NO) gas
sensors ibased on ZnO nanospirals using glancing angle deposition tech@8jLidgwever,

the operating temperature for this sensor was high ranging from 100 £&€ 3@0other way

to improve the gas sensing performance of ZnO is by doping with metal séch Ag, Pt

and Pdor functionalization of ZnO surface by noble metal nanoparticle2[{0There is a
recent report of highly sensitive NO (order of ppb) gas sdvesed on novel Agoped ZnO
nanoflowers working at high operating temperatareying from 100 to 300 [72]. However,

the working temperature can be reduced to°@By UV-LED illumination.

Although, the morphology tuning and surface functionalizatamimprove the gas sensitivity

of ZnO based devices. However, combining ZnO with othaterials is also a common
strategy[73-75]. Furthermorethe construction heterojunctions can enhance the catalytic

activity and formation of electron depletion layers and more adsorption sites improve the gas
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sensing properties of the devicéBwever, the choice of integrated materials with ZnO for

further enhancement of gas sensing performance needs to be addressed.
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Figure 1.7 Gas response and recovery curves of ZnO nanowires thick film type sensor to
different concentratianof (a) HS and (b) NO gagc) Resistance changes of ZnO nanobelts
sensor on exposure to different concentrations of NCRggwinted with permission frons§].

Gas response of (d) ZnO nanofloweg®) ZnO nanorods at different N@oncentration. (f)

Gas response of ZnO nanoflowers at differesitidCconcentration and different working
temperatures. Reprinted with permission fro] [5

In parallel with semiconductaxide-basedjas sensors, Si nanowires (NWSs) arrays and porous
silicon have attracted much current attention as new generation of enabling sensor materials
that can be integrated with other active materials to make heterostructures or FET type device
structures that can be used for gas sensing with enhanced cap&b6ilig].[Recently, hybrid
structures of ZnO nanorod/porous silicon nanowkre meterojunctions showed gas sensing
performance for various N@oncentration at room temperatwith a gas detection capability

down to 5 ppni80]. Moreover,they mentioned thdhe response dfybrid structureis much

greater thanthat of individual silicon nanowire andZnO nanorod gasensor working
individually and the distinct enhancement is mainly attributed to the faster carrier
transportation after comtation and the increase in gas sensing areas and the oxygen vacancy
(w) concentration.

From the above studit is concludedthat most of ZnO based gas sensor worked at high
operating temperatuiia the range ofl00 to 300°C. In such sensors, there is need of heated

operation thus requiring additional heater arrangements as well as enhanced power
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consumptiorwhichis indeed a bottkmeck.In this thesidurther investigation has been carried
outto engineer ZnO into heterojumahs innovativelyand how one can tune the charge carriers

in ZnO heterostructurbaseddevices by gas injection leadingrmom temperature operation
ultra-high sensitive (-500 ppb) nitric oxide (NO) gas sensdlNe havealsoproposéd anin-
depthgas senag mechanism to help better understanding of the gas sensing pideepsoof

of conceptof ultra-high sensitivenitric oxide (NO) gas sensor along with gas sensing
mechanism has been patentedl development of prototype is in final stage of processing
which can be utilized as biomarkier exhaled breath analysis for nowasive diagnosis of
certain pulmonary diseases such as asthma, bronchitis, airflow limitation leading and chronic

obstrucive pulmonary disease (COPD).
1.5 Overview of electric double layertransistors (EDLTS)

The modulation of charge carrgdyy using electric double layer (EDL) gate dielecinia field

effect trarsistor (FET) devicéas recentlgmerged as a strong tdol electrostatic modulation

of electronic statem solids[8, 81-82]. The keyfeaturein electric doubldayer transistor is the
formation ofelectric double layerbased on electrolytes such as ioldguids and polymer
electrolytes with mobile chargeghich induces an ultrhigh charge carrier density on the
surface of the channg83]. Figure 1.8 shows the structure and operational mechanism of an
EDL capacitor where double layesrformed between the electrodes anctitdyte under an
external electric fieldMoreover, the capacitance is proportional to the surface area of the

electrical double layer
Charging Complete Discharging

Electrolyte

Electrode Electrode Electrode \ / Electrode Electrode Electrode
Electric double layer

Figure 1.8Charging and discharging of EDL capacitor. Reprinted with permission 8tjm [

Three fundamental models have bseggestedo explain the EDL theory. The early model
was proposed by von Helmholtz (Figure 1.9 (ayyhere EDL is formed at the

electrode/electrolyte interfaceparated by an atomic distanceTHis model is analogous to
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the conventional dielectric capacitotsater, this Helmholtz model was further modified by
Gouy and Chapman by considering a uniform distribution of ions in electrolyte (Figure 1.9
(b)). Here, the charge distribution followlse MaxweltBoltzmann statistics and the electric
potential decreases exponentially away from the surface eféeb#ode However, the Gouy
Chapman model gives to an owstimation of the EDL capacitance. Later, Stern combined
these two modelby consideringwo regions of ion distributiorfFigure 1.9 (c)), e inner
region called thélelmholtz layeror Stern layer anthe outer region callethe diffused layer.

The distance of the diffused layer is increasing with increasing the concentration of the ions
The totalEDL capacitancéd ) consistof the stern layer capacitance (or 6 ) and diffuse

layercapacitanced ) in seriesand can be expressed by the following equdigdi

p p p

0 0 0
The specific capacitance of the Helmholtz double layer denotéd Bygiven by

0 —
O

Where- and- are the free space permittivity and the relative permittivity of the electrolyte
solution respectively.

The diffused layespecificcapacitance is given by

) =

Py

Here the_ is the Debye length for symmetric electrolytes ahds the length of the diffuse

layer.
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Figure 1.9Schematic illustration of the different model of electrical double layer at a positively
charged surfacda) The Helmholtz model, (b}he Gouyt Chapman model and (the Stern
model Reprinted with permission frong]|.

The behaviour of EDL is dependent on the several fastweh as electrical field across the

electrode, types of electrolyte ions, and the electrode sutfatdetermine thealue of EDL
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capacitance. The distance between thes iager in electrolyte and the chaggkayer in
electrodes is about a nanometre range which is equivaligmtkaess of the double layérhis
nano gap thicknessducesahuge capacitance at theerface[81]. It can modulatéhe charge
carrier density ofhe semiconducting channels electrostaticailypw operation voltagehich
has paved the wayn high performance EDL transistofEDLTs). On the other hand, metal
oxide semiconductors have high value of background charge carrier density which is often in
excess of 1#¥/cm?. The conventional oxide gate dielectricsed in FET device have low charge
accumulation capacity due to their low valuespécific gatecapacitances in the order of
nF/cnt and the value of gate capacitancdirisited by their thicknessSo,the conventional
oxide gate dielectric unable to modulate such high value of charge carriers approphatiely
alsojustify the need of the eleatridouble laye(EDL) gate dielectrian a metal oxide FET
device.Figure 1.10 showthe configuration of electric double layer transistor (EDLT) based
on oxide semiconductochannel. In this configurationdouble layeris formed at gate
/electrolyte andemiconductor/electrolyte interfasdnen a gate bias is applied.

Gate

* 4 4+ +4+ 4+ + +
Vo CEEEEEETE

Electrolyte
L Source PPPPRPRP Drain —

— vV
Semiconductor dji

Substrate

Figure 1.10Configuration of the electric doublayer transistar

The EDL gated transistor mostly use the ionic liquids and polymer electrolytes dag tovth
operation voltagg85-86]. The polymer electrolyte can also be dispensed on the semiconductor
oxide channel at room temperature and there is no need of vacuum, unlike conventional oxide
gate dielectrics where deposition of gate dielectric requires a high vacuum and often high
tempeature.The lowprocessingemperaturef the EDL gate electribas natural compatibility

with the flexible substratelhiemannet. al.[86] reported the electrical characteristics of IL
gated field effects transistors (FETs) based on polycrystalline Zttocharge accumulation
capabilityof up to 183 cm' 2. However, his high carrier densityielded an average fieleffect
mobility of ~16 cn?/Vs and current ON/OFF ratio of 3a0*. Recentlyuse oflow processing

oxide semiconductors, especialgmorphous onehas paved the way in future paper
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electronics Furthermore, amorphous oxides do not have grain boundaries which reduces the
scattering of charge carriers resulting in remarkable progresses in high performance flexible
TFTs [87]. Very recenty, Ghimire and Raychaudhuri repedthe electrolyte gated EDL

flexible thin film transistor basedn nanocrystalline Zn(88]. They alsademonstrated high

density charge carrier accumulatioiup to 16* cm' 2 yielding alow threshold (M O1 V) and

a high saturation mobility- 70 cnf/V-s. Fujii et. al B9 and Park et. al.90] successfully
demonstrated low voltage operated amorphaxige (indium gallium zinc oxide) (IGZO)

electric double layer TFT using ionic liquids or polymeric electrolyti®agh these TFTs are

not compatible with the flexible electronics and did not yield a field effect mobility more than

20 cnt'Vs. Recently, Zhou et. a191] reported IGZO electric double layer transistor usingeSiO

based electrolyte opolyethylene terephthalate substrates, although the response is low
compared to ionic liquids or polymeric electrolytessed dielectriandthere is no report of

polymer electrolyte or ionic liquid gated amorphdGZO TFT on flexible substrateklence,

materials with a high dielectric constant (high ) are preferable becal
capacitance induséiigh charge carrier density, decreasing the subthreshold swiiguid

threshold voltage (). But most of the highe di el ect r ithe perfanaancednd gr a d e
stability of oxide TFTs because of their polycrystalline structure, since grain boundaries act as
favourable paths for impurities diffusion and leakage current and degraded interface properties

In this thesidurther investigation has been carried out to observe how one can tune charge
carrier in doped Zn@i.e., amorphoudGZO oxide channglgrown on flexible substratiey

using electric double layer (EDL) gate dielectrformed the EDL gate capacitance at

oxide/ el ectrolyte interface wldFkn?) Thisigdecesape ci f i
ultrachigh charge carrier density on the surface of the chaamkldevice can operated with

low threshold voltageThis understanding o€harge carrier induction in oxide semiconductor

by field effect using electric double layer (EDL) gate has been studied trough several
experiments in this thesis work. The understanding and invele@algood contribution to

flexible electronics. This pad of concept has been patented and activities related to packaging

of prototype/product are in the final stage of processing.
1.6 Motivation of the present work
On the basis of the above discussions the main aim of this thesis is given below:

9 Size reduction to nano dimension of oxide semiconductors leading to quantum confinement
phenomenahat modify their intrinsic properties with respect to their corresponding bulk
propertiesAmong the several physical parameters like doping, temperataie, eic. The
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innovative integration of oxide semiconductor into heterojunction with 1D nanostructure
can also be an interesting concept to tune the electrical, optical and other physical properties
of oxide semiconductors in practical application to etest and other sensing devices.
These application prospects depend on the successful integration of oxide semiconductor
with 1D nanostructure into heterojunctionvelry good quality (so that one can get definite
results) and pure phase material with grophemical composition and controllable size,
shape and morphologythe basic physics as well as application potential related to
electrical] optoelectronic and other areas using this metal oxide semiconductor
heterojunction with 1D nanostructures has beén explored much till date, very few

reports are available in this reginmie {13].

1 The basic physical idea that has been utilized in this thesis is the effect of growth techniques
and standardization of growth parameters that can tailor size, shape, morphology and
homogeneity of semiconductor oxidancstructures. One of the pertinentegtions is that
how the device structure and growth process can be modified to increase the device
performances and also provisigbstantiable resultSpatially resolved tools for developing
cross sectional sample amtdepth microstructural as well ashemical compositional
analysis of the crossection of the device enables us to make a proper physical model and
that can be utilized to make a mothalsed simulation of the devices. One of our aim of the
present work is to study the above issues and talsiandardize the different growth
methods to materialize semiconduatancstructures of very good quality with controlled

electronic and optoelectronic propertiestdise inpractical applications.

Control of the electrical and optical properties ofd@semiconductors is a key requirement

for practical applications in optoelectronic and other sensing devices. Metal oxides have
uncontrollable charge carriers due to oxygen vacancies and other defects. The control of
carriers has been achieved generallydoping or surface treatment by annealing. But
tunning of charge carrier can also be done by exposure toglaarilumination as well as

by field effect using gateNlo detailed study is available on this aspect till date to the best

of our knowledgeSo,the primary objective in this thesis focuses on the tuning of charge
carriers by using the following; i) phoegating, i) gas injection or by iii) field effect using
electric double layer (EDL) gate and to understand the basic physics underlying the charge

carrier transport phenomena in oxide semiconductors.

9 One of novelty of the thesis work is the tuning of geacarriers byphoto-gating in

semiconductor oxid@anostructure arraysviost of oxide semiconductors based MSM
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photodetector, the response is generally limited by its fundamental absorption edge. So, the
main purpose of this work isow to extend the respse of a photodetector beyond its
fundamental bandap bye x pl oi ti ng t he comateiprng @ fwhealrre a|
generated carriers created in materials with different band gaps can be transferred to the
conduction band of the phetietector materlaThis can give rise to a broadband detector

that work over an extended range from UV to NIR.

In our work, the concept is demonstratedAim nanoparticles decoratexh n-ZnO/p-Si

NWs coreshell arrayswhere rZnO is the channel of the detector and pkygeaerated
carriers from pSi nanowire and Au nanoparticles in NIR and visible wavelength ranges
respectively can be transferrtém the conduction band ofZnO using a favorable band
alignment leading to a U¥IS-NIR (broadband300-1100 nm) photo detector, which has

a very good application potential.

9 Another novelty of the thesis work is tuning of charge of carriers in the oxide
semiconductor heterostructure devicegghg injectionleading toultra-high sensitive (~
500 ppb) nitric oxide(NO) gas sensor. Our aim of the present work is to engineer oxide
semiconductor heterojunctions innovativédy improve the gas sensing performance of
oxide semiconductorby increasing the gas adsorption sites which gives rise to more
oxygen vacancies dnincreasing the surface activity to catalyse the reacfidme
heterostructure based devices have been proposed recently that go beyond conventional
chemiresistors due to their enhanced surface to volume ratio, higher gas diffusion rate and
enhanced reaity. So, it is necessary to propoae indepthgas sensing mechanism to
help us better understanding of the gas sensing prates®ver,no detailed gas sensing
study has been doma oxide heterostructuresraysto the best of our knowledge. In this
particular ZnO/pSi NWs based device, the enhanced sensitivity of heterojunction comes
from enhancement of charge carrier density through the ingenious hesteadfjunctiorof
ZnO and Si NW®n gas exposurdét can ke noted that this hetero structure builds a synergy
that leads to much enhanced sensitivity compare to either of the constituent material (like
only ZnO or only SNWs).

9 Field effect using electricdouble layer (EDL) gateis also another proposition to tune
charge carrier in the proposexkide semiconductor device under studihe carrier
mobility is the dynamic factor of metal oxide FET devices and it depends on the areal
capacitance of the gate dielectric as well astHaracteristics of oxide semiconductors. In

the TFTs making of devices with the higher carrier density and lower threshold voltage is
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challenging.The spherically symetricalns-orbital of metal oxide even in the amorphous
state provides the small effaai masses of electron and the efficient electron transport
which reduce the charge carrier scattering and improve the device perforthbaséeen
observed that specific gate capacitances of a conventional dielectrics used in FET device
are inthe ordeo f & Zarfd It cambe controlled by thinning dielectidager but give

rise a large gate leakage currétence, materials with a high dielectric constant are indeed
highly preferable because this increased capacitance can compensate the higlyesfdensit

interface traps, decreasing subthreshold swivigfdnd the operating voltage.

91 The electrical conductivity and photosensitivity of oxide semiconductors are strongly
dependent upothe concentration of surfateterface defectand the photoconduction of
oxides can be improvedy tuning surfacénterface defect suitablyThe carrier
recombination emission, in particular, if it is associated with impurity or defect states
emission then one can interrelate theer dependence bsten the defects and pheto
conductionof oxide nanastructure with different growth method3.hese defects can act
as preferential sites for physical/chemical adsorption of environmental species that can
introduce additional scattering/capturing of the tokgenerated charge carriers that could
hamper the performances of photodetector. So, our interest isomtrol the
surfacdinterface defects of the heterojunction for utilization of oxide semiconductors in

device applications.
1.7 Structure of the thesis

This thesis is framed on the following works: (1) growth of semicondogidenanostructures
(ZnO/Si NWsnanostructurerrayg and thin film of doped ZnQindium gallium zinc oxide
(IGZO) and their structural characterizations, {@&scription of experimental methods and
study of interface along with physical structure of the devitgiag advance tools and
techniques(3) effects of photegating in broadband photorespomé@lasmonic nangarticles
decorated corshell arrays of oxideancstructure, (4) investigation of electrical properties of
oxide heterostructures through thejection of charge carrier by gagb) electrical
characteristics of electric double layer thin film transistdh amorphous oxide channel on
flexible substrateand(6) defects control broadband photoconduction in or@lestructures

arrays Control of the electrical and optical properties of oxide semiconductors is a key
requirement for practical applicatiomsoptoelectronic and other sensing devices. In this thesis
the tuning of charge carriers has been done by using photo gating, gas injection or by field
effect using electric double layer (EDL) gate and to understand the basic physics underlying
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the chargecarrier transport phenomena in oxide semiconducidrs.novelty of this thesis

work is the integration of oxide semiconductor into heterojunction (both pn and n-n

junction) with silicon nanowires (Si NWSs arrays) innovatively andtunning of the

optoelectronics and gas sensingroperties by making (a) heterostructures (b) FET type

device structuresand (c) by decorating with plasmonic nanoparticles (Au) with metal

oxide nanostructures.In this thesiswe have concentrated on heterojunction arcymO/Si

NWs and thin film of dopednO; indium gallium zinc oxide (IGZO)'he basic physics and

technological aspects related to electrical and optoelectronic and other areas using this metal

oxide semiconductor heterojunction with 1D nanostructuresnbiabeen explored much till
date,very few reports are available in this regirié-[L3)].

This thesis is divided into eight main chapters along with summary and one appendix chapter

listed below:

1. In this present introduction chapter, we presented a bviefview of basic physical
properties of metal oxide semiconductors. This chapter also includes the necessary
literature survey of earlier work of oxide semiconductors in the field of optoelectronics, gas
sensing and field effect devices followed by moiwat&nd objective of the present work.

2. The 29 chapter gives a description of controlled and optimized growth of oxide
semiconductors nanostructurasd thin film by different growth methods (physical and
chemical) and details characterization along wekielopment oéxperimental setp.

3. The 39 chapter describes fabrication of two/three terminal nano devices and experimental
techniques for electrical, optoelemiic and gas sensing measuremenisés chapter also
provides details about the study of interface along with physical structure of the devices
using spatially resolved advance tools and techniques like-seaisnal TEM (XTEM),
focused ion beam basathbgraphy etc.

