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Abstract: Impact of indium tin oxide (ITO) layer over vertically aligned zinc oxide nanorods
(ZnO NRs) has been investigated to consider ITO nanolayer as a transparent conducting oxide
electrode (TCOE) for hierarchical heteronanostructure solar cell devices that are having ZnO
nanostructures as branches. ZnO/ITO core/shell nanostructures were prepared in two-steps using
vapor-liquid-solid and evaporation processes, and further the structures were annealed at various

temperatures. Transmission electron microscopic studies show that the as-grown ZnO/ITO

1



RSC Advances

structures consist of amorphous ITO shell on single crystalline ZnO cores, whereas the structures
annealed above 300 °C consist of single crystalline ITO shell. ITO layers deposited ZnO NRs
exhibit a small red-shift in ZnO near-band-edge emission as well as optical band gap. The
electrical measurements carried out on single ZnO/ITO core/shell NR under dark and UV light
showed excellent thermionic transport properties. From these investigations it is emphasized that
ITO nanolayers could be used as TCO electrode for prototype ZnO based hierarchical solar cell

devices.

Keywords: Type-II core/shell nanostructures; Wide band gap materials; ZnO/ITO interface

properties; Optical properties.

1. Introduction

Semiconductor heteronanostructures (HNSs) have recently received great attention due to
their unique properties, and thereby multifunctional applications.”* In principle, HNSs are three
types: Type-I (straddling gap), Type-II (staggered gap), and Type-III (broken gap) structures, and
have their own advantages in different fields.? Significantly, Type-I structures have more
advantages in the development of high-yield light emission devices, whereas Type-II structures
have key applications in the field of photovoltaics (PV). For example, Sungjee Kim et al. have

synthesized both Type-I as well as Type-II quantum dot (QD) structures and observed good
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quantum yield enhancement in Type-I structures (20%), and shrinkage in Type-II structures (4%)."

In this direction, a variety of heteronanostructures including InAs/InP,’ InAs/CdSe.® CdSe/CdS,”®
CdSe/CdS/ZnysCdysS/ ZnS,” Si/Zn0,'"""* Si/SiGe,'> '* GaAs/GaP," ' TiOy/Sn0O,,"" '*
Zn0/Ge, 222! and CdSe/Si* structures have been synthesized by using multidisciplinary methods,
and explored interesting physical and chemical properties. On the other hand, a few groups have
also fabricated PV devices using various heteronanostructures and noticed considerable light

. . 23-26
conversion efficiency.

In general zinc oxide (ZnO) exhibits wurtzite crystal structure and wide band gap of ~3.37
eV. High exciton binding energy (60 meV) makes this material as a good candidate for the
development of room temperature ultra-violet (UV) lasers.”’ Recently, one dimensional (1D) ZnO
nanostructures play a vital-role in the development of advanced and multifunctional devices due to
their large surface-to-volume ratio, tunable electrical and optical properties, and the photon
confinement effect.*>? On the other hand, as compared to simple nanostructures, ZnO
heteronanostructures are received particular interest due to their huge surface area and typical
optical properties.”’ For example, composite ZnO nanostructures with different polymers or
metal nanoparticles exhibit a significant enhancement in their electrical and optoelectrical
performances.®®* A few groups have synthesized Type-II heterostructures using p-type silicon

(Si) nanowires as cores and n-type ZnO nanorods as branches (i.e., Si/ZnO hetero-hierarchical
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nanostructures), and proposed as appropriate candidates for the development of prototype PV
devices.'> ***" In order to realize such a novel hetero-hierarchical nanostructures based PV
devices (see supporting information (SI)-1) it is most important to identify an appropriate
transparent conducting electrode layer for the effective collection of photogenerated carriers at

active cores of the device.

Indium tin oxide (ITO) is one of the most widely used transparent conducting oxide (TCO)
materials for the development of efficient PV devices because of its high electrical conductivity
and optical transparency along with excellent moisture resistance.*® As compared to ZnO, it
exhibits low electrical resistivity, high visible transmittance, and relatively high work function.*’
Based on the energy band diagram of ZnO/ITO (see SI-1 Fig. 1b) it can be underlined that ITO can
be a good Ohmic and TCO contact for ZnO material. In this view, there have been a large number
of reports on ZnO based devices using ITO as TCO. However, it is difficult to understand the
interfacing properties of ZnO/ITO structures by using microscale data. Thus, it is important to
understand the interfacing between ITO and ZnO nanostructures and also the impact on the
physical properties of ZnO NRs. In this direction, we carried out a systematic investigation to
study the impact of ITO nanolayer growth over ZnO NRs, and annealing on the physical

properties of ZnO NRs and reported here.
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2. Experimental procedure

Synthesis: ZnO/ITO NR structures have been realized in two-steps. Initially, ZnO NRs were
synthesized by chemical vapor deposition (CVD) technique using vapor-liquid-solid (VLS)
method on Au coated c-plane Al,O; substrates (one set of samples has been prepared on
transparent both sides polished sapphire substrates). Here, the Au film with a thickness of ~3 nm
was deposited by e-beam evaporation system. The growth of ZnO NRs was carried out at a
temperature and pressure of 950 °C and 20 Torr under Ar and O, flow with a rate of 100 and 2
scem, respectively, in the duration of 5 minutes.® Further, ITO layer with a thickness of 50 nm
was deposited at room temperature (RT) by e-beam evaporation at the vacuum pressure of 10
Torr by maintain continuous rotation. After this, the as-grown ZnO/ITO NR structures were
annealed on digital hotplate at three typical temperatures of 100, 300, and 500 °C in air ambient for

10 minutes.

Characterization: Structural properties and phase purity of the as-grown and heat treated
nanostructures were studied by powder X-ray diffraction (XRD) using Cu Ko radiation in the
diffraction range of 10-70°. Field emission scanning electron microscopy (FESEM) and energy
dispersive analysis of X-rays (EDAX) techniques were used to examine the surface morphology
and chemical composition of the structures, respectively. Advanced techniques such as

transmission electron microscopy (TEM), high-resolution TEM (HRTEM), scanning-TEM
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