4. The 4" chapter describes, how the tuning of charge carriers is done using photo gating in
plasmonic (Au) nanoparticle decoratedxide semiconductor (ZnO/dopednO)
heterojunction with silicon nanowires (Si NWs arrays). The detaperimental study and
also photo conduction mechanism has been described in this chapter to show how the
device engineering makes it very good broadband-{3@®nm) photo detectoFhe main
purpose of this work is to extend the response of a photodebsstond its fundamental
bandgap byex pl oi ti ng t he comadp Thg optical sletectéra c e
combines the visible and NIR detectability of Si NWs with the UV detectivity of ZnO

through the corshell structure and enhanced broadband detgatmMhe visible range has

been achieved by decorating ceteell arrays with ligandfree Au NPsThe signi fic
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enhancement of optical response and photoconductive gain in visible region can also be
correlated with enhancement of absorption in visitldgion due to surface plasmon
resonance (SPR) coupling of Au NPs with Zn@ovelty of our work is;we have
engineered the oxide semiconduct@ndastructure devicevith plasmonic nanoparticles
innovatively to make very good broadband photodetector.

5. The 8" chapter explains, how the injection of charge carrier by gas through the interface of
ZnO and Si NWdeading to ultrahigh sensitive (-500 ppb) nitric oxide (NO) gas sensor
even at room tengrature.Theseheterostructureslevices go beyond the conventional
chemiresistors based gas sensor. In the previous chapter (chapter 4), we have discussed
how photegating effects tuned the charge carriers in broadband photoconduction of Au
NPs decorated ZnO/pi NWs arraysln this chapter, we would like to explore that charge
carriers can also be induced by gas injection innovatively in ZnO/Si NWs heterojunction
devices.Here the hetergtructure builds a synergy that leads to much enhanced sensitivity
that can be obtained from either of the materials. In this particular ZBIOMYs based
device, the enhanced sensitivity of heterojunction comes from enhancemdrargé c
carrier density through the interface of ZnO ar8li]NWs on gas exposure. A mechanism
has been proposed for operation of the sensor and been validated by numerical simulation.
The simulation shows the essentiality of the heterojunction in the esrhant of
sensitivity over that expected from chemiresistor mechanidra. Proof of concept on
ultrachigh sensitive NO gas sensor has been paterfpadent application no:
20173103803pand a prototype has been fabricated.

6. The 6" chapter demonstrates thkectrical characteristics of electric double layer thin film
transistorwith doped ZnO (amorphous indium gallium zinc oxide) channel on flexible
substrate. A details description has been done in chapter 4 and 5 on tuning of charge carriers
by the effectsof photogating in optoelectronic studies and by gas injectiorthi
heterojunction to understand the charge -carrier transport phenomena in oxide
semiconductors respectively. In this chaptes have shown the charge carrier induction
through EDL as a gate dielectric (a solid polymer electrolyte) formed the EDL gate
capacitance at oxide/electrolyte esFloder face
This induces an ultrhigh charge caier density on the surface of the channel and this high
value of EDL gate capacitance easilyodulated the carrier density of oxide
semiconductors and device can operated with low threshold voltage. Thesehesseies
been explained in great detail throwgperimental observations in this chapiédre Proof
of concept has been patented and a prototype has been fabfibatpdesent finding using
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EDL gate has been applied for patent filipgitent application n®201731015268and a
prototype is under final stage of processing.

7. The 7" chapter explains the role of surfaogerface defects on photoconduction
mechanism of ZnOASi NWsnancstructures arrays. In chapter 4, we have discussed how
photogating effects tunned the alga carriers in broadband photoconduction of ZrRSi/p
NWs arrays decorated with plasmonic Au NIFsrewe have demonstrated how the optical
response of ZnO#Bi NWs photodetectors can be tuned by changing the surf@céace
defects and transport of clgarcarriers is strongly dependent on the different concentration
of defects with processing conditions experimentally. We have also shown that the
photodetection performances of Zn€BpNWsnanatructures are strongly dependent on
the functionality of sdaceinterface state where existence of undesired recombination sites
can hamper the carrier transport as well as photoconduction.

Last chapter is the summary and conclusions of this thesis. It also describes the main

achievements of the thesis and scapditure works and challenges.

Finally, this thesis ends up with appendix describigvelength dependent persistence

photoconductivity andhe behaviour of photo response properties of doped ZnO; indium

gallium zinc oxide (IGZO) thin film grown by pulddaser deposited on quartz.
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Chapter 2

Synthesisand characterization

In this chapterwe have described the synthesis methods of materials under investigation; like:
metal oxide semiconductor heterojunction with 1D nanostructures of zinc oxide and silicon
nanowire (ZnO/Si NWsanostructuresarrays) and thin film of doped zinc oxide (indium
gallium zinc oxide (IGZ0O)). The different forms of oxide nanostructures (ZnO and doped ZnO)
were synthesized by mainly two different growth methods: (i) chemical methods and (i)
physical methods. The grown nanostructures are characterised by usingerdiffer
characterization tools like; Xay diffraction (XRD),scanning electron microscopy (SEM),
atomic force microscopy (AFM), andhigh-resolution transmissionelectron microscopy
(HRTEM) for structural and morphological characteiion. The defect states of the samples
were characterised by usingrdy photoelectrorspectroscopy (XPS) and Photoluminescence
spectroscopy (PL). Other than growth, we have demonstrated the brief description of
charactereation tools, device fabricatioalong with experimental outcomes in this chapter.



Chapter2 Synthesis and Characterization

2.1 Introduction

I n the field of experimental condensed mater physics, growth of oxide nanostructures are

crucial steps and the quality of materials are strongly dependent on the gaoartieters. The
optical, electrical and electronic properties of metal oxides can be engineemsatifying

their size, shape, structure, composition and stoichiometry [1]. Size reduction to nano
dimension of oxide semiconductors leading to quarcaniinement phenomena modityeir
intrinsic properties like electrical optoelectronic and other physical properties with respect to
their corresponding bulk properties [2]. In particular, many works have dmarted to the
fabrication of heterostructurdmsed on compound semiconductors,(group 1T VI, 1TV

etc), that find widespread applications in optoelectronics, photonics, sensors etc [3]. Recently,
onedimensional (1D) nanostructures or their specified arrays such as silicon nanowires (Si
NWSs) ae of great interest due to their high abundance and quantum size effects. Si NWs are
considered to be the fundamental blocks of future nanoelectronics [4]. The motion of electrons
in the confined dimension contributes to an enhancement in electricabcal properties of

their devices. Moreover, due to narrow band gap and tuneable physical characteristics, they
have potential applications in various fields like microelectronics, optoelectronics, photonics,
photovoltaic, sensors. Meanwhile, ZnO basestdrchicalnanostructures play a key role for
functional nanedevoices due to their excellent electrical and optoelectronics properbés [5

So, the realization of thredimensional (3D) ZnO structures based on these 1D structures has
been paid much attéon due to its unique properties for novel applications in advanced
catalysts or gas sensors or photodetectOxéde semiconductor can also be integrated into
heterojunction with 1D nanostructure that can tune the electrical and optoelectronic opertie
suitably. The heterostructures devices often exhibit efficient and improved performance in
comparison to the bare NW countergdit In this thesis work, we have integrated the oxide
semiconductor nanostructures ZnO/doped ZnO into heterojunction @{oéimg An junction)

with silicon nanowires (Si NWs) arrays innovatively and the optoelectronic properties can be
tuned by making heterostructuresfietd effect transistor (FET) type device structures or by
decorating with plasmonic nanoparticles (Au)thwimetal oxide nanostructuredhis
combination of ZnO/Si NWsanostructure arrays furnishes very hgglality optoelectronic
properties including high surface to volume ratio, low reflection and strong absorption in UV
Vis-NIR broadband region, and enhaneent of charge transfer and that can be integrated with
silicon IC technology.This type of heterostructures offer direct hetepitaxial nanoscale

integration of materials with different properties, which often leads to function integration or
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novel aptications. Moreover, such hierarchical nanostructures offer greatly enhanced surface
areas, which has attracted intensive research interest towards optoelectronicafaipsis,

and photovoltaic application3here are various roots to synthesise thiede@xanostructure

like chemical solution deposition (CSD), atomic layer deposition (ALD), metal assisted
chemical etching (MACE), pulsed laser deposition (PLD), pulsed laser ablation in liquid
(PLAL), thermal evaporation and so forth-18]. However, eachmethod has their own
advantages and disadvantages and favourable for a particular class of mateG$H
method, a chemical solution of desired material is deposited on a preferred substrate by drop
cast and spin coating technique with repeated cofatilogved by thermal annealing for getting
suitable crystalline structure [8]. ALD is a chemical vapour deposition technique that allows to
grow thin, uniform and conformal coating on a 3D structure in a precisely controlled way by
using a seHimiting suface reaction steps with the repeated cycle of pulse and purge of
precursors of desired material [9]. MACE ike process of wet chemical etching of
semiconductor (mainly silicon) in a chemical etching solution of HF and Adgdi@he rapid
production oflargearea, aligned and well controllstlicon nanostructures including silicon
nanowires (Si NWs) and silicon microstructures [1@].addition, Si NWs formed by the
electroless chemical etching method have exactly the same properties as the stattiatg sub
(i.e. doping type and density). In PLD a high energetic pulsed laser (excimer laser) is focussed
inside a high vacuum chamber or in the presence of background gas such as oxygen or mixture
of argon and oxygen gases to ablate the target of desatediahwhich condensed onto a given
substrate where thin film is nucleated and growth takes place [11]. In PLAL method, a laser
beam is focussed on the surface of solid target placed in liquid medium in ambient temperature
and pressure. The interactionlaser with the solid target causes the surface to vaporise in the
form an ablation plume arttie reaction products are typically nanoparticles (NPs) composed
of atoms from both the target and the liquid, which form a suspension in the liquid [13].
Thermd evaporatioruses a resistive heat sourceet@porate solid material in a vacuum to

form a thin film. The material is heated in a high vacuum chamber until vapor pressure is
produced [14].

2.2 Synthesis of metal oxide nanostructures and thin films

We have synthesized functional oxide semiconductmrstructures using zinc oxide (ZnO)
and vertically aligned 1D silicon nanowires (Si NWs) arrays and thin film of doped ZnO.
Growth methods of oxide nanostructures can be divided by either purely ploysitemical

process. In this thesis wgnrke have employed both chemical and physical process for synthesis
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of metal oxide nanostructureand thin film. Basically, for fabrication ZnO/Si NWs
heterostructure arrays, the Si NWs has been grown using chemeitteld (electroless etching),
finally, the hetero structure was made by deposition of ZnO (film/nano structures) on Si NWs
by using various methods: (i) Chemical method and (ii) Physical method. (i) Chemical process
includes: (a) metal assisted chemidaheng (MACE) (b) chemical solution deposition (CSD),

(c) atomic layer deposition (ALD) and ii) Physical process; like: pulsed laser deposition (PLD)
and pulsed laser ablation in liquid (PLAL). In chemical methods material can be grown at low
temperature vth high throughput and chemical solution deposition is a viablesclwst and
nortvacuum process for synthesis of polycrystalline, textured and epitaxial thid@éms.
Whereas the physical process; like PLD has numerous advantages including degidsitgmn
variety of materials and mixtures and able to maintain proper stochiometric transformation of

target material.

2.2.1Chemical process

Chemical method is one of important routes for synthesis of functional oxide nanostructures.
There are many chemicalethods for synthesis of ZnO nanostructures such as solgel, spin
coating, chemical solution deposition (CSD), atomic layer deposition (ALD), hydrothermal,
solvothermal, and spray pyrolysis etc [8; 1. In this thesiswe opted the electroless etching
(EE) method fosynthesiof vertically aligned Si NWs arrays and we have used CSD, ALD
and hydrothermal method for synthesis of ZnO to construct ZnO/Si NWs heterostructures.

2.2.1.1Electroless etching[EE)
The properties of Si Ws are strongly dependent on the fabrication methiedis achieving
high-performance devices, the production of a laagea, highly oriented arrays of crystalline
Si NWs with tuneable properties are extremely importdhere are various methods for
fabrication of Si NWs andhese methods have their own advantages and disadvantages. The
commonly used methods are top down and botipnapproach. The most commonly used
bottomup method is byaporliquid-solid (VLS) method [1920]. There are various other
methods also like thermal evaporation [21], molecular beam epitaxial [22], direct reactive ion
etching (DRIE) [23]. However, bottomp techniques usually require complex equipment, high
temperature, high vacuum, all of which drastically increase the cqsboéss. However, a
simple method, namely metal assisted chemical etching (MACE) or electroless etching (EE), a
top-down approach, has recently emerged as a promising and a significant tool for the rapid

production of largearea, aligned and well contralé&Si NWs and has some great advantages
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such as doping type and density of Si NWs fabricated by EE method remain same as starting
substrate [24€6]. EE method requires a galvanic displacement of metal nanoparticles as a
catalyst on the surface of the cryte Si substrate. However, the shape and size, length,
diameter, density, crystallinity and properties of the Si NWs strongly depend on several
important factors, such as the (i) nature of the noble metal, (ii) the shape and size of the noble
metal and he intermediate distance between them, (iii) the etching solution and (iv) its
concentration, (v) the doping type, (vi) resistivity and the (vii) orientation of the starting Si
wafer, (viii) the etching temperature and (ix) the etching duration. We hadepigpe (100)

silicon substrates with resistivity of1L 0 -cm and rtype undoped silicon substrates with
resi sti vi tcy foopreparatioh &fyPe and rtype Si NWs for making of4m and

n-n junctionbased devices respectively [27]. The cosbplfabrication processes of Si NWs
arrays are shown in the flow chart below in Figure 2.1 (a). At first, the silicon wafers were cut
and ultrasonically cleaned in acetone, ethanol and deionised (DI) water successively for 5 min
each, and then boiled in Bater/NHIOH/H202 (5:1:1) and DI water/HCI/ED2 (5:1:1) solution

for 10 min successively each to remove any organic residue and ionic parts respectively. The
wafers were finally immersed into dilute HF solution to remove any oxide layer on the surface.
After that, Si substrates were immersed in EE solution containing 0.02 M A§RBG%) and

4.6 M HF (381 40%) for 1 hr at temperature of 30. After etching, the silver dendrites on the

top of Si NWs arrays were removed completely; otherwise, they adbasier and influence

the electrical and optical properties. So, to remove the silver dendrites, the samples were rinsed
with deionized water (DI water) and placed in a solution of 1:3 mixtures of 65% nitric acid
(HNOs) and DI water for 30 mins. At thenfal stage of the process, samples were rinsed in

deionised water and dried with nitrogen gun.

(@) Basic cleaning (TCE, acetone, ethanol) (b)

RCA1/RCA2

y

Electroless etching by HF/AgNO;

y

Removal of Ag dendrites by HNO;

y

Cleansing by DI water
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Figure 2.1(a) Flow chart of chemical etching of Si NWs. (b) Camera image of Ag dendrites
on Si NWs substrates during etching. (c) Camera image of Si NWs substrates after etching. (d)
Crosssectional SEM image of vertically aligned Si NWs. Inset shows TEM imagsinke

Si NW.

Mechanism of chemical etchingThis process of metal assisted chemical etching is a one step
process, i.e., deposition of silver (Ag) nanoparticles on Si substrate and etching of silicon takes
place simultaneously. Since the silver is inigtsic form in EE solution (A9, the concept of
electronegativity which is the aptitude of an element to attract the shared pair of electrons rather
than the work function has been employed for understanding the mechanism of metal assisted
chemical etchig. Since the electronegativity of silver ion (1.93 eV) is greater than that of
silicon (1.90 eV), there is a transfer of electron from silicon to silver ions where the silver is
deposited on Si substrat€herefore,the silicon underneath the silvems becomes more
positively doped than the silicon around silver and oxidation will start to take place from the
surface of Si around the Ag particles rather than the Si underneath it and as a result, silicon is
lost into the solution as 43iFs and the renaining structure becomes vertically aligned arrays

of Si NWs covered with silve( Rdendrites. Thus, the etching of oxidized sites of Si around
silver nanoparticles starts leading to the formation of Si NWs. A schematic of Si NW etching
mechanism is®wn in Figure 2.2, processescalhe etching of Si NWs occurs by the

following oxidationreduction reaction [31]:

6°Q Q0 5"d
YR 000 YR TO 1Q
YR ¢O® 0°YQ (Ol
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Figure 2.2 A schematic diagram of Si NW etching mechanism.

2.2.1.2 Chemical solution deposition(CSD)
Chemical solution deposition (CSD) is one of the viable-¢o@at non vacuum process for the
fabrication of polycrystalline, textured and epitaxial oxide thin filjl8s The quality and
functional properties of thin film can be improved by understanding of precursor solution
chemistry, film forming aspects and thecleationand growth of crystalline thin filmsChe
basic fabrication processes of CSD method are showfigure 2.3.In a typical chemical
solution deposition (CSD) method the growth process is composed of four steps: (i) preparation
of a chemical solution, (ii) deposition of solution onto a substrate, (iii) drying for removing the
solvent and (iv) thermannealing. Therefore, chemical solutibased methods encompass a
broad range of techniques including-gel techniques, chelation, metaiganic decomposition.
(i) Preparation of chemical solution: In the first step of CSD method, a homogeneous knd stab
precursor solution has been prepared using inorganic or metalorganic metal salts which are
dissolved in either organic or water in a proper stoichiometric ratio.
(i) Deposition of solution onto a substrate: In the second step of CSD process thisgprecu
solution is deposited onto a substrate eithesugh spin coating, dip coating, or spray coating.
In this case the spin coating technique is used to prepare uniform thin films because of its
simplicity, the relatively inexpensive equipment used,taerdjood results that can be obtained.
In details a typical spin coating is performed in four basic stages such as deposition, spin up,
spin off and evaporation. In the first stage a small amount of precursor solution is deposited by
pipette on the top ubstrate which is fixed to a plate by an aspirator and by rotating the plate,
the precursor solution is made to spread uniformly across the whole surface of the substrate due
to centrifugal force i.e. spin up and spin off occur in sequence and thea&i@pstageccurs
throughout the process simultaneously and due to evaporation high volatile components are
eliminated from the substrate and low volatile components of the precursor solution remain on
the surface of the substrate. The spinning speedtét{yp 5001000 rpm) is set at a specific
value depending on the desired film thickness and thickness of the deposited layer is also

controlled by the viscosity of the coating solution.
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(i) Drying for removing the solvent: In this step, a low temperatbhezmal treatment

(typically 120 to 300°C) has been done to form an amorphous film by removing the solvent

and mostoftheorganco mponents. This step is also call ¢
of organic components is eliminated from the film due to the thermal (pyro) decomposition
(lysis).

(iv) Thermal annealing: Finally, a high temperature thermal annealing (typicalip800°C,

although it is material dependent) has been done at a particular time (typically 3 to 10 hours)

for densification and crystallization of the amorphous film into the desired phase. The step (ii)

and (iii) are repeated for obtaining desiredkhiess of film before crystallization. A flow chart

of the basic step of CSD method has shown in Figure 2.3.

ﬁ i. Preparation of precursor solution

S —
_— °

T ii. Deposition by spin coating

iii. Pyrolysis
Hot plate

!

Repeat as needed

iv. Crystallization

Furnace

Figure 2.3Flowchart of a typical chemical solution deposition (CSD) process.

In this thesisfor fabrication of ZnO/Si NWs heterostructure by CSD metldirst, silicon
nanowires (Si NWs) were fabricated by'@ssisted electroless etching (EE) methods frem p
type/ntype silicon substrates to form botin@nd nn junction of Atype oxide semsonductor.

Then, ZnO precursor solution was synthesised by dissolving metal salt precursor, 0.1 M of
Zinc acetate dehydrates (Zn(620,)2.2H0), in a solvent of ethanol at ?C. Diethanolamine
(HN(CH2CH2OH),) was additionally incorporated atabilizer [27]. After continuous stirring

of 2 hours, the solution is kept under 24 hours for stabilizalioen the ZnO precursor solution

was deposited on prefabricated\8Vs substrates by spin coating. The solution was spin coated

repeatedlytoobtasi desired thickness of ZnO of & 300
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heating at 120C in each interval. The ZnO coated Si NWs arrays were finally annealed for 4
hours at 450C to get proper crystalline phase of ZnO. dherallfabrication process oftffO/Si

NWs heterostructure along with synthesis of ZnO precursor solution is shown schematically in
Figure 2.4.

! Electroless etching '
Si substrate >

P Si NWs
Zinc acetate j 710 soluti
dehydrates + Ethanol p Ln solution Anneal (450 °C)

. (Spin coating)

Stirring at 70°C
Diethanolamine M
— !

ZnO solution | Zn0O/Si NWs heterostructure

Figure 2.4 A schematic diagram of fabrication ssayf ZnO/Si NWs heterostructure by CSD
method.

Reaction mechanismZnO is formed by the follwing chemical reactions [28]:

1o/ 1&( 0 w4 GEGOHD D ¢o/ v
T:B(o#k/l ¢c(clu Ot/ #(o#lpl c#(ao# M/ (
T t#(o#tlpl o(clh1: T/ #(c# M/ (

T t#(o#tlplu 1T: 1/ 0c#(o#M O#I

2.2.1.3Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is a chemical vapour deposition (CVD) based technique
especially suited for growing high quality conformal thin films on three dimensional substrates
with high precision [29]. A variety of materials include oxides,iahs,sulphides and metals

have been deposited with ALD. Originally ALD technique is based on physically adsorbed
precursors (two or more) that occurs throatjemisorptiorsaturationprocessaandsequential
surfacechemicalreaction The netprecursor adsorption rate approaches zero due to surface
saturation as a result, ALD precursor cannot react with itself and after saturation the amount of
precursor adsorption will not be increased due to additional exposure time of precursor. Thereby
growth rates per cycle (GPC) of aboul\tycle are obtained. The decomposition of physically
adsorbed precursors is taken place upon chemical oxidation by watet (&).('he majority

of ALD surface reactions i.e., adsorption of precursor to the surfacdraen by thermal
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energy.The range of temperature (typically 50 to &) in which the process can occur is
called ALD temperature window and it depends on the precursor involved on the deposition.
An alternative to thermal ALD is plasrassisted or plsmaenhanced ALD where highly
reactive plasma species are required for surface reaction which reduces the thermal energy [30].

>®DEZ HH,0 <oCH, o-CH; oOH

w @ o (b)

(d)

Pulse H,O

Figure 2.5A schematic representation of growth of ALZMO in one cycle. (aPulseof DEZ
(b) Purging with argond( i) to remove any excess reactat$Pulseof H>O. (d) Purging with
argon {0 i) to remove any excess reactants.

A schematic representation of grodhALD-ZnO in one cycle is shown in Figure 2The

overall growth of ALD cycle can be divided into four steps: (a) exposure of metal precursor
(b) evacuation or purging of excess precursor and reactiprdayucts (c) exposure of €o
reactants (nometal precursor) (d) evacuation or purging of excess precursor and reaetion by
products.The initial step in ALD process may last in several cycle Wwigacalled nucleation.
Nucleation is dependent on the interaction of the precursors with the substate as well as type
of surface sites accessible for growth and often is controlled by substrate surface treatment
[31]. Nucleation is often improved by sukae surface treatment such as cleaning of surface

by ultraviolet ozone in order to remove organics and provide a hydroxylQbased surface

that enhanced the reaction of ALD precursors with the substrate surface. The quality of film is

dependent upoprocessing conditions i.e., precursor choice, temperature, substrate etc.
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Growth mechanism of ALD ZnO:
A schematic in Figure 2.5 shows the step of an ALD cycle for growth of ZnO with
diethylzinc/DEZ ((GHs)2Zn) and DI water (EO). The growth of ZnO ALOrom DEZ and
H20 is occurred due to the two s&dfminating reaction as follows [33]:

Y 00O 0e6™0O Y 0 wedO 00 (2.1)

YO ®EGO O0LOTY Dwe 0O 60 (2.2)
Where, S denotes the substratgface. The growth of ZnO thin films is started by the
sequential adsorption of DEZ and®as shown in Figure 2.5. In the first step, a dose of DEZ
is pulsed into the reaction chamber and immediately it reacts with the hydraxy{group
on the subsate surface and then bind to the surface and produces gasemaslbgt ethane
(CoHe). Inthe second step, the excess unreacted DEZ and reaction by product ethane molecules
are purged from the chamber with argoni) In the third step, second precorr$t.0 is pulsed
into the chamber then thel "Osubstituted with the surface ethylC¢Hs) in another self
limiting reaction and a partial layer of the ZnO is formed. Finally, residual water molecules
and excess ethane Ad) by-products molecules are m&d with argond i) before the next
cycle and the thickness can be controlled very accurately by varying the number of cycles.
In this thesisfor formation ofZnO/Si NWscoreshell arraysfirst, p-Si NWs arrays were
fabricated by Agassisted electrole®tching (EE) methods fromtppe silicon substrates. Then
athin layer of Zinc oxide (ZnO) of thickness ~ 50 nm is deposited on the prefabriehted p
silicon nanowires (i NWSs) arrays by thermal atomic layer deposition (ALD) at a
temperature of 208C by using Diethylzinc (DEZ) an® 0 as precursors [34]. Four steps of
an ALD cycle were DEZ pulse of 50 milliseconds, purge wittfor 5 sec, HO pulse of 1 sec
and purge withd i 8 sec. A schematic diagram of overall fabrication processes of ZiO/p
NWs coreshell structure is shown in Figure 2.6. The deposition rate was about 1.6 A /cycle.
The ALD deposition is done in a way that there is a-sbed| structure with 51 NW as ore

and ZnO as shell with a top layer of ZnO that forms the channel in the device.

p - Si NWs
N

Electroless ALD

P-Si substrate [CEEEEEsEEE— —_—

p-Si substrate

Figure 2.6 A schematic diagram of fabrication process of ZrRG/INWs coreshell arrays.

39



Chapter2 Synthesis and Characterization

A crosssectional SEM image of the ZnO nanostructured fileposited on that vertically

aligned Si NWs by chemical solution deposition (CSD) is shown in the Figure 2.7 (a). The

i mage shows a thick top | ayer of the ZnO nalil
NWs and length of ZnO/Si NWs arrays is ~-3.5 m. Figure 2.7 (b) shov
SEM image of ALD grown ZnO/Si NWs coshell arrays. Figure shows a uniform and

conformal layer of ZnO on Si NWs arrays

Figure 2.7 Crosssectional SEM image of (a) CSD grown ZnO/Si NiWé&snostructures arrays
(b) ALD grown ZnO/Si NWs coreshell arrays.

2.2.2Physical process

In physical methods materials are synthesised by applying mechanical pressure, high energy
radiations or thermal energy to cause material melting, evaporation or condensation. In physical
methods sputtering, thermal evaporation, pulsed laser depositi@) éPid laser ablatioare

the most regularly used techniques-B. The main advantage of physical method is to obtain
contamination free nanomaterials with better crystallinity. In this thesishave used PLD
technique for deposition of ZnO nanosturess on Si NWs substrates and doped ZnO (IGZO)
(indium gallium zinc oxide) on flexible substrate (kapton tape). We have optedstaikd
synthesis for preparation of PLD targets. We have also used laser ablation method for

preparation of plasmonic nanopeles.

2.2.2.1 Solid-state synthesis
The traditional soliestate synthesis method is used to obtain polycrystalline material by mixing
of two (or more) solid reagents. It involves chemical decomposition reaction at a very high
temperature to allow intatiffusion of the cations [37]. Usually, several annealing steps with
intermediated milling steps are needed in this process which increases the homogeneity of the

mixture and to decrease the particle size of the powder. In this, thedimve made two tgets
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ZnO and IGZO by conventional solglate synthesis route. To prepare ZnO target, firstly
commercially available ZnO powder is grinded in Agate mortar and pestle followed by
annealing at 608C for six hours. Afterwards the powder is again grindedpatieétized using

a pelletizer under high pressure (about 50 megapascal) followed by sintering &€ f80ten

hours under constant oxygen flow to get compact and large graifsizgeparation of indium
gallium zinc oxide; IGZO (InGazZi®s) target, afirst, the InO3, Ga0z and ZnO powders are

mixed in a molar ratio of 1:1:4 and then properly grinding in Agate mortar and pestle followed
by annealing at 6008C for six hours. Then mixture is again grindaad pelletized using a
pelletizer under high pssure (about 50 ph) followed by sintering at 140C for twelve hours

under constant oxygen flow to get compact and large grain size. We have characterized the

pellets using XRD to conform the crystalline structure. Figure 2.8 (a) and (b) shows the XRD
patern of ZnO and IGZO pellets respectively matches well with the ICSD peaks. The surface
morphology of the target is characterised by using SEM shown in Figure 2.8 (c) and (d) for ZnO

and IGZO pellet respectively.
(a) (b)

— 70O target
I 1CSD peak of ZnO

InGaZn,0, (IGZO) target
B 1CSD peak of IGZO
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2.2.2.2 Pulsed laser deposition (PLD)
Pulsed laser deposition (PLD) is a class of physical vapour deposition (PVD) technique where
a high energetic pulsed laser is usenh#dt, evaporate and ionize the material from the surface
of a target PLD has numerous advantages including deposition of large variety of materials
and mixtures, able to maintain proper stochiometric transformation of target material, good
adhesion between films and substrate and also deposition can be done at rooatusmmpkr
schematic diagram of the PLD setup is shown in FigureTh8.impact of the laser energy
vaporized the target material (pellet) in the form of high luminous plasma phanexpands
rapidly away from the target surfacehe ablated material deposited on a properly placed
substrate upon which it condenseghe presence of a background gas, such as oxamgn
growth of thin film occursThe characteristics of the thin films can be controlled by laser
intensity, substrate temperature, buffas gressure, and incident angle of the plasma plume.

Gas inlet

Figure 2.9A schematic diagrarof PLD setup.

The thin film growth process in PLD can be divided generally into four st&gesb. of these

steps is crucial for the crystallinity, uniformity astbichiometry of the resulting film. The

steps are explained below:

1. In the first stage, when a high energetic laser pulsed is interacted with target ntlag¢erial,
surface of the target is then heated up locally and the materialtesd and this meltesurface

of the target gets vaporizethe vaporized material, containing neutrals, ions, electrons called

as plasma plume.

2. In the next stage, this plasma plume expands rapidly away from the target surface and moves

towards the substrat&he spatialdistribution of the plume is dependent on the background
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pressure inside the PLD chamber which influences the deposition rate and further can change
the stoichiometry of the film.

3. In the third stage, the high energetic ablated plasma plume is depositedsubstrate and
deposition rate depends on some factors like target material, energy of laser pulse, distance
from target to substrate and type of background gases (oxygen, argon) and pressure in chamber
which influences the quality of film.

4. In thefinal stage nucleation and growth of the film takes place on the substrate surface which
determines the quality of the deposited film. The process of nucleation and growth kinetics of
the film depends on following parameters including:

a.Laser parametersThe quality and stoichiometry of films depend on several laser parameters
like laser fluence (J/cth and laser energy which affects the deposition flux. Generally, the
nucleation density increases with increasing the deposition flux.

b. Surface temperate: The nucleation density is strongly dependent on substrate temperature
and with increasing the surface temperature decreases the nucleation density.

c. Substrate surfaceThe nucleation and growth of the film can be affected by the surface
roughness athe substrates.

d. Background gase$enerally, for deposition of oxide, an oxygen background is required for

maintaining the proper stoichiometry of the film.
» oo \

Vacuum
chamber

2 Pulsed cimer

' aSline arrangement ™ .;"\ 'l Tate
W, T 5 &
B \ f TN o
e i ‘ PR

Figure 2.10PLD setup in ourlaboratory. Reprinted with permission from [38].

InourlabeKr F exci mer | aser (wavelength & = 248 n
(argon, krypton, xenon) and reactive gas (fluorine, chlorine), has been used for the deposition

of ZnO and IGZO nanostructures film. The PLD set up in our lab is shown ireR2gl0. In
thisthesiswe have deposited nanostruct ui+abrtatedn O f i |
p-type Si NWs substrate by ablation of ZnO target to get Z18DWs coreshell arrays. The
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crosssectional SEM image of PLD grown ZnO/Si NWs cetell arrays is shown in Figure

2.11 (a). The length and diameter of the egirell arrays are 223 e m a-800 nn1 50
respectively. We have optimized laser fluences and pulses and have used the laser fluence
~1.85J/cntand repletion rate was 2 Hehe temgrature and the oxygeartial pressure were

450°C and 10 mT respectively during deposition.

Figure 2.11 Crosssectional SEM image of (a) PLD grown ZnO coated Si NWs-shed|
arrays. (b) AmorphouksZO channel on Kapton substrate.

We have also deposited amorphous 1GZO film on flexible Kapton substrate by ablation of
IGZO target with an energy fluence of 1.38 Féon investigation of charge carrier induction
in oxide semiconductor by field effeasing electric double layer (EDL) gaie discussed later
in chapter 7. The temperature and the oxygen partial pressure were in the rangel@Dj100
°C and 10 mT respectively during deposition and the repetition rate was 2 Hz. The condensation
of the altated target species on flexible substrate gives a carbon free amorphous metal oxide
channel at low temperature of growth [39]. Figure 2.11 (b) shows the-sgogsnal SEM
images of the amorphous 1IGZO film on Kapton substrate. The thickness of theséitimsu
around 295 nm as determined from ellipsometry as well as cross sectional scanning electron
microscopy (SEM).

2.2.2.3Pulsed laser ablation in liquid (PLAL)
Most of junctions based {p heterostructures) photodetectors have limited gain and the
responsivity(mostly po6Fw and more importantly the band width of detection is governed
by the bandyap [40] But one can break the limitation of detection band width by surface
plasmon resonance (SPR) by using of plasmonic nanoparticles (NPs) to overcome the
limitation of spectral response arising from the bgap of the channel material [42]. It has
been observed thptasmonic NPshose synthesized by chemical route for attachment, need a
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stabilizing ligand or a dispersive media which affects the sugksamon resonance of NPs

and reduces the inter band transition which degrade the photodetector performances. Recently
pulsed laser ablation in liquid (PLAL) method have received much attention for synthesis of
nanoparticles (NPs) including noble metamsmnductors and alloys [13]. In PLAL method,

we are able to get uniform, mowiispersed and stable ligands free NPs in a pure solvent (i.e.,

DI water) without introducing any ligands or stabilizing molecules intentionally. The absence

of ligands on the p#cle surface enhances the charge transfer and the possibility of their
functionalization with biomolecules, making them very effective as biomarkers. Furthermore,
the bare surface of NPs is also attractive for catalysis purposes. This encouragedenacty res
groups to focus their attention on the PLAL synthesis of those MWPsustommade
experimental set up for PLAL method is shown in Figure thaneeds no vacuum. In PLAL
technique a high energetic pulsed laser is focused on a target materrahtieased in a liquid

in an ambient temperature and pressure. In this process laser induced plasma plume containing
atom, electrons and ions are generated by irradiation of laser on the target immersed in liquid,
followed by an interaction with the liquid mi&m to form NPs via nucleation and growth steps.

The size, shape and crystallinity of NPs in PLAL techniques are not only dependent on laser
parameters such as, laser fluence and laser pulse but also it is strongly dependent on the liquid
environment suchs solvent type, pH values, and temperatures.

1,

o,
Laser Laser beam %.

Liquid medium

Ablated NPs — "5 .2
Solid t‘arget

Figure 2.12Schematic illustration aianoparticles (NP®ynthesisszia PLAL process.

In this thesis workthe plasmonic gold nanopatrticles (Au NPs) have been prepared in DI water
environment by pulsed laser ablation in liquid (PLAL) technique. In this method, a KrF pulsed

excimer laser of wavelength 248 nm was focused on a pure Au metal target immerged in DI
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water at room temperate and was pulsed with repetition rate of 5 Hz with an energy fluence ~
2 Jlcnt. Figure 2.13 (a) shows the TEM image of Au NPs prepared by PLAL method. The
average diameters of the Au NPs are ~ 10 nm. One can control the diameterasidparticles

by tuning laser parameters such as, laser fluence and laser pulse [43]. In this technique, we
have been also prepared the plasmonic palladium nanoparticle (Pd NPs). The energy fluence
was ~ 2.5 J/cAand repetition rate was 5 Hz. Figure2(b) shows the TEM image of Pd NPs
prepared by PLAL method and the average diameters of the Pd NPs are ~ 6 nm.

Figure 2.13TEM image (a) Au nanoparticles and (b) Pd nanoparticles.

The PLAL process is distinctly different from chemical attachments through ligands; it gives a
ligandfree growth of Au NPs. After that these plasmonic Au NPs are deposited on
prefabricated ZnOASI NWs coreshell arrays (Stefd in Figure 2.14). The overall synthesis

processes of different growth method are depicted schematically in Figure 2.14.

(Step-1)
Electroless
Etching !

Si Substrate Si NWs

ZnO layer | ALD (Step-2)

(Step-3)
PLAL

Au NP decoration

Au NP-ZnO/Si NWs ZnO/Si NWs core shell arrays
core shell arrays

Figure 2.14A schematic diagram of fabrication process of Au NPs decorated ZaMpVs
coreshell arrays.
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Firstly, vertically aligned Si NWs were synthesised by electroless etching method from a p
type silicon substrate (Stef). Then a thin conformal layer of ZnO is deposited on Si NWs
substrate to form ZnO/Bi NWs coreshell arrays (Stef2 in Figure 2.14). Finally, plasmonic

Au NPs prepared by PLAL method were spin coated on Z3DWVs coreshell arrays (Step

3). The presence of ligands between ZnO and Au NPs inhibits charge transfer. Since the
photoresponse of the device depends on theiarity of the charge transfer, a ligafmde

attachment is preferred as discussed later in chapter 4.
2.3 Characterization tools and techniques

The synthesised nanostructures samples are characterised usiagdtaractezation tools
and techniques whicallows us to probe into the details of nanostructures. The structural and
morphological charactesation has been performed throughragy diffraction (XRD),
Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM) and Transmission
Electron Microsopy (TEM). The elemental composition of the material has been determined
by Energydispersive XRay Spectroscopy (EDS). The nanostructured complete device is also
characterized in TEM using cross sectional lamella preparation technigue which enables us to
make a proper physical model of the device. The optical properties of the samples are
characterised using UVisible spectroscopy and Photoluminescence spectroscopy (PL). We
have also used-Xay Photoelectron Spectroscopy (XPS) to quantify the chemidasatial
composition as well as the defects of the oxidasstructures, which is essential for a better
understanding of its physical properties.

2.3.1 Structural characterization

2.3.1.1 X-Ray diffraction (XRD)
X-Ray diffraction is a first level of characterization technique to determine the crystal structure
of a material. It provides insight on structures, phase purity and other structural parameters,
such as average grain size, crystallinity and crystal defBog interaction between material
anda monochromatic Xays (Generally, C0  (_ = 1.54 A))beam produces the constructive
interference which satisfying the wédln o wn Br aggdés Law by the foll

¢ _ (QOE+H (2.3)

Where—is angle of incidence of the-ay beamQis the distance between two layer of atoms
and_ iswavelength of the Xay and n is an intege@n interaction with the sample, diffracted
X-rays are detected by a detector and XRD peaks are producedstryctive interference of
scattered Xrays from each set of lattice planes of the sample. The experitpestigdined

peaks are correlated with standard reference of International Centre for Diffraction Data
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(ICDD)/Inorganic Crystal StructurBatabase (ICSD)which provides the identification of
crystallographic plane indices (h, k, l ) of
Pro having Cu  source with wavelength of 1.5405 A with an accelerating voltage of 45 kV

and 40 mA cuent has been used for performingags diffraction. This system follows the
BraggBrentano geometry—{— where the sample holding stage is fixed and thayXtube

r ot at-e°sninand the detector rotates at a—*/min. In this geometry the dector and

source are located at the intersection points of the goniometer circle (fixed radius) and the

focusing circle, whose radius varies with the goniometer angle.
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Figure 2.15XRD of (a) ZnO/Si NWshanastructurearrays (b) a IGZO channel deposited on
Kapton which confirms the amorphous phase.
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The X-ray diffraction (XRD) pattern of the ZnO/Si NWsanastructurearraysgrown by
chemical deposition is shown in Figure 2.15 (a) and it is shown that the orientation of Si NWs
is along the (100) plane same as Si substrate. The nanostructured ZnO film shows
polycrystalline in nature. We have also prepared amorphous indium gallium zinc oxide (a
IGZO) film used as channel in thin film transistor (TFT). Figure 2.15 (b) shows the XRD da
that establishes the amorphous nature of the IGZO film grown on the Kapton tape.

2.3.1.2 Scanningelectron microscopy (SEM)
It is one of the multipurpose stadé-the-art instruments that usually provided an important
informationabout the surface morphologgpbgraphy, composition chemistry, orientation of
grains, crystallographic information, etc. of a material [#5§ a type of electron microscope
that produces images of a sample by scanning the surface with a focused beam of electrons.
Generally, a beamf electrons generated from tungsten filament lamps or a field emission gun,
is focused through an accelerating grid, condenser lens, objective aperture and scanning coils
and finally through an objective lens and then scanned the surface of sampalster pattern

inside an ultrahigh vacuum chamber. The interaction of the electron beam with the sample
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produces different signals including secondary electrons,-$zatkered electrons, auger
electrons and Xays. Among which secondary and backscatteleziren are used to produce

an image. Usually for the detection of the secondary electrons in SEM, an Eldrtaniey
Detector (ETD) is used. The secondary electrons play the important role for detecting the
morphology and topography of the sample wherdee backscattered electron show the
contrast in the composition of the elements causes the black and white images of the sample.
One of the reasons that SEM is preferred for imaging of large amount of sample at once due to
its large depth of filed (few m) and also it has a very high resolution @il nmdepending

on the source used and the pixel size of CCD. In this thesis werkave used FEI Quanta

200, Quanta 250FEG, Versa 3D Field emission SEM (FESEM) for sample analysis. A SEM
sideview of vertially aligned Si NWs arrays synthesized by electroless etching method is
shown in Figure 2.16 (a). The lengths of nanowires as depicted from SEM are abodt ~ 2.5
em. A cross sectional SEM i mage of-SiNWs NPs

coreshell arrays is shown in Figure 2.16 (b) that shows the top ZnO layer and trehelbre

structure of the vertically aligned ZnG% NWs arrays.

‘?Qq
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Figure 2.16 Crosssectional SEM image of (a) vertically aligned Si NWs arrays andb)
NPs decorated ZnO/gi NWs coreshell arrays.

2.3.1.3 Energy-dispersive Xray spectroscopy (EDS)
This method is used for identifying and quantifying the elemental composition of a
nanomaterial. In a properly equipped SEM, the interaction of electron beam with the atoms on
the solid surface causes the emission of specific wavelengtirayfs<and thereergy of each
X-ray is characteristic of the atomic structure of the elements. The emittagisXare
represented as K, L and M lines depending on the transition to the definite shell of K, L or M
and Greek letter and’  subscripted to an-Xay line (Kor L or M) to differentiate the transition

from different high energy levels to particular low energy levels. Then, these emitses X
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are detected by an energy dispersive detector which analysed the energy of-thgse X
emission and the specific engrgf the Xray peak has to be identified for each element via
comparison with reference spectra. In this thesis, EDS is used to check the localized
information about the elemental composition of the samples. Figure 2.17 shows the EDS data
of ZnO coated SNWs coreshell arrays and data confirmed that all the compositional element

of ZnO/Si NWs are present without having any impurity elements. We also found that the
atomic percentage ratio of Zn:O is approximately 1: 1 which is the desired composition in ZnO
EDS technique is also used in Scanning Transmission Electron Microscope (STEM) to figure
out the elemental mapping which reveals the distribution of elements in a specific area of a

sample.

SiK ZnK

ZnK
-

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 kev

Figure 2.17EDS data of ZnO coated Si NWs ceteell arrays.

2.3.1.4  High resolutiontransmissionelectron microscope (HRTEM)
This is a powerful electron microscope where a high energetic electron beam is transmitted
through a thin specimen of sample to collect the infalwnaabout the size, morphology,
crystallographic structure and chemical compositibthe material as well as produces 2D
images of the nanomaterials [46]. It provides a much higher spatial resolution than SEM
because of much higher energetic beam ofteles (106300 KV, as compared ta¢Z0 kV in
SEM). As the name suggests in TEM, the sample used must be thin (< 200 nm) enough to pass
the electron for formation of image. The transmitted electron beam is recorded using a charge
couple device camera thrdugtage lens and objective aperture and finally the image is
projected on to the fluorescent screen using projector and intermediate lenses. The transmitted
beam is used for bright field imaging where the diffracted beam is used for dark field imaging
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during collision with the specimen. The TEM dark field and bright field image can be used to
characterize the size and morphology as well as crystal structure of the material.
According to Braggo6s | aw the beamnbeanfwitrer s
specimen. This diffracted beam forms an electron diffraction pattern which can give the
information about the atoms and crystal plane and formed a high resolutiofHEEMEM)

image at a very a high magnification. HRTEM image gives informatlmyutathe inter
planer/interatomic spacin@§) which corresponds to specifitdices(' ).

The selected area electron diffract(@AED) pattern is obtained in reciprocal space by taking
this electron diffraction pattern over a selected specific area of the sample using diffraction
aperture which gives informatia@bout the indicesthcir). Also, the pattern informs us about

the structuoe, orientation, lattice spacing, atomic position and crystallinity or defects.

In the Scanning TEMSTEM) mode, the highly diffracted transmitted beam is also collected
using a High Angle Annular Dark Field Detector (HAADF) aHAADF-STEM image is
obtaired. The HAADF detector receives inelastically scattered electrons at high angles after
passing through the specimen. The contrastAADF -STEM image is generated by the
scattering of electrons which depends on the thickness of the sample as well asataneic

of the element. Therefore, brighter areas correspond to a heavier element while darker areas
correspond to a lighter one and thus provides an elemental contrast image.

Along with this, TEM/STEM is equipped with &DS with spatial resolution dowto 0.1 nm
(depending on the size of the beam spot). This gives an opportunity to figure out the chemical
composition or elemental distribution in a specific area of a sample EEigline scanor

EDS mapping

SAED of SiNW

SAED of ZnO/Si NW

Figure 2.18(a) HRTEM image ZnO/A%i NWs decorated with Au NPs. (b) STENAADF
image of ZnO/Si NWs crossectioral lamella. (C)SAED pattern corresponding to crystalline
plane of Si and (dpPAED pattern corresponding btmth ZnO and Sin ZnO/Si NWscross
sectioral lamella.
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In this thesis, TEM images were taken using 200 kV Tecnai G20TBT instrument. The
conventional method using Gatan PIPS precisiorpmiishing system and Focused lon Beam
(FIB) technique has been used for KEM sample prepat@n. The high resolution TEM
(HRTEM) image in Figure 2.18 (a) shows the presence of Au NPs on the ZnO of the ZnO/p
Si NWs array. The average diameters of the Au NPs are ~ 10 nm. The lattice spacing of Au NP
is ~0.24 nm for (111) planes and there areslioged fringes of ZnO/iBi NWs with Au NPs
interface. Inset of Figure 2.18 (b) shows the selected area electron diffraction (SAED) pattern
of nano crystalline ZnOA%I NWsnanastructure arrays decorated with Au NPs. The STEM
HAADF imaging of ZnO/Si NWs wsssection lamellar is shown in Figure 2.18 (b). The
electron diffraction patterns are shown in Figure 2.18 (c) and (d). Data in Figure 2.18 (c) shows
the SAED pattern corresponding to crystalline plane of Si and Figure 2.18 (d) shows the
diffraction planes corresponding to both ZnO and Si. The electron diffraction patterns show
that the Si NWSs retain their crystallinity whereas, nanostructured ZnO exhibits in
polycrystalline phase.

2.3.1.5 X-ray photoelectronspectroscopy (XPS)
It is a very powerful surface awyals technique which gives information on #lemental
composition, empirical formula, chemical state, and electronic state of the elements within a
material. When a beam of-bays interacts a solid surface of a material, the electron emission
takes placand the kinetic energy of the emitted electron is dependent on the binding energy
of the atomic orbital from which the electron originates. It is inherently surface sensitive
technique because the low ene(g$500 e\j X-rays is used in XPS and as a reselectrons
are emitted from the top-10 nm of the material that are being analysedXPS, a
photoelectron is detected by counting the ejected electrons over a range of electron kinetic
energies and the peaks in the spectrum appear from atoms eglgit@ns of a particular
characteristic energys the different elements have a different value of binding energy and
that is to be used to identify the elements as well as their concentration in the surface.
In a XPS systenthe major components are arRay source, XRay monochromator, energy
analyzer, iorgun for sputter etching and charge neutralizer. A monochromartay XAl 0
line of energy 1486.6 eV) is incident on sample at an angel°ohdifle a chamber with bas
vacuum ~ 1§ Pa. The XPS spectrum is a plot of number of electrons detected i.e., intensity
versus the electron binding energy in a small energy interval and the variation in the elemental
binding energy arises due to the shifts in the chemical pdtehtiae compound. For surface
cleaning and depth profiling, the sample sur

with 0 i ion at 2 keV with a grid voltage of 120 V with rate of sputtering ~1 nm/min for
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different time intervals to sputter aile films over an area. In this thesis work, chemical states
as well as defects concentration of zinc (Zn), oxygen (O) and silicon (Si) of ZiIVs
nanastructures grown by different methods have been characterised through XPS analysis to
understand thdefects control photoconduction in oxidenastructuresasdiscussed details in
chapter 7We have also used-iay Photoelectron Spectroscopy (XPS) through depth profiling
to quantify the defects and also to probe the vertical compositions of thenar@ructures,
which is essential for a better understanding of its optoelectronics properties.

2.3.1.6  Atomic force microscopy (AFM)
It is a kind of scanning probe microscopy to generate the topographical surface maps with
unique resolution and tasualize lattices in atomic scale resolution of crystalline samples. The
working principle of AFM is originated from scanning tunnelling microscopy (STM) which is
based on the principle of quantum mechanical tunnelling. In AFM, a short range coulombic or
van der wall 6s force between the interaction
of surface features like morphology, sigarface roughness, and texture. The probe tip is
mounted at the end of a cantilever and when the tip approdehsarnple surface, deflection
of cantilever occursduetoashorange van der wall 6s force bet
tip and the surface. This deflection is measured by a laser beam which is reflected back of the
cantilever to a position sensitidetector and a feedback is used to move the tip up and down
in order to maintain a constant force between the tip and the sample surface. This deflection of
the tip generates the surface topography represented by contrasted imaging on the screen. In
AFM, several scanning modes such as contact mode¢cartact mode, tapping mode, and
dynamic mode and intermittent contact mode have been employed for mapping the surface of
a sample. In this thesisve have usedFM in lateral force microscopy (LMF) mode whic
determines the accurate compactness of the film also the rougheed&ZO channel used
in TFT (chapter 6)

2.3.2 Optical characterization

Optical characterizatiotechniques are usually naestructive, fast, and of simple technique

for understanding the various fundamental and functional properties of the nanomateeials.
noncontact and nemvasive nature makes these techniques one of the best ideal andipractic
tools to investigate the physical properties of nanomatefiabs. common optical
characterization methods are absorption spectroscopy, photoluminescence spectroscopy, and

Raman spectroscopy. In this work we have usedvidible spectroscopy to determairihe
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absorbance and optical bagdp and photoluminescence spectrosctapynvestigate the
excitonic emission and defect emissiorzofO/Si NWshangstructure arrays

2.3.2.1UV-Visible spectroscopy
It is one of the most simplified and basic technique to determine the absorption of light through
liquid or solid sample. It is based on the principle of Baerbert law wheréhe absorbance is
directly proportional to the concentration of the absorbperes and the path length of the
medium. When the light interactsth materials, if the energy of the photon is greater than the
band gap of semiconductor, then it can be absorbed and transferring their energy to an electron.
When the energy of photon lisss than the band gap energy, it cannot be absorbed and will
pass through the sample. The photon energy at which the transition between absorbing and
non-absorbing behaviour takes place will correspond to the band gap energy. The transition
between absetion and transmission provides insight into some of the details of the electron
inter-band transitions. This transition region is called absorption edge. When material absorbs
light, electrons present in it undergoes excitation and deexcitattbformsabsorption spectra
which gives an insight intthe optical response and band gap of the material. In order to
measure the absorption correctly, we must include the process of reflection, transmittance or
scattering by the sample. In an WXisible spectrosapy, the absorption of a liquid/transparent
sample has been measured by recording the transmitted light using a photodetector while the
reflected light has been recorded with an integrating sphere at diffuse reflection mode to
measure the absorption of alid/light opaque samplédn this thesis, the optical band gap of
nanostructured ZnO is determined using Tauc plot of absorption data. The strength of
absorption depends on the difference between photon energy and optical band gap as follows

"2 Q0 © (2.4)

WhereQis the Planck constantahd s t h e p h o t]oisabserption ceefficientR c y .
is a proportionality constant ai@l is the band gap of ZnO. The value of #4$or direct band
gap semiconductor. Figurel®. (a) shows the Tauc plot of nanostructured ZnO fibm
determination of band gafdhe value of the intercept due to the extrapolation of this linear
region gives the band ga@(a 3 . 3As thevoptical esponse of a photetector depends
on the light being absorbed. Thus, a broadband detector should have a broadband absorption.
In this thesis, we have also measuitegl absorption spectra of ZnG& NWsnanastructures
with an integrating sphere at difeigeflection mode for solid sample in an WAsible
spectrophotometer in the wavelength range of@30® nm. The optical absorption)(of the

ZnO/p-Si NWs coreshell arrays is shown in Figurel®.(b) in the wavelength range of 300
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900 nm. There is a sting absorption edge nearly at 375 nm that correspond to band gap
absorption of ZnO. In addition, even in the barEn®/Si NWs array there is a hump like
feature around ~ 450 nm. This arises due to absorption of Si NWs that increases at shorter
wavelengthand also the absorption length becoming comparable to diameter of Si NWSs that

contributes to decreasing absorption discussed details in chapter 4.
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Figure 2.19 (a) Tauc plot of UWis absorption spectra for determination of band gap. (b)
Absorption spectra of ZnO/gi NWs coreshell arrays.

2.3.2.2Photoluminescence (PL¥pectroscopy

It is an extremely fast spatially resolved charazédion technique which provides an
important information on the optical properties, electronic structure, andhgiswity levels

and defectof the materials. In this process, photoexcitation of a semiconductor material
elevates the electron from the vade band to the conduction band and leaving a hole in the
valence band. Then this excited electron recombines with the hole either radiatively by emitting
a photon or nomadiatively via impurities or defects states (ShockRgad Hall
recombination) or byassing the energy to another electron or hole (Auger recombination).
Therefore, PL spectra gives insight into the direct measurement of thegbhpnenergy,
determinatiorof impurities dopantconcentrations, and structural defects, and understanding
of the electronhole recombination mechanismasd Ithas the highest potential to identify the
extremely low concentration of intentionally or unintentionally created defect states which
strongly affect material qualityrthe PL spectra of samples are recordetbom temperature

at an excitation wavelength of 300 nm by using Fluorolog (Horiba) spectrometer in the
wavelength range of 36800 nm.In this thesisphotoluminescence (PL) measurement has
been carried out to investigate the type of defects andithpact on photoconduction of

ZnO/p- Si NWsnancstructuresarrays The electrical conductivity and photosensitivity of oxide
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semiconductors are strongly dependent uflen concentration of surface/interface defects

discussed details in chapter 7.
2.4 Conclusion

In this thesis chaptewe have demonstrated the different growth methods for synthesetaif

oxide nanostructures and thin filM/e have alssynthesisedhe ligandfree plasmonic NPs

(Au, Pd) by novel pulsed laser ablation in liquid (PLAL) method. We have focussed with the
dealing of known challenges on fabrication processes which gives the proper materials with
stable charge carriers and defects state aneMitgal in the field of opteelectronics and other
sensing applications. All the samples have been characterised by using advance
characteration techniques which gives the necessary information about the phase purity,
homogeneity, crystallinity and suriaenorphology of the samples. The detailed analysis of
crosssectional transmission electron microscopyT(&M) as well as energy dispersiveray
spectroscopy (EDS) of nanostructured complete device gives an insight-ofuailitly device
fabrication. Each of these specialized equipments gives specific information that plays an

important role in this thesis.
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Chapter 3

Description of experimental techniques

In this chapter, we have discussed the different experimental techniques along with the details
of fabrication of different devices like photodetector, gas sensors and thin film transistors, used
for electrical and optoelectronic measurements of two teatmiand three terminal field effect
semiconductor devices depending upon the nature of the measurements. We have also
discussed about the preparation techniques of cross sectional TEM (XTEM) sample (lamella)
which helps us to establish the physical strretof the devices and also to study the surface
interface physics of oxideancstructures. We have fabricated devices (photodetector, gas
sensor and thin film transistor) based on ZnO/Si NiAfscstructuresarrays and amorphous

IGZO thin film through hard msk lithography technique. The measurement setups are
automated by General Purpose Interface Bus (GPIB) interfacing with LabVIEW/C++

programming for data acquisition.



Chapter3 Description of experimentalechniques

3.1 Introduction

Along with growth of pure phase good quality sample preparation, the fabrication ef high

guality nanostructure devices are also the key components that have an important role for
understanding of the basic physics related to electrical, optoelectronictiardpbysical
properties of oxide nanostructures. The interfacing of nanodevices with the micro electronic
system has been done through various nanofabrication techniques for realization of physical
behaviour in nanoscale. The formation of electronicsagsvinas been done by contacting two

or more dissimilar materials (semiconductor, metal, insulator) together. The optoelectronics
and electrical measurement can be done by making the electrical contacts (metal contacts) on
both ends of oxid@ancstructuresarraysand thin film devices. The interface between metal
and semiconductor becomes crucial because it affects the optoelectronics and electrical
properties of the devices as utilizing the fine control of charge carriers, which are injected into
the semicaducting material through electrical conta@patially resolved tools for developing

cross sectional sample and microstructural as well as chemical compositional analysis of the
crosssection of the device enables us to make a proper physical modbbandr be utilized

to make a moddbased simulation of the devices using COMSOL Multiphysics softwWaues.
preparation and characteation of crosssectional (XTEM lamella) samples have been done
through conventional method and also using Focused I@mB@&IB) milling technique
enables us to make a proper physical model of the devices and study the/isteftame
physics of oxidenancstructures. In this thesis our goal is to tune the electrical and the
optoelectronic properties of oxiceemiconductor by making heterostructures or FET type
device structures. So, the various nanodevices have been fabricated depending upon the nature
of experiments. We will also discuss the experimental techniques developed and used for

measurement.
3.2 Devicefabrication

Electronic and optoelectronic measurements are convenient technique for investigation of
charge carrier characteristios nanostructured materials. The resistivity, carrebility,

carrier concentration, etc., can be determined using etectmeasurement technique. The
optoelectronic measurement technique includes the interaction of light with material which
gives theinformation about the transport properties of photo generated charge carriers and
carrier recombinatiorprocess.In this thesis work we have fabricated the devices such as
photodetector, gas sensor and thin film transistor (TFT) based on ZnO/Saai®sructures

and amorphous IGZO thin filnExperimental techniques fetectrical, optoelectronics and gas
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sensing measuremertiave also been discusséthese are two terminals and three terminal

field effect devices depending upon the nature of the measurements. For electrical and
optoelectronic measurements, two Au/Cr contact pads are deposited by thermal evaporation on
ZnO/Si NWs coreshellarraysin metatsemiconductemetal (MSM) configuration through a

hard mask. The interface/junction between metal and semiconductor becomes crucial because
it affects the optoelectronics and electrical properties of the devicéifizarg the fine control

of charge carriers, which are injected into the semiconducting material through electrical

contacts.

A schematic diagram of photodetector based on Au NP decorated-Bn@QAYs coreshell

arrays is shown in Figure 3.1 (a). A top gated THIiaestructure is shown in Figure 3.1 (b)
where the dGZO serve as channel material and Au/Cr contact pads act as source (S) and drain
(D) as well as gate (G) is deposited by thermal evaporation method and the polymer electrolyte
(PEO+LICIQy) serve as gatdielectric layer [1]. The WIL ratio of thel&ZO device is 1:3.

The gate dielectric was prepared from a gel containing 10:1 weight ratio of polyethylene oxide
(PEO) and LiCIQ, which was deposited on thd@ZO channel at room temperature by spin
coating / drop casting. The S and D metal electrodes were protected from the electrolytes by a
layer of poly(methyl methacrylate) (PMMA). This protection by PMMA reduced the gate

leakage current significantly and the ratio of drain to gate current> 10

ZnO
Cr/Au ¥/ Cr/Au

(@)

p - Si NWs

li-Si substrate

Figure 3.1(a) Schematic diagram of ZnQ%i NWs coreshell arraydpasedhotodetector. (b)

A schematic of Flexible TFT composed of a kapton substrate, source, drain and gate Cr/Au
electrode patterns, an amorphous IGZO semiconducting channel and polymer electrolyte (PEO
+ LiCIO4) as gate dielectric and PMMA layer for electlisalation.

Electrical connections to the devices are made on the macroscopic (~2mm x 2mm) metal
contact pads (Figure 3.1 (b)). An enamelled Cu wire (Gauge number: 39) is dipped partially in
ortho-phosphoric acid and the two ends etched out. One endwir€is attached to the metal

el ectrodes through a conducting silver epoxy
is dried for 68 hrs before any measurements. The other end of the Cu wire is soldered onto a
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printed circuit board. From here, lzara or BNC connectors are used to connect to the required

instrument.

3.3 Experimental techniques

3.3.10ptoelectronics measurement
The optical response has been measured in ambient conditions with a Xenon lamp and a
monochromator working in the wavelength targe 300 nm to 1100 nm. A schematic of the
experimental setip is given in Figure 3.2. The power density of the incident light was
calibrated in the wavelength range up to 1100using a Si detector with calibration traceable

to National Instituteof Standwrds and Technology (NIST).

Shutter  yjn0chromator

—— (AN I |

/| | | .

= OEL T 4%
4 | : -

. Chopper ) Power
Xenon Lamp ~._—+_." controller
~ @
PC Source meter © &
©0 Sample stage
mAmAm e | Ml =

Figure 3.2A schematic of photoresponse measuremenizset

The sample is placed on an adjustable XYZ stage inside a dark chamber with electrical leads
connecting to a Source Meter with a current resolution of 10 pA. The illumination is turned
O00ONO and OOFFO6 mechanically by mthesséctonofer wh
broadband photoresponse of Au NPs decorat2d@/p-Si NWs coreshell arrays) has been

taken. The optical responses, such as device current vs. wavel&gth and the current

voltage (O ) characteristics in dark as well as under ililnation of different power intensity

are measured using a Source Meter. For these measurements we have used LabView program
to collect the data using a GPIB interface. All measurements were taken at room temperature
and under ambient atmospheric conditiofke main experiments consist of measuring the

followings:

w

0 Devi ce®asuarfungiontof bjasa) at a fixed wavelength_j with different

illumination intensities) by turning illumination ON and OFF referred to@socurves.
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w

0 T'@ excurves in dark and under illumination of variable intensitgs (

w

O Spectral depen 9 inihespeatfal rgmde 8AAO0cnm foradixed biag.
Photocurrent is define® k 'O "Ofor a given bias, illumination intensity and wavelength

where Qs the total device current under illumination &@ds the dark current.

From the observed data following oggtectronic parameters have been obtained that are used

to quantitatively evaluate the photodetector characteristics:

(a) The responsivityy k — (in units of A/Watt) ighe ratio of the photocurrentdto incident

power (P)P is obtained from the illumination intensity(in Watt/cnf) measured with the Si

standard photo diode, so tiat o 0.

(b) The current gaiifOk — — hthe first term in bracket is the charge generated per unit
time and — being the number of photons of wavelengtabsorbed by the device per unit

time.

3.3.2Gas sensing reasurement
The gas sensing properties are measured in a high vacuum (HV) guatb@chamber at room
temperature. A schematic of the experimentalges given in Figure 3.3. The chamber was
initially pumped down to a base pressuré fitbar by arurbomolecular pump and flashed by
dry nitrogen (N) a number of times. After initial cleaning, a fixed number of moles of dry N

was admitted to the chamber.

[
GPIB

Figure 3.3Gas sensing measurementgpt

The sensor is biased with 0.5 V and the currentrasdtance of the sensor are recorded over

time till it is stable. The currentoltage (O ) curve is also measured. After getting stable
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values of device current at a given bias a known moles of nitric oxide (NO) gas are injected
into the chamber andhé changed device current was measured. @hev curves after gas
exposure were also measured. The measurements were done using arseteceBy
repeating the measurements for several times, the changes of current/resistance with time under
different @ncentrations of NO were recorded. Data were taken in controlled NO concentration
range of 0.5 200 ppm (in dry Mambience). We have tested a number gas sensing devices
made in similar fashion to establish the reproducibility of the sensors. The seaksor stable

under dry air NO gasis known toreact with oxygen to form N£ Due to this instability of

NO in air, we did all the measurements in dgy 'om the device current | (at a given bias V),

the device resistance was obtained. pagormance of gas sensor device is quantified by the

normali zed response  defined as:

~p — pTTP (3.2)

Where, Rand R are the measured electrical resistances of gas sensing devices in dry nitrogen
environment and on expasuto nitric oxide (NO) respectively. In this definition when the

device resistance increases (decreases) on

3.3.3Electrical characteristic of FET device
The transistor characteristics such as transfer characteristioc ¢diraent vs. gate voltage),
output characteristic (drain current vs. drain voltage) and transient gate response (gate current
vs. time) are measured at room temperature using Keithley 2d0@e metef2]. The
measurement setup is shown in Figure 3.ér@lthe source meter is connected to the computer
using GPIB cable. Data Acquisition process is done usingcode (In some casésc o ¢ ‘00 &
programs also used). To calculate field effect mobility, the specific gate capacilahcéd (
electric doble layer (EDL) capacitor has been calculated from the time constant of charging
of gate dielectric when a step change in the gate Giass(applied to the gate dielectric. The
capacitance of the EDL gate dielectric has been also measured separdtely w
(metal/electrolyte/metal) configuration using a precision b@&er (HIOKI) ind mode. The

saturation mobility‘( ) is commonly evaluated from the slope of the square root of the drain

current ( “O) against the gate voltageéy) andthreshold voltaged§ ) is measured from the

intercept of linear fitting of "Ovs. ® curve using the following conventional equations [3]:

o — 0 O (3.2)
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‘ - (3.3)

Where L and W are the length and width of the device respectivglg, tGe specific gate
capacitance and@2 — , is the mutual conduction or transfer conduction tfegiends on

gate voltaged). There is yet another effective mobility ( ) that depends ot which can
be obtained from output characteristics and defined as:

: — (3.4)

Where conduction;Q —— obtained from the output characteristics curve with dow

at a fixed gate voltagey).

PC

Source Meter 1

Figure 3.4Measurement setp for transistor characteristics.

3.4 Fabrication of crosssectional sample (XTEM lamella) for
high resolution TEM analysis

In recent, the requirements for¥EM samples have been increasing through the years for
study of micro structure, composition and interfa@egh as semiconductor devices, thin film
layers, etc.) by transmission electron microscopy (TEM)@agaration technique is one of

the most crucial stage to reach the ultimate quality of TEM samples. Ideally, the sample shall
be flat and smooth and thin enough (under 50 nm) to be electron transparent. The goal in TEM
sample preparation is simple in priplg: the sample must have a defined geometry and
thickness (to fit in the electron microscope sample holder and be electron transparent) with a

large area of equal thickness. Artefacts should not be introduced during the preparation steps
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and it should benechanically strong enough to withstand handling and the process should be
fast and reproducible. We have prepared tHEEX samples by two standard methods: (i) the
conventional mechanical method with Gatan P(B8TAN Inc., Pleasanton, C/precision
ion-polishing system analso(ii) ion beam lithography using a focused ion beam (FIBuget

with "O® ions. The procedure for lamella preparation has been described in below.

3.4.1  Mechanical method with ion milling
This TEM sample preparation methadnsists of mechanical cutting (ultrasonic cutting),
grinding, polishing, and dimpling. After that ion milling technique has been employed for
additional thinning of the sample and that can be electron transparent [4]. A short overview of

ion milling technique is shown schematically in Figure 3.5.

(a) First, two rectangular pieces of sample (ZnO/Si Nhémastructure array¥ with the
interesting surfaces fat¢e-face are sandwichewith "Ow 0 &@eepoxy and mounting inside
a brass tube of 3 mm diameter. Mteedisk of ~200 um thickness is obtained by sectioning
this brass tube using a Buehler ISOMET (Buehler Inc., Lake Bluff, IL) low speed diamond
saw [5].

Region of interest

A/ \ A
/ \ _ ‘
» 1 Wafer bonding Disk preparing
=) | Grinding
G1 epoxy
|| L] Dimple
grinding

Ion milling

Figure 3.5Schematic diagram of XTEM sample preparation technique by mechanical method
with ion milling process.

(b) The thickness of the sectioned disk is further reduced to-3080um in thickness by
grinding and polishing with series of diamond abrasive papers with decreasing grain sizes.

Each step removes the scratches from the previous one.
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(c) After thatdimpling is performed on the disk centeing aOw 0 ¢@ ® ¢imple grinder. In
the next stage, dimpieolishing wheel with cloth has been utilized to obtain a smooth
surface. The dimpling can be done only one or both side of the disk and the nominal
thickness after dimplingis~205 & m.

(d) Now the dimpled disk is ready for ion milling. lon milling is performed with 4 keV
ions at an incident angle of 44nd ~55-6 0 € A of beam current t
transparency in the filubstrate crossection using a Gatan precision ion polishing
(PIPS) system. The process of thinnivas been completed by opening a small hole in the
middle of the disk whichs monitored by the optical microscogaring the ioAmilling
process.

In this technigue we have prepared a cross sectional lamella of ZnO/Si N\Ashetegrays
which enables us to make a proper physical model of the devices and study the

surfacdéinterface physics of oxide heterostructures.

3.4.2 Focusedion beam(FIB) method

Focused lon Beam is a fabrication tool used for industrial and research applications for decades.
The precision and sensitivity required for fabrication the devices like sensors, acarador
interconnects inspires researchers to push their limits on systems like FIB. FIBqugks

metal ion sourcé_MIS) as a primary component of the system. The instrument used here is a
dual beam FIBFESEM which consists of ion source (LMIS) as welleectron beam(]

beam) source and both can be used as imaging like SEM [6]. Apart from imaging, dual beam
system mainly utilized for lithography for nano device fabrication and sample preparation
(cross sectional lame)ldor High Resolution TEM analys with the help of other additional
accessories. The primary part of FIB consistdigqpfid metal ion sourc€LMIS), € beam
source, electrostatic lens@ss injection systerfGIS) and Omni Probe needle used fositu

sample lifting.Figure 3.6 (a) showBEI Dual Beam Helios 600 FESEM instrument with a
separation angle of 8Between ion beam and electron beam at our nanofabrication lab and
Figure 3.6 (b) shows the inside view of the sample chamber of th&tESEM. The ion beam

is aligned at an angle of 5®ith the electron beam as shown schematically in Figure 3.7 (a).
Primarily, the ion source (hef®®) is used to deposit metal and cutting/milling. The details

of FIB ion milling, deposition and #situ sample lifting techniges have been discussed below.

FIB milling: FIB milling is a process to remove (sputter) the target material using a beam of

positively charged ions emitted frohigquid metal ion sourc€LMIS) [6]. Ga is the most
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commonly used ion source for FIB instrumefuds its low melting points, volatility, vapor
pressure and excellent mechanical, electrical, propeAieshematic diagram ofO ion

source is shown in Figure 3.7 (b).

(a) EDAX detector Electron Source (FEG)

Electron column

Gas Injection Source
Ton Source (LMIS; 2 : Omniprobe

Sample chamber

Electronic console

Figure 3.6 (a) Helios 600 Dual beam FIBESEM System (lab set ug}p) Image of all the
probes inside the FHBESEM sample chamber. Reprinted with permission from [7].

This ion beams are accelerated, collimated and focused by a series of apertures and electrostatic
lenses on to the sample. The milling rate is dependent on the angle of the incident beam and
the mass of the targeted material atoms as well as the ion energy. The cutting/milling of the
ZnO/Si NWsnanastructure sample during the lamella preparation has lbene using this

"Ow LMIS FIB.

FIB metal deposition In FIB system both electron and ion beam are used according to the
requirement of deposition of metals like platinum (Pt) or insulators like silicon dioxide)(SiO

thin film with the assistance @fes injection systenGIS). The Pt deposition is achieved by

the electron/ion beam assisted decomposition of methylcyclopentadieny! platinumtrimethyl
(CHs)3(CH3CsHa4)Pt, which is a metabrganic gas precursor for Pt metal [8]. Figurel Zfilows

the schematic of platinum deposition using FIB. It is one of the crucial steps during cross
sectional lamella preparation as it has been used for depositing a protective layer and welding
purpose. lon beam deposition has been done with acceleratingevoftddg kV and beam
current of 43 pA.

In-situ sample lift out: An Omni Probe needle (OmniProbe) has been used to lift out the cross
sectional lamella from the bulk substrate. It is made of staistee$ material and the tip has

to be sharpened using ibeam milling as per the requirement during lamella lift off [6]. It is
specially used along with the GIS to lift off the lamella from the bulk ZnO/Si NWs substrate
and attaching it to the TEMrid.
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In this thesisthe lamella preparation of ZnO/Si NWanostructure is carried out using the FIB
system. First, we have been chosen the region of interest (ROI) before starting the lamella
preparation and then sample is placed at a eucentric height (focal plane of electron and ion
source), so that it remainsciesed for both ion beam andbeam during lamella preparation.
Also, we have standardized the process parameters (i.e., ion energy, beam current) to avoid

possible damage during cross section.

(a) (b) (©)
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Figure 3.7 Schematic of (a) typical duéleam columnconfiguration, a vertical electron
column with a tilted ion column, (b) Gallium ion source and (c) Platinum deposition using
FEB. Sample is tilted at 820 make the sample surface normal to ion column.

The procedure for lamella preparatiors haen deschied as follows:

3.4.2.1Protective layer deposition
In the first step, a platinum layer is deposited to protect the ROI of sample using FIB and GIS

the ROI. The typical dimension (X I Y 1Z) of

T2 em 12 egm)re8%(@wn in Figu

3.4.2.2Bulk milling, Intermediate milling and U-Shape cut

Milling and cross sectional cutting of lamella from the sample is carried out after the deposition
of the protective layer. In this process standardization has been made to miidize

deposition and the lamella is prepared fef KM analysis. The stepsvolved in this process

are:

(a) Bulk milling
In this step the FIB regular cressctional cut has been performed. The milling with dimension
of (15em 110em 15em) has been performed wit

current of ~ 1€20 nA. just below the lamella with ftyer on both side ahe ZnO/Si NWs
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sample. The stage is tilted at°3® face of the ion beam directly during this process. The
lamella after the bulk or regular milling has been shown in Figure 3.8 (b) and it is standing like

a nano wall inside the ZnO/Si NWs hetero struesample.
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Figure 3.8(a) Protective Pt layer deposited on top of the ZnO/Si NWs arrays. (b) After regular
crosssectional cut in lamella of ZnO/Si NWs arrays by FIB.

(b) Intermediate milling
This process reduces the lamella thickness from few micrometres -5 ¢ m) t o hundr
nanometres (~ 800 nm) with low beam current of ~ 2.5 nA using cleaning cross section (CCS)
mode at half depth of the bulk mill to clean the lower and upper exposgisahpaf the lamella
(Figure 3.9 (a)).

(c) U-shape cut
In U-Shape cut, regular cutting has been carried out at low ion current (2.4nA) at three side of
the lamella and one side was half cut to keep the lamella hanging from the bulk ZnO/Si NWs
and it iswelded with Omni Probe for lifting out. Figure 3.9 (b) shows the lamella hanging from

one end of ZnO/Si NWs sample.

3.4.2.3Lamella lift out
This is the most difficult and sensitive part of crgsstional sample preparation. The
OmniProbe and GIS are insertedaty low magnification and 0° stage tilt of the HHESEM.
Omni Probe is used to lift out the lamella from the bulk ZnO/Si NWs sample and attaching it
to the TEM grid. Initially it is moved and welded with the lamella surface ushagisition.
Afterwards the attached left portion of the lamella is cut from the bulk sample and OmniProbe

needle is lifted away from the sample position shown in Figure 3.10 (a).
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Figure 3.9(a) Crosssectional cut in lamella of ZnO/Si NWs aftdeaning. (b) UShape cut
of lamella before lifting.

3.4.2.4Transfer and welding of lamella to TEM grid
The lamella of ZnO/Si NWs needs to be attached to the specially designed OmniProbe TEM
grid (inset of Figur&.10(a)) to perform microscopic analysis. Initially the position of the TEM
grid is chosen and the lamella surface placed close to TEM grid followed by welding using
GIS-Pt deposition. Then, the lamella is attached to OmniProbe and TEM grid shown in Figure
3.10 (b). Afterwards OmniProbe is detached from the lamella using FIB milling.

()

OmniProbe

Figure 3.10 (a) Lamella attached to OmniProbe needle (Inset: OmniProbe TEM grid). (b)
Lamella attached on TEM grid and with OmniProbe needle.

3.4.2.5Final thinning of the lamella
The last and most crucial part of cressctional sample preparation is final thinning of the
ZnO/Si NWs lamella. In this step, a special care has been taken for avoiding the damage in thin
lamella. The FIB parameters for final thinning are provided in Talile 3.
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Table 3.1 FIB parameters for lamella final thinning

Initial lamella thickness | kV FIB Current | Final lamella thickness
1 £ 4800nm 10-20 kV | 2.4 nA 300200 nm
300-200nm 2-5 kV 0.24 nA <100 nm

The final thinning is performed at low k&hd low beam current to avoid possible damage of
the thin lamella. Afterwards fast scan imaging with electron beam was performed to remove
remittent residue material/ions on the surface of the thin lamella. Figure 3.11 (a) shows the
crosssectional SEM imge of ZnO/Si NWs lamella after thinning down to 28T nm and
Figure 3.11 (b) shows the thin (<100nm) portion of the ZnO/Si NWs lamella which is ready
for HRTEM analysis [9].

Figure 3.11(a) Lamella after initial thinning. (b) Lamella after firtalnning.

3.5 Conclusion
In summary, we have discussed the fabrication method of diffefenices such as

photodetector, gas sensor and thin film transistor (TFT) based on ZnO/Si&isructures
arrays ad amorphous IGZO thin filmExperimental techniquefor electrical, optoelectronics
and gas sensing measuremdrdse also been discussélle have discussed the fabrication
processes of crossectional (XTEM lamella) samples through conventional method and also
using Focused lon Beam (FIB) milling techue for high resolution TEM analysis that enables

us to make a proper physical model of the devices.
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Chapter 4

Effects of photacgating in broadband photoresponse
of Au NPsZnO/p-Si NWs coreshell arrays

In this chapter, we have described how the tuning of charge carriers isidmgephoto gating

in ZnO/p-Si NWs coreshell arays decorated with plasmonic Au nanoparticles (NPs) by using

pulsed laser ablation in liquid (PLAL) method that works efficiently in the broad frequency
range from UV (300 nm) to NIR (1100 nm) and
purpose of this wdris to extend the response of a phdébtector beyond its fundamental band
gapbyexpl oi ting the ¢ onc e plhe optital detactorf cancbmesithp hot o
visible and NIR detectability of Si NWs with the UV detectivity of ZnO through thesbeik

structure and enhanced broadband detectivity in the visible range has been achieved by
decorating coreshell arrays with ligad-free Au NPsT h e s i gmhantementohdptical

response and photoconductive gain in visible region can be correlated with enhancement of
absorption in visible region due to surface plasmon resonance (SPR) coupling of Au NPs with
ZnO. We observedgiificant enhancement of responsivityiot only in visible range but also

in UV and NIR region with a high detectivity pfrt (cmHZ2W?). The responsivity of the

detector ~ 1 A/W from 700nm to longer wavelength (at bias of 1V) and in the visiblethegion
responsivity of the photo detector with Au NPsis>05AWd i ncreases to ~2

region.
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4.1 Introduction

In recent broadband optical detectors is a-daseloping field with significant impact in

various applications like UYadiation monitoring in an environment and healthcare research,
secure communication, sensing, fire detection, portable electronic equipment, and-d¢. on [1
However, due to lack of energy it is very crucial to developpower and even zefmower
optoekctronics devices [5]. In addition to low power consumption, the focus on development
of an opticaldetector sensor working in a broad spectral range is attractive proposition as that
would avoid use of multiple detectors to cover the same range. Mdbke afonventional
photodetectors that are widely used are basedrojupctions using elemental (Si and Ge) or
binary (GaAs) and ternary (InGaAs) semiconductor8][8rystalline silicon photodetectors

are routinely used in the range of visible to Aefiared photo imaging and that can be easily
integrated with the silicon integrated circuit technology. Each of these detectors have a spectral
range depending on fundamental band gap of the semiconductor in which most of them lie in
NIR region. They showgak responsivity at wavelengths shorter than but close to their band
edge and the responsivity is < 0.7 A/W, barring InGaAs where higher responsivity has been
reported [8]. In these semiconductors where the band edge is in NIR, the responsivity of device
falls remarkably in UV/Visible region due to various optical losses such as reflection, thermal

effects, incomplete absorption and recombination of photo induced carriers.

Among photoconductive detectors, ZnO is useful in UV range while CdSe and PbS can be used
in visible and NIR range FQ1]. Most of ZnO based optoelectronic devices are either
photoconductive detectors in thin film transistor (TFT) configuration or theyedeeojunction
between rype ZnO and fiype semiconductor materials. The most common choiceyipe

silicon due to its distinct advantages, such as abundance, stability, and ease of processing. But
the uses of silicon nanowires (Si NWs) based photacds\have potential advantages mainly

in visible to NIR region due to their low reflection and small photo response time-[8]12
Especially, vertically aligned Si NWs are promising building blocks for a range of vertical
devices, including surroungkte field-effect transistors, solar cells, and thermoelectric
modulesRecently nanostructured materials such as heterostructure arghetiegraysbased
devices have shown greater advantages for improving the photon capture and collection of
photo genated charge carriers. There is report-@m®O/p-Si NWs coreshell heterostructure

type photodetector working in UV to visible region with a maximum responsivity of 0.98 A/W

at a bias voltage of 5 V [14]. A coeshell heterostructure-AinO/n*-Si NWs has ben reported
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for NIR region with a maximum zero biased responsivity of 0.54 A/W [[5%se photo
detectors though easy to fabricate but certain issues need to be addressed, for instance each of
photodetectors used particularly in specific wavelength reipanhave been working either

in ultraviolet (UV) or visible (Vis) or neanfrared (NIR) region. The photoconductive
detectors like TFT are mostly based on planar nssaliconductometal (MSM)
configuration. In this configuration, the active materiatface being exposed, it allows
innovative ways to induct carriers in the active channel in addition to those created by photo
excitation on illuminationThe photeconductive detectors suffer from mobility of carriers and

the finite recombination lengttubgated photeonductive detectors (mostly TFT type) show
better performance. A report of ZnO based photodetector shows a large enhancement of
responsivity in UV region by synergy of illumination and gate voltage [16], where the charge
has been inducedrtugh an electric double layer gate dielectric. In this case the detector has
enhanced sensitivity but the spectral range of response has not been widened. In the case of 1D
single semiconductor photoconductive detectors &Ml configuration, the surfacstates

play an important role and play the role of photo transistor thus separating out the electrons
and holes and inhibiting recombination. The phodoductive detectors can use the surface to

do gating to enhance the performan&a. example of utilizng the surface oxide and band
bending as an active agent of inhibiting carrier recombination has been demgfeiGe NW

based broadband (3AA.00 nm) photodetector, where a peak responsivity OAM in NIR

region at a low power consumption has been achieved§l7Broadband high responsivity

in single Si NW and Si NWs arrays based detectors have been achieved using similar concepts
[19-20]. These single NW detectors can function as-sieléed(zero applied bias) detectors

with high responsivity of the order of 4@/W with Si NW [19] and 18A/W with Ge NW

[21]. Inspite of ultrahigh responsivity over a broad spectral range and extremely low power
dissipation, these detectors suffer from theadvmntage due to difficulty in fabrication
technique, the fabrication process is lithography intensive and needs availability ef nano

lithography facilities and expertise.

Whereas, the most junctions basedh (peterostructures) photodetectors have lintt&id and

the responsivity (mostly p 07w and more importantly the band width of detection is
governed by the bangap. It has also been shown that one can break the limitation of band
width by example of photgating to circumvent the limitation of sieal range of response
arising from the bandap of the channel material by using of plasmonic metal nanoparticles
(NPs). In this case the photoconductive channel is not the only place where carrier generation
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occurs by illumination. Use of plasmonic nmeiPs ofaluminium (Al), silver (Ag), nickel

(Ni), platinum (Pt) and gold (Au) etc canhance response in visible region by plasmonic
excitation and charge transfer to the active photoconductive chanr2¥[2there are few
reports of localized surfaggasmon resonance (SPR) mediated by plasmonic NPs like, Al, Ag,
Ni, etc. to enhance the UV response of the ZnO nanostructures devi@H.[22other report

of ligand free surface plasmon resonance of Au NPs is implemented to improve the visible
respons®f ZnO nanowires arrays with a maximum responsivity of 0.4 A/W in UV region W

at a bias of 1 V [26]. The decoration of Au NPs on ZnO NWs arrays with a maximum
responsivity of 1.9 A/W in UV region at bias of 5 V has also been reported but seen decrease
in responsivity due to Au NPs from bare ZnO NWs arrays [ZFipse reports have been

summarized for comparison in Table 4.3 later in this chapter.

Novelty of our report isjn this work, we have engineered a photodetector using oxide
semiconductonancstructue innovatively. Here we make a cegieell structure of Si NW
surrounded by ZnO that makes the channel which in turn has been decorated with ligand free
plasmonic Au NPsThe transfer of photo generated carriers fro®i (NWs array into f£nO
weredone using a corshell structure where theZnO shell that makes the photoconductive
channel and surrounds the shell of p type Si NWs arrays. Thisskelestructure then is
decorated by liganftee Au NPs made using pulsed laser ablation in liquidh{Blmethod in
agueous medium (DI water). This structure may be contrasted wahOfp-Si NWs
heterostructure-p junctions used before by others{14]. It has been observed thasmonic
NPsused by othersynthesized by chemical route for attachmeagd a stabilizing ligand or

a dispersive media which affects the surface plasmon resonance of NPs and reduces the inter
band transition which degrade the photodetector performances. It is very crucial to have a
synthesise technique that would enhance dptical absorption as well as photoresponse
utilizing the plasmonic resonance of Au NPs mainly in visible range as well over the broadband
range without interfering effects of ligands. We have employed an improved technique, in our
thesis work. In PLAL rethod (discussed in chapt®), we are able to get uniform, meno
dispersed and stable ligands free NPs in a pure sohenb( water) without introducing any
ligands or stabilizing molecules intentionally. The PLAL process is distinctly different from
chemical attachments through ligands; it gives a ligfa@el growth of Au NPs. The presence

of ligands between ZnO and Au NPs inhibits charge transfer. Since the photoresponse of the
device as discussed latersirowsdepenénceon the efficiency of the @rge transfer, a ligand

free attachment is preferred [26]. Here in this work, we show how the photodetection ability of
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the ZnO/pSi NWs coreshellarrayscan be tuned from UV to NIR region with the decoration

of the ligand free Au NPs. The work reportegkdr has the novelty that the responsivity of
ligandfree Au decorated ZnO/Bi NWs coreshell arrays enhanced significantly not only in
visible region but also in UV and NIR in broadband range due to surface resonance coupling
of Au NPs with ZnO/gSi NWs. We further develop the concept of using phajating to
circumvent the band width limitation by using photo generated carrier infusion in the
conduction band of the photoconductive chanr2h@® using a tandem effect where Visible

NIR range the carriers@generated in Si NWs and in Visible as well as in UV carriers are
generated in Au NPs. Favorable band alignments enable both the materials to transfer there
photogenerated carriers (electrons) to the conduction band-Zrith This leads to a
substantidy flat photoresponse of 1 A/W in the wavelength range 650 nm to 1100nm and
somewhat reduced response in the range down to 375 nm (but the responsivity minima > 0.5

A/W) and enhanced response reaching 2 A/W in the UV.
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Figure 4.1 Schematic oWvariation of spectral responsivities of individual components (ZnO,
Si NWs and Au NPs) and that of the Au NPs decoratedsitet arrays.

The high responsivity is reached at a low applied bias of 1V with total power consumption

2e W, t hus ma kablenwgth biattereesnfor vgrydong periods (e.g, Li batteries with
3200 mAh rating). The schematic of the device photoresponse and the response of the
underlying component parts are shown in Figure 4.1 which in a nutshell explains the ideas
utilized in this thesis workln addition to good responsivity over an extended wavelength range
and no sizeable droop in sensitivity at wavelengths in visible range and shorter wavelength
(unlike Si and Ge detectors), extremely low power consumption, the detector dexk ad
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advantage of ease of fabrication that is compatible with standard semiconductor and TFT

processing routes.

4.2 Experimental details

The device has been fabricated froftype Si wafer in three steps firstly the Si nanowires array
had been synthesized lajpemical process as reported elsewhere [28] and thersleelie
structure is made by deposition of ZnO by atomic layer deposition (ALD) and finally igand
free Au NPs is decorated on Zn@pNWs coreshell arrays by using pulsed laser ablation in
liquid (PLAL) method. The details of fabrication processes have been gichapter 2. The

Au NPsZnO/p-Si NWs coreshell arrays have been characterised faXdiffraction (XRD).

The nanostructured compdetdevice has been also characterised by high resolution
transmission electron microscopy (HRTEM) as well as energy dispersiag 3pectroscopy
(TEM-EDS) by using Crossectional TEM (XTEM) sample preparation technique for
understanding of the physicalrstture of the deviceslhe optical absorption of Au NPs
decorated ZnOASi NWs coreshell device has been recorded with an integrating sphere at
diffuse reflection mode for solid sample in anWAsible spectrophotometer in the wavelength
range of 306@00 nm. For photo conductivity measurement two Cr/Au contact pads are
deposited by thermal evaporation on tRgn© top layer of the Au NPAnO/p-Si NWs core
shellarraysthrough a hard mask in MSM configuration with a channel lengtiwédttth of 1.5

x 1 mm. The details of experimental work have been giveohapter 3. Allmeasurements

were taken at room temperature and under ambient atmospheric conditions.

4.3 Experimental Results
4.3.1Electron microscopy and structural analysis
The crosssectional view of thalevice in Figure 4.2 (a) shows the scanning transmission
electron microscopy high angle annular dark field (STHNMADF) image. Figure 4.2 (a)
shows the top ZnO layer and the cstell structure of the vertically aligned Zn@#p NWs
arrays. The figure atsshows the liganfree Au nanoparticles (Au NPs) that decorate the ZnO.
The average diameters of the Au NPs are ~ 10 nm. The crystalline structure as well as phase
formation and phase purity of the sample is identified througayXdiffraction (XRD) shwn
in Figure 4.2 (b). The diamonds, asterisks and squares show peak belonging to, En@®IPs

and pSi NWs respectively.
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Figure 4.2(a) STEMHAADF image of Au NPs decorated on Zn€3pNWs arrays. (bXRD
of Au NPs decorated ZnO/#pi NWscoreshellarrays.

Scanning tunnelling electron microscopy high angle annular-fielck (STEM-HAADF)
imaging of the crossection lamellard shown in Figure 4.3 (a). A composition profile of the
device was obtained by EDS line scan marked by yellow arrow and the data are shown in
Figure 4.3 (b). The line scan of the ZnO/Si NWs shows the contents of Au, Zn, Siand O. There
is a clear top ZnQalyer on the NWs array, which is followed by the conformal coating of ZnO
through the Si NWs array and the concentration of Au NPs layer with thickness of about 30
nm is maximum on the top of ZnO/Si NWs and then concentration is uniform throughout the

coreshellstructure.
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\_iAuNPs layer

Intensity (a.u.)
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Distance (um)
Figure 4.3(a) The crossectional scanning tunnelling electron microscopy high angle annular
dark field (STEMHAADF) image. (b) Elemental composition of Au NPs on ZnO/Si NWs
arrays taken by EDS line scan showing the chahaemposition.
The STEMEDS mapping for the Au M shell, Zn L shell, O K shell and Si K shell are given in
Figure 4.4 (a)i (d) respectively. STEMEDS mapping on a portion of Au NPs decorated
ZnO/p-Si NWs arrays (marked by orange box in Figure 4.3 (a)) shows a conformal layer of
ZnO throughout the Si NWs arrays and Au M shell mapping shows that concentrations of Au

NPs are faly uniform and homogeneous throughout the surface of the ZBOXWs arrays.
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Flgure 4, 4STEM—EDS mapping ofa) Au (M shell), (b) Zn (L shell) (c) O (K shell) and(d)
Si (K shell) of Au NPs decorated ZnGfi NWs coreshell arrays.

4.3.2Broadband photoresponsen Au NPs-ZnO/p-Si NWs
Figure 4.5 (a) shows the currerdltage data of ZnOA%i NWs coreshell arrays and Au NPs
decorated ZnOASi NWs coreshell arrays under dark condition in metal semiconductor metal
(MSM) configuration. Data in Figure 4.5 (a) shows that the dark curi@htof Au NPs
decorated device has been lowered at least two order of magnitude in comparison with bare
device due to decoration of Au NRZenerally, the intrinsic defecssich as oxygen vaceies
in the surface layer of ZnO act as adsorption site8 fonolecules act as electron acceptors to
form U , which deplete the surface electron states and consequently reduce the channel
conductivity in the dark. After decoration of Au NPs, sinawlork function of ZnO«(
T 'Q ois smaller than that of Au ( P Q §) the electrons flow from ZnO to Au sites due
to alignment of Fermi levels @rat interface which also enhances the existing depletion layer
and further reduces the channel conductivity. Figure 4.6 (a) shows the variation of
photocurrent with time (photocurrei@ vs. t) of the photaletector when it is illuminated by
lightsd di fferent wavelengths (&) for ao &ixed
100 ¢?Vlhe data have been taken at a bias of 1V. The data were taken with illumination
ON and OFF. Data in Figure 4.6 (a) shows a sharp and distinct ON/OFF stdhes in
photodetector with rise and decay time constants of < 1 s when the illumination is turned
ON/OFF. From the Figure 4.6 (a), it is shown that with decoration of Au NP¥) thef n-
ZnO/p-Si NWs coreshell device is enhanced considerably over thelespectral range. The

dark current being low (~10A) the power dissipation even at 1V is <
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Figure 45 'O wcharacteristic of ZnOASi NWs coreshell arrays and Au NPs decorated
ZnO/p-Si NWs coreshell arrays in dark condition.

In Figure 4.6 (b) shows the phetarrent’O at selected wavelengths (WWis-NIR) for the

bare device and that with Au NPs decorated device. In case of UV regio800 nm), data

shows the rapid raise in photocurrent is followed by a slower anet, which follows to an
exponential relation. When the illumination is turned OFF, the decay of the photocurrent for
both bare and that of Au NPs decorated devices exhibit a long tail generally known as persistent
photoconductivity. Data in Figure 4.6)(shows thain UV region (_ = 300 nm),a relatively

fast response of photocurrent has been achieved for Au NPs decorated device in comparison

with bare devicediscussed details in later section Bble of Au NPs in transient

photoconductivity.
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Figure 4.6 (a) Photocurrent 'O under different illumination of light of wavelength ranging
from4001 100 nm at a fixed power of 1.5 eW. The
Plot of O at different wavelengths for theanO/p-Si NWs coreshell arrgs with and without

AuNPs. Therighhand scale shows the change-freeAu gai n
NPs.

In case of visible and NIR regiome observed a sharp and distinct ON/OFF states in the

photodetector with rise and decay time constants of < 1 s when the illumination is turned
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ON/OFF. The righthand scale in the same graph shows the d@imas obtained from the data.

The enhancement &®on addition of the Au NPs (marked ¥% for all wavelength region

can be observed. However, the photo current g&ins comparatively higher in visible region

than that in NIR region of the Au NPs decorated piugtector. This data establishes thesll

claim of the paper that innovative engineering of the device; by integration with plasmonic NPs
(Au) in n-ZnO/p-Si coreshell arrag leads to significant enhancement of the photoresponse in
broadband (30@100 nm) region. Figure 4.7 shows the specg&sponsivityY of n-ZnO/p-Si

NWs coreshell arrag with and without Au NPs at a bias voltage of 1 V measured at
illumination powerd = 1. 5 & W, C o m@nDip-8i NWsvdoreshell drrayrttee  n
responsivity of Au decorated ceskell arrag is enhaced significantly not only in visible
range but also in UV and NIR regions. Presence of the Au NPs thus makes the detector
broadband with substantialover the whole frequency range. Data in Figure 4.7 shows that at
bias 1 V the average value of~ 1 A/W for the wavelength range 700 #ih00 nm. It
decreases to below 1 A/W and in the visible range and shows minifha of 0 . 5for A/ W

450 nm. The contribution of the plasmonic Au NPs can be best appreciated in this range. In
the bare array withouhé Au NPs;Y drops rapidly in the visible range of the spectrum and
goes down even as low as2&/W as compared to 0.5 A/W for the Au NPs decorated detector.

In UV region (O 3 7 5'Y~n2m\JW for Au NPs decorated phettetector. It is noted that

this performance is much improved over a typical Si detector available commercially (Table
4.1).
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Figure 4.7 Spectral responsivityY) of ZnO/pSi NWs coreshell arrays with Au NPs and
without Au NPs under different wavelength.

Responsivity Y is function of bias voltage and increases as the biasreases and is also

dependent on the illumination pow@rand it decreases asis increased. The dependence of
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‘Yon these two parametds bare ,~ZnO/p-Si NWs and Au NPs decorateeZnO/p-Si NWs
coreshell arraysare shown in the contour plot in Figure 4.8 (a) and (b) respectively. It can be
seen from Figure 4.8 (b) that at mall bias of 1V and up to 3W illumination power it is

possible to get responsivity 1 A/W.

(a) 1.0 (b) 1.0y
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Figure 4.8 Contour plot of responsivity as a function of bias voltageb) and illumination
power (0) of (a) nZnO/p-Si NWs and (b) Au NPs decorateeZnO/p-Si NWs coreshell
arrays.
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Table 4.1Comparison of device characteristics value with commercial Si photodetector

Wavelength Peak - Power
Detectors Responsivityl e
range (nm) wavelength dissipation
Sicommercial | 4541109 970 nm 0.65 A/W 100 MW
detector
Au NPs-ZnO/p-Si
NWs 3001100 800 nm 1.2 AIW < 2 ¢
(Present work)

Thin film and heterostructures based phdétectors have a wide dynamic range where the
photocurrentO has dependence on the incident potverhich is generally expressed by the
relatiofO @ O , where typically the power expondnt p8The valiel depends on the
existence of localized traps near the band edges that controls the process of recombination and

the energy distribution of the localized states near the conduction band edd&irj28]the

responsivityY —, variation ofYwith incident poweb is given by the relatioty 8 0

I being < 1,Y decreases as the incident powesn the device increases. This is shown in the
contour plot of Figure 4.8 (a) and (b) as well as in Figure 4.9 (a) and (b). Figure 4.9 (a) shows
the 0 dependence of value of responsivityfor illumination with light of_ = 500 nm for
without and with AI NPs decorated devices and Figure 4.9 (b) shows the corresponding data
0.780.90 for the devices and are

0.660.70. In general, depends

for illumination at _ = 900 nm. For. = 500 nmf

significantly higher than those seen at 900 nm wheré
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on the distribution of trap states around the Fermi L&vealind band edges. For a more uniform
distribution© p . Sincg does not change much when Au NPs is added to the device, these
traps that control this exponent, are likely to lie within ZnO Istie5i NW core or at their
interfacel being smaller at longer wavelength (900 nm), where the excitation and carrier
generation by illumination is controlled by Si NW, it is expected that there aramfmmm

trap distribution within Si NW. Small valu#! has been seen in Si single NW phdgiectors
before where the Si NW had been grown by same method [19].
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Figure 4.9 (a) Variation of responsivity with incident power before and after Au NPs
decoration on ZnOAS i NWs for & = 500 nm and (b) & =

exponent are shown in inset boxes.
4.3.3Photodetection limit and stability of the devices

The sensitivity of a photo detector is determined by estimating the detectivity which is related
to the noise equivalent power, the minimum incident power at which signal to noise ratio

reaches unity.e.,a detector can differentiate from the noise. Téedivity is related to NEP
by the following equation [17]:

J——

o —= (4.1)

Where A is the effective area in éof photodetectors andQs band width of the signal in Hz

and D is the specific detectivity measured in cmB/! (or Jones)The detectivity is limited
mainly by the three types of noise including shot noise from dark current, Johnson noise and
flicker noise from thermal fluctuation. The contribution of Jhonson noise as well as the flicker
noise is lower thanhat contributed by the shot noise. For estimation, we may thus consider

that the shot noise is the dominant source of the noise. The rms value of shot noise current

Y Q ¢QOY'Q, whereO is the dark current and noise equivalent powee) 0 Q—C.y
So, the sensitivity of the photodetector and the limit of detection sensitivity are important
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factors which are often measured and parameterized by the spectral dependence of the specific

detectivity as [30]:

o

(4.2)

= T

Where0 i s cark dark density, R( &) iBseflfdnecas pectr
find the minimum power that can be detected by a photodetector, from the observed value of
responsivity and the detectivity. For a detection band widihG# Hz (integration time ~ 0.3

s) the observed value of R ~ 1 A/W at 900 nm, for Au NPs decorated -Zi1QYs can detect

& 1 .7BWw.Tie value of detectivity limits@ _ ) for the wavelength of 500 nm and 900

nm at the bias voltage of 1 V of tmeZnO/p-Si NWs coreshell arrays without and with Au

NPs are tabulated in Table 4.2. The detectivity of Zr&/NWs with Au NPs is found to be

higher as compared to that for the baiZ®/p-Si NWSs arrays.

Table 4.2The details of devices characteristuedue measured at wavelength of 500 nm and
900 nm at 1 V bias.

Responsivityl at 1 V bias | Detectivity (D*) at 1 V bias

Devices (AIW) (cmHZY2W 1)
(n-ZnO/p-SiNWs) o= 50| = 90( = 50d &= 90
W/O Au NPs 0.14 0.75 ~5x10 | ~6x18°
With Au NPs 0.55 1.0 ~3x168° | ~2x10"

To check the stability and reproducibility of bare and Au NPs decorated devices, we have tested
total twelves devices for bare ZnGH) NWs and Au NPs decorated Zn€8pNWs coreshell

arrays which showsxcellent reproducibility in broadband (WUsible-NIR) region and
deviation of responsivity’Y) in photodetectors is less than + 5 %. We have monitored the
photoresponse of the devices at an interval of 30 days for a period of six months. The data are
shown in Figure 4.10. The decrease in responsivity of photodetector is < 10 % over a period of

180 days which shows good stability and a goodlgelbf detectors.

A comparison of the devices in our work with others reported photodetectors have been
summaized in Table 4.3. As seen in Table 4.3 the performance of the device reported in the
present investigation can be seen to be comparable or even better than the performances of

devices reported in literatures.
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Figure 4.10Stability study of photodetector during six months of time span.

Table 4.3Comparison of present photodetector characteristics value with previous reported
values in literatures.

Wavelength _que_r Bias Peak_ .
Photodetectors dissipation Responsivity| Ref.
range (nm) (e Wy voltage (V) Lin AW
ZnOJp-Si NWs | 3007 1100 15 1 1.4 Present
work
Au NPs . Present
ZnO/p-Si NWs 3007 1100 2.8 1 2 work
n-ZnO/p-Si NWs | 325i 660 > 10 5 0.98 7
n-ZnO/n+SiNWs | 4001100 - 0 0.54 8
Al NPs-ZnO NRs | 300i 400 150 5 1.59 15
Ag NPs ZnO NTs | 32071 400 400 2 - 16
Ni NPsZnO NRs 325 210 1 0.124 17
ZnO/Pt NPs/ZnO | 220i 400 - 60 0.4 18
Au NPs ZnO NWs| 3501 625 1 1 0.4 19
Au NPs ZnO NWs | 3007 600 - 5 1.9 20

4.4 Discussions

4.4.1 Absorption and Responsivity: Role of plasmonic Au NPs

The optical response of a photodetector depends on the light being absorbed. Thus, a broadband
detector should have a broadband absorption. The optical absorption$ the rZnO/p-Si

NWSs coreshell arrays (with and without Au NPs) are shown in Figure 4.11 (a) in the
wavelength range of 300900 nm. Over the whole rangédor the Au NPs decorated sample

is much larger than that of the bar@mO/p-Si NW array and the enhancement at largest

in the visible range of the spectrum (40D0 0 nm) wi t h a

prominent pe

lighted). This excess visible absorption of Au NPs decorated device is due to the Au NPs
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plasmon resonance which can be confirmed by direct comparison of thpteimsof bare Au

NPs in colloidal suspension (inset of Figure 4.11 (a)) which are also synthesised by pulse laser
ablation in liquid (PLAL) method. (Note: The absorption of Au NPs extends over an extended
range of measurement). In addition to the ped&kl@tnm due to plasmon resonance, there is
absorptionin AuNPsforO 650 nm due {Qbandto tybridized fproitals f r o m

that extends to shorter wavelengths to UV.

a) 8.0
( ) —@— Au NPs-ZnO/p-Si NWs (b)
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Figure 4.11(a) Absorption spectra of ZnG&Hi NWs coreshell arrag and Au decorated core

shell arrays. Inset is the absorption Au NPs alone synthesised by PLAL method. (b) Variation
of enhanced responsivity/'Y  with the enhanced absorptio¥ ( ) of -ZnO/p-Si NWs

due to decoration of Au NPs.

It can be seen from the Figure 4.11 (a), that the absorption of Zar®/p-Si NWs (without

Au NPs) has a dependence on the wavelength illumination that has characteristics of both the
components namelg-Si NWs and ZrO. In the shorter wavelength side, there is a strong
absorption edge nearly at 375 nm. This can be seen for both the samples. This strong absorption
edge corresponds the band gap absorption of ZnO which is established by different researchers
[31]. At longer wavelengths in the region 400 nm and up, the absorption is dominated by the
Si NW. The Si NW like bulk Si absorbs at all wavelength _  , where_ corresponds

to the band edge. For Si NW arrdahe absorption increases at shorter wavgle as in bulk

Si due to primary absorption process leading to eledtoda creation [3233]. In NW array

the absorption is more due to reduction in reflectivity. We also see the rise in absorption in

Si NWs at shorter wavelength through measurements as shown in Figure 4.11 (a). There is a
small broad raximum in absorption at 450 nm in NW array [33]. This small broad maximum
exists in both bulk and film at 510 nm. The small hump seen by us in the absopptitna ©f
n-ZnO/p-Si NWs as shown in Figure 4.11 (a), arises from this. It has been shown that this is

due to additional absorption process like iiand Auger effect and emission of phonons
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directly connected with the generation of additional eleehalr pairs [34]Decoration of the

bare coreshell arrag by Au NPs enhances the absorptioand also enhances the responsivity

Y. To establish a direct connection betweeand'Y due to the Au NPs decoration we plot in
Figure 4.11 (b), the excess algmny  due to the Au NPs, obtained by subtracting out the
absorption of the bare device from that of the Au NPs decorated device (see Figure 4.11 (a)),
and the excess responsiity  obtained by subtracting oittof the bare device from that

the Au NPs decorated device (see Figure 4.7). The large enhancement of the responsivity
occurs for_ v v mm, when the absorption gets enhanced and is dominated by the surface
plasmon resonance of the APs. There is also enhancementyofhen the waglength is in

the UV region due to tandem effect of ZnO fundamental edge absorption along with the
enhanced absorption due to Au NPs (see inset of Figure 4.11 (a)).

4.4.2Photo-gating effects in the Au NPs decorated device
The device presented in thiesis work is innovated around arZnO photoconductive
channel which shows response for wavelengths shorter than its fundamental absorption edge
of ZnO at ~ 375 nm. The coshell structure with Si NW array as the core and Au NPs
decoration, led to therbadband response of the optical device extending from UV to NIR
region. In a photoconductive type detector, which has a fsemaiconductemetal (MSM)
configuration, the response is generally controlled by ele¢tobmpair generation in the active
chamel and thus its fundamental absorption edge will determine the longest wavelength of
response. In a gated photodetector, carriers are introduced into the channel by induction of
charge carrier through the gate when a voltage is applied [16]. In-ghtrig the carrier are
introduced t hrough Agat eo materi al s t hat c
photoexcited carriers into the channel without any gate bias being applied. This ensures that
the response of the detector will not be limited by the dmehtal absorption edge of the
channel and it will be enabled for response in other wavelength regions as well that will be
decided by theopte | ect r oni ¢ properties of these fngat
illumination introduce carriers intdié channel [35]. In the specific context of tvsrk the n
ZnO channel receives phesxcited carriers from the core of Si NWs as well as AUNPs when
they are illuminated. This is illustrated through a schematic in Figure 4. 22 wavelength
range 11001m to 450 nm the illumination creates electrmie pair in pSi and the electrons
transfer to ~ZnO from pSi which increases the conductivity in ZnO. In the wavelength range
600nm to 400nm additional electrons come from Au NPs which are excited byoplasm

excitation. For wavelength < 400 nm it is usual ZnO photoconductivity.
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n-ZnO
photoconductive
channel

Figure 4.12A schematic illustration of photgated device where the4anO channel receives
carriers from the core of Si NWs as well as Au NPs when they are illuminated.

4.4.3Role of Au NPs in transient photoconductivity
In case of UV region, a relative quickening of photoresponse of Au NPs decorated3nO/p
NWs coreshell arrays have been observieidure 4.13 (a) and (b) shows the photocurrent rise
and decay response respectivaty Au NPs decorated device and bare device under UV
il lumination & = 300 nm. The shaded area r
excitation source. We show that photocurrent rise edges and recovery edges consists of two
components, a fast respensomponents and slow response components. Generally, the fast
response components can be ascribed to the rapid changes of carrier concentration when the
light is ON/OFF, while the slow response is corresponding to adsorption and desorption of
and/or'O U on the surface of photodetectors causes the carrier trapping/releasing at defects
sites available in the semiconductor. For a more detailed comparison of response time of Au
NPs decorated device and bare device, we have estimated the tstantoguantitatively by
the fitting of dynamic response of photocurrent with a biexponential equation. According to
this model, the raising part of the photoresponse curve in presence of illumination follows the
equation as [36]:

00 80 5 Q (4.3)

WhereOis the steady state photocurremts the time,0 and0 are positive constant,
andt are the fast and slow components of rise time constant respectively. When illumination

is turned off, the photocurrent decay follows the other equation, which is given by
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00 60 5 Q (4.4)

WhereOis the steady state photocurrebi the time® andd are positive constant, and

t are the fast and slow decay time constants respectively.

OFF

A =300 nm

Decay
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Figure 4.13(a) Photocurrent rise response andpigtocurrent decay response of Zn&fip

NWs coreshell arrays with Au NPs and without Au NPs for 300 nm illumination and the
corresponding fittings. The shaded area represents the period of illumination.

We have fitted the dynamic response (Figure 4.13 (a) and (b)) with the equatonl (2) to
estimate the risef( andt ) and decayf andt ) time constants (Table 4.4). A relatively
faster time response in photocurrent decay achieved on decoration of Au NPs under UV
illumination _ = 300 nm can be seen in Figure 4.13 {ih)e decay time constant of the slower
component{ ) decreases from 700s in the bare device to 250 s in the Au NPs decorated
device (Table 4.4). Therefore, a significant enhancement of photodetector performance has
been realized due to decoration ai AIPs. The kinetics of transient photocurrent in ZnO is
controlled by the trapping/releasing of charge carrier in the defects state within the
semiconductor. So, the population of defects levels (surface as well as bulk) will thus control
the photocurrerdecay. Generally, slow kinetics of photocurrent is due to gradual accumulation
of negative charge at the surface by simultaneous oxygen adsorption and desorption processes
which is linked to the slow relaxation of singly charged oxygen vacascy o neutral
vacancy @ ). In case of Au NPs decorated device, electrons can populate the conduction band
of ZnO, being transferred of electrons from SPR band of Au NP to semiconductor (ZnO)
because of plasmon enhanced optical absorption in the visible asv#U region [26]. As a
result, these generated charge carriers indeed neutralize some of charge defeats) skt (

also take part in emissioithe filling of charged defects on illumination will also lead to
reduction of the emission in the vilbwhich arises from these charged defect stdtes.

confirm this proposed hypothesis, we have compared the defects state emission for bare device
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and Au NPs decorated device in photoluminescence measurement at an excitation wavelength
_ =450 nm, which eing of lower energy than the fundamental edge will not lead telraeaf

edge (NBE) emission in Figure 4.14. A strong reduction of defect emission around 507 nm has
been observed due to decoration of Au NPs. This observation is in good agreement with the
proposed model stated earli€he filling of the charged defect states on illumination reduced
scattering and increased the photocurrent significantlytlaadransfer of electrons from the

Au NPs to ZnO facilitates the process of charge neutralizatidefetts states leading to faster

relaxation of the photocurrefdgr Au NPs decorated ZnO/#i NWs coreshell device.
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Figure 4.14Room temperaturL spectra at an excitation wavelengtk 450 nm for bare
and Au NPs decorated ZnG# NWs coreshell arrays.

Table 4.4Comparison of saturation photocurrent, rise and decay time cofesthate and Au
NPs decorated ZnO/pi NWs photodetectors under 300 nm illumination

Photodetectors| Saturation lrc( € A) | Rise time constant (s) Decay time

¥ =300 nm constant (s)
ZnO/p-Si NWs 1.88 Ui~ 29~2250 | Gi~ 540~ 700
Au NPs 2.52 Ui~ 181500 | Gui~ 240~ 2500

ZnO/p-Si NWs

4.4.4Proposed model forcharge transfer
Enhanced photoresponse is based on transfer of photo excited carriers from Si NW and Au NPs
to the nZnO. The transfers of carriers are proposed to be explained on the basis a model shown
schematically in Figure 4.15. The model shows the band alignmémwt®ldctron affinities of
Zn0O ... and Si ... aretaken as 4.35 and 4.05 eV, respectively [37]. While thedsgrsd
of ZnO and Si are taken as 3.3 and 1.12 eV, respectively. Thedagndiscontinuity at
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conduction band and valence band is theeefequal toYO ... ... 0.3 evVand
30 ©O 0O 30 1.88 eV.At the nZnO and pSi interface, which is an interface
of a ptype and an 1#type material, the conduction and valence bands in dtypg material
bend down and thosen n-type material bendp. This allows transfer of electrons from the
conduction band of-pype Si NW to the conduction band eZnO and transfer of holes from

valence band of ZnO to valence band of Si without application of any bias.

Vacuum level

-NIR ‘% Y AE=03ev Q
' E=1.12eV !
+ I

| e i Bl R e
Ey : N
® 000
p-Si NW k
@ Electron :
.Hole

Figure 4.15Schematic of energy band diagram of Zn€BpNWs decorated with Au NPs.

The electrorhole pairs are generated with the UV and visMIR absorption of ZnO and Si

NWs respectively. The band bending at the interface leads to an effective carrier separation
mechanism and leads to accumulation of electrons in the conductioon@m®. This leads

to enhancement of photoconduction of ZnO. Additional carriers (electrons) in the conduction
band of ZnO that is needed for the enhanced photoresponse in the visible range come from the
plasmonic Au NPs. The enhancement of the absorpli@nto the Au NPs arises from two
mechanisms: (i) the surface plasmon resonance in the visible centered aroung 1t

L oenta depending on NPs particle size and shape and (ii) thehatet transition in Au

(QA ATOA rpand) that starts in the visibdé_ & 650 nmand extends to shorter wavelength.
These two absorption mechanisms have over lapping wavelength regime leading to strong
absorption in the visible starting from 650 nm peaking at the SPR wavelength and extending
to UV region as shown in ies of Figure 4.11 (a). Due to both the mechanisms the conduction
band of Au NP gets populated when illuminated. Since the conduction band (CB) minimum
in ZnO has lower energy than the excited electrons in tHgand of Au (in the conduction

band) thesexcited electrons get transferred to conduction band of Au without any applied
bias. This charge generation process needs no intermediary chemical bonds for charge transfer
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of electron to semiconductor from Au NPs and which can work without any functimtnath
of semiconductor. There are recent suggestions [38] that due to plasmonic excitation one can
have direct transfer of electrons to conduction band of ZnO leaving a hole in Au NP. Both the

charge transfer mechanisms lead to large photocurrent inpZrioularly in the visible range.
4.5 Conclusion

To summarize, a high the performance photodetector basedZn®@/p-Si NWs coreshell

array decorated with ligariee plasmonic Au NPs has been developed. The lifyaed
decoration of Au NPs was done byngpulsed laser ablation in liquid (water) PLAL method.

The photodetector works at low bias of 1V and consumes vergdmer;< 3° 8The device

uses RZnO as the active photoconductive channel that is sensitive in UV region. However,
using photagating as well as favourable band alignmettis, photo generated carriers are
infused in the conduction band of ZnO using a tandem effect A& in Visible andNIR

region and Au NPsin Visible as well asUV region leading to the enhancement of
photoresponse of ZnO not only in visible range but also in UV to NIR broadband ré&gen.

filling of the charged defect states on illumination reduced scattering and increased the
photocurrent significantly antthe transfer of electrons from the Au NPs ta¥facilitates the
process of charge neutralization of defects states leading to faster relaxation of the photocurrent
for Au NPs decorated ZnO/i NWs coreshell deviceThe optical detector combines the
visible and NIR detectability of Si NW with the Udétectivity of ZnO through the corshell
structure and broadband detectivity to bridge the gap in the visible was achieved by decorating
with ligandfree Au NPs that contributes enhanced absorption and carrier generation at
wavelength range < 650 nm. Wbserved significant enhancement of responsivity R not only

in visible range but also in UV and NIR region. The responsivity of the detector ~ 1A/W from

700 nm to longer wavelength (at bias of 1V) and in the visible region the responsivity of the

photodeector with Au NPsis>05AMdnd i ncreases to > 1 A/ W at
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Chapter 5

ZnO/Si NWs arrays based nitric oxide (NO) ultra -
high sensitivegas sensor with noise limited detectivity
~ 10 ppbthrough injection of charge carrier by gas in
heterojunction

In this chapter, we havdemonstrated the gas sensing properties of ZnO/silicon nanowires
(ZnO/Si NWs) heterojunction arrays and the injection of charge carrier by gas through the
interface of ZnO and Si NWs leading to ulligh sensitive (~ 500 ppb) detection of nitric
oxide (NQ gas even at room temperature. In the previous chapter 4, we have discussed how
photogating effects tuned the charge carriers in broadband photoconduction of Au NPs
decorated ZnOASi NWs arrays. In this chapter, we would like to explore that chargescsirr

can also be induced by gas injection innovatively in ZnO/Si NWs heterojunction devices. These
heterostructures devices go beyond the conventional chemiresistors based gas sensor. Here
the heterostructure builds a synergy that leads to much enhantsthsty with noise limited
response ~ 10 ppb and the enhanced sensitivity of heterojunction comes from enhancement of
charge carrier density through the interface of ZnO an8i NWs on gas exposure. A
mechanism has been proposed for operation of theosend been validated by numerical
simulation with COMSOL Multiphysics. The simulation shows the essentiality of the
heterojunction in the enhancement of sensitivity over that expected from chemiresistor

mechanism.



Chapter5 Injection of ChargeCarrier by Gas

5.1 Introduction

| t has beeknown that absorption or desorption of a gas on the surface of a metal oxide changes

the conductivity and this phenomenon being first investigated in ZnO thin film layers [1]. The
metal oxide semiconductor gas sensors have been utilised in a varietiexndifoles and
industries [2]. They are extensively used to measure and monitor the trace amount of
environmentally hazardous gases such as carbon monoxide (CO), nitrogen dioxile (NO
nitric oxide (NO) etc [37]. Gas sensors particularly those basedsalid-state devices are
commercially available and are widely used [8]. In recent years, in addition to hazardous gas
monitoring, new vistas for application are opening up for ssthide gas sensors for use in
healthcare such as exhaled breath analy%i$0]. Use in exhaled breath analysis has
challenging requirement that it in most cases the sensor would need detection capability below
1 ppm. Among all the gas sensing semiconductor metal oxides, ZnO has gained great attention
due to its high electron rbdity, high sensitivity, chemical and physical stability, nontoxic and
abundance in raw material. It has been also found that the gas sensing performances of ZnO
nanostructure sensor go down due to the reduction of chemisorbed oxygen ions on the surface
above optimum operating temperature [11]. Generally, metal oxide required a high working
temperature in the range of 2800 °C for better gas response. Thus, the necessity for the
improvement in gas response, rise and recovery time, stability, selea@ndtyeproducibility

at low operating temperature has paved advanced route for the modification of ZnO
nanostructures. The sensing performances can be enhanced via tunning of surface morphology
of ZnO, doping with metal into ZnOlunctionalization of ZnO wface by noble metal
nanoparticles and UV/visible light activatift2-19]. The most studies of ZnO based sensors
focused on the influence of surface morphology on gas detection, opening new stndtedies

could boosted the performances of gas sensertallarge surface area of the nanostructures
renders them high sensitivity and their small dimensional;ef@sttive nature provides better
prospects for various trace gas sensing applications [20]. The key role for high performances
devices mainly depwls on how much carrier is contributed to the charge conduction from
sensor to target gases. Although the morphology tuning and surface functionalization can
improve the gas sensitivity of ZnO based devices. However, combining ZnO with other
materials is B0 a common strategy. Different materials are integrated to form the
heterojunction, homojunction and Schottky junction, which are beneficial to reduce the grain
boundary barrier and make electrons easily migrate inside the material which can further

improve the gas sensing properties of the composite syste@¥]2However, the choice of
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integrated materials with ZnO for further enhancement of gas sensing performance needs to be
addressedWhile chemiresistors based on oxides still form the main stagolid-state gas
sensors, they have limitations of detection capability belowpd® and also selectivity
limitations. In such sensors, more often than not, there is need of heated operation thus
requiring additional heater arrangements as well as eatiggmver consumption. For sensors
working on tight power budget (i.e., portable hdredd detectors, space applications etc.)
heated operation is indeed a botikck. Recently, different nanostructured materials are being
used and they hold promises ddtter performance and even unheated operatiof2$25
Enhanced surface to volume ratio, higher gas diffusion rate and enhanced reactivity are some
of the factors that make nanostructured materials an improved device material for gas sensing.
Interesting @vice concepts based on nanostructured materials such as heterostructure and core
shell structure have been proposed recently that go beyond conventional chemiresistors [27
28]. These devices are expected to be compact, have low power consumption and also

enhanced detection capability.

In parallel withmetal oxidebasedyas sensors, Si nanowires (NWs) arrays and porous silicon
have attracted much current attention as new generation of enabling sensor materials that can
be integrated with other active masgsito make heterostructures or FET type device structures
that can be used for gas sensing with enhanced capabili8i]29i NWs have relatively high

carrier mobility~ 206350 cnf/Vs and can be tuned to have a desired conductivity by suitable
doping. $ NW can also be easily integrated into heterojunction with different materials like
gas sensitive oxides. In this context we specially refer to the very recent work [32] where
Silicon Nanowires/Ti@ coreshell heterojunctions based €Has senor with lowpower
consumption has been reported that can be utilized as unheated sensor and has a gas detection
capability down to 10 ppm. Another report of hybrid structures of ZnO nanorod/porous silicon
nanowire AN heterojunctions showed gas sensing performance&afaus NQ concentration

at room temperatuneith a gas detection capability down to 5 ppm [33].

The novelty of our work is, we have fabricated a Zil@bn nanowires (ZnO/Si NWSs)
heterojunction arrays basedric oxide (NO) gas sensor that can showalibrated detection
capability at least down to 0.5ppm (with dry Bs the ambience gas) with a noise limited
resolution down to 10 ppb workable at room temperature. It can be noted that this hetero
structure builds a synergy that leads to much enhareesitisity compare to either of the
constituent material (like only ZnO or only Si NW). The sensor shows excellent selectivity and
can be operated in unheated operation with reasonable response timean@teucture
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deviceshave been tested both as anpunction with ptype NWs array and asmjunction with

n-type NWs array. Better performance has been obtained withnh@rnction array (reason

has been explained in gas sensing mechanism section). ZnO has been selected as the active gas
sensitive mateal because ease of synthesis, high carrier mobility and stability. The ease of
fabrication of the sensor from Si wafers and ZnO by simple chemical processing and need of
around few puW powers for its operation makes it viable for large scale use and cloud
compatibility. Generally, thesemiconductor gas sensors are based on single layered nano
structured films,whereas the present system provides a concept of a specific bilayer
heterostructureln this context,it is noted that both ZnO and-SiwWs array can act as NO
sensors albeit with much less sensitivity but the heteracture builds a synergy that leads to
much enhanced sensitivity that can be obtained from either of the materials. The highly
sensitive dedction of NO gas can be ascribed to enhance of charge carrier transport through
the interface of ZnO and Si NW. A mechanism has been proposed for operation of the sensor
and been validated by numerical simulation. The simulation shows the essentiahty of t
heterejunction in the enhancement of sensitivity over that expected from chemiresistor

mechanism.

Nitric oxide (NO) gas is one of the gases emitted from combustion of fossil fuels and takes part
in the formation of various other nitrogen oxidedich are harmful and hazardous
environmental pollutants and cause acid rain. NO gas is also responsible for ozone depletion
by converting ozone to nitrogen dioxide and oxygen. NO is extremely hazardous gas when
inhaled [34]. Various safety standards swgjgbat inhaling NO at 100 ppm level can cause
immediate danger. Inhaling NO below 25ppm has a safety limit of 8 hidurs, it is important

to monitor NO closely in places where human/animal can get exposed to the gas.

NO is also a biologically signifant molecule and can be utilized as a primary signalling
molecule (present in exhaled breath) for4morasive diagnosis of certain pulmonary diseases

such as asthma, bronchitis, airflow limitation leading and chronic obstructive pulmonary
disease (COPD)However, detection of NO in exhaled breath for diagnosis would need
detection capability well below one ppm. Conventional metal oxide based chemiresistor
sensors do not meet this requirement. Thus, a portable NO unheated gas sensor that can reach
subppm @pability of detection and can be fabricated without use of costly fabrication facilities

will be of high utility. The sensor reported here meets these criteria. Noise limited sensing
resolution down to tens of ppb, reported in this work, is indeed a @d@yancement towards
utilization of the sensor in exhaled breath analysis for diagnostic. The innovation of room
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temperature sensingevicemay push forward the integration of gas sensing element with
wireless device and that can be connected to the &ttefiThings (I0T) platforms. This proof
of concept has been patented (Patent referenc013:31038036and activities related to

packaging of prototype/product are in the final stage of processing [35].

5.2 Experimental details

The gas sensor devices haweeb fabricated from heterojunction of ZnO/Si NWs arrays by
deposition of ZnO on Si NWs (bothtppe and rtype) arrays to make-p and nn junction
devices by using chemical solution deposition (CSD) method. The details of fabrication
processes have beeiven in chapter2. The characterization of ZnO/Si NWsnastructure

was done by Xay diffraction (XRD). The nanostructured complete device was also studied
using scanning electron microscopy (SERuéanta FEG 25@nd crosssectional transmission
electronmicroscopy (TEM) Tecnai G2, TR20, FEI Make)s well as energy dispersiveray
spectroscopy (EDS). The lamellar for the crssstional electron microscopy was made from
the actual device using a focused ion beam (FIBupeliscussedn chapter 3. The imaging

of the crosssection of the device enables us to make a proper physical model that we utilized
to make a numerical modbhsed simulation with COMSOL Multiphysics. The gas sensing
properties were measuratlroom temperature (Z&) in a high vacuum (HV) customade
chamber(Figure 5.1)discussed in chapter 3. In this section we recapitulate some of the
important issues and point out the parameters. For electrical measurements Cr/Au contacts pad
are deposited on the top ZnO laydrthe ZnO/Si NWs heterostructure device by thermal
evaporation through hard magk schematic diagram of ZnO/Si NWs heterojunction arays
based gas sensing devaleng with real image of the senssalsoshown in Figure 5.1The

length and width of thehannel is 2mm x 2 mm. The sensor is biased with 0.5 V and the current
and resistance of the sensor are recorded over time till it is stabléOTtecurve is also
measured. After getting stable values of device current at a given bias a known ctiaonentra
(ppm) of nitric oxide (NO) gas was injected into the chamber (Figure 5.1) and the changed
device current was measured. T@e w curves after gas exposure were also measured. The
measurements were done using a seurteer. By repeating the measurensefor several
times, the changes of current/resistance with time under different concentrations of NO were
recorded. Data were taken in controlled NO concentration range ©f206 ppm (in dry M
ambience). We have tested a number gas sensing dewadesimsimilar fashion to establish

the reproducibility of the sensors. The sensor is also stable under.dCagasis known to

react with oxygen to form NODue to this instability of NO in air, we did all the measurements
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in dry No. From the deviceurrent’Qat a given biasv), the device resistance was obtained.
The performance of gas sensor device is quantified by the normalized respt@ised as:
~p — pTTP (5.1)

Where Rand R are the measured electrical resistances of gas sensing devices in dry nitrogen
environment and on exposure ridgric oxide (NO) respectively. In this definition when the

device resistance increases (decreases) on g

Schematic of device Real image of

e

M==Sample inside

Figure 5.1 Gas sensing measurement processa custorrmade chambeanlong with a
schematiof ZnO/Si NWsnangstructurebased gas sensandreal image of the sensor

5.3 Experimental results
5.3.1Crosssectional TEM and SEM of the device
In order to establish the physical structure of the ZnO/Si lW#¢&dgas senag devices, we

have done crossectional SEM and TEM along with elemental analysis (EDS).
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Figure 5.2 (a) STEM-HAADF image taken on therosssectional lamellaf the device. (b)
Elemental composition of ZnO coated Si NWs taken by EDS line scan
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Figure 5.2 (a) shows a scanning tunnelling electron microdaigiyangle annular daifkeld

(STEM HAADF) imagingof the crosssection lamellar of ZnO/Si NWs arrays. A compaosition
profile of the device is obtained by line EDS anddh& are shown in Figure 5.2 (b). The line
scan of the ZnO/Si NW shows the contents of Si, Zn and O. There is a clear top ZnO layer
(thickness & 350 nm) on the NWs array, whict
/nanostructured film coated Si NBMand the wetched substrate [36]. Figure 5.3 (a), (b) and

(c) shows the STEMEDS mapping for Silicon K shell, Zinc L shell and Oxygen K shell of
ZnO coated Si NW respectively. The STEM EDS mapping on a portion of ZnO coated Si NW
(marked byorangebox in Figure 5.2 (a)) shows presence of Zn and O throughout the length Si
NW. This establishes that there is a layer of ZnO all around the Si NWs. Zinc L shell mapping
(Figure 5.3 (b) as well as Oxygen K shell mapping (Figure 5.3 (c)) show that concentftions
Zinc and Oxygen are highest on the top of the Si NWs due to the thick ZnO film.

Figure 5.3STEM EDS mapping of (a) Silicon (K shell) (b) Zinc (L shell) (c) Oxygen (K shell)
of the ZnO coated Si NWs.

From a detailed analysis of cressctional microsopy and the compositional analysis, a

physical model is proposed below (Figure 5.4).

Figure 5.4 A physical model of the sensor with schematic of the electrical model embedded
on SEM with it.
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The device has a layer of ZnO making heterostructure with Si Nl¢stop layer of ZnO takes

part in electrical current conduction. The Si NWs also haalaound layer of ZnO that also

acts as Achemical sensing gateo to modul ate
all-around layer does not take part in current conduction. In the same figure we show a

schematic electrical model that we wilaifor simulation and will be discussed later on.

5.3.2Gas sensing performances
5.3.2.1Essentiality of the ZnO/Si NWs heterostructure

To understand the importance of the ZnO/Si NWs heterostructures for sensing of NO gas, we
have measurethe gas response of both Zn€8p NWs (pn) and ZnO/ASi NWs (rin)
heterojunctions arrays for different concentration of NO gas at room temperature. We have
measuredhe conductive gas response for only ZnO nanostructured films as welidé\jgs

and rSiNWs at room temperature separately to give an insight into the role of heterojunction
(p-n and nn junction of ZnO/Si NWs heterostructures) for enhanced gas response. Both the
parts have been reported to show NO respons@3R7-igure 5.5 (a) and (b) stwsthe gas
response and recovery curve of only Zméhostructured films and only Si NWs (p and n type)
arrays to the concentration of 10 ppl® gas at room temperatwespectively The data show

the response as a function of time when the gas is turNe@&> injected into chamber) and
OFF (when chamber flashed of NO and dry &timitted). Data show that both ZnO
nanostructured film and Si NWs exhibit very small response (< 5 %) at room temperature,
which is in accordance with the widely accepted fact twth ZnO and Si NWs act as
chemiresistors based gas sensor operated at a temperature higher tfan\iBereas, the
heterostructure of ZnO and Si NWs (botim @mnd nn junction) offered the better the gas
response towards NO gas detection even at teamperature shown in Figure 5.6 (a) and (b).
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Figure 5.5Room temperature gas response of (a) ZnO nanostructured filmS{\vs and
n-Si NWs arrays to the concentration of 10 ppm NO gas.
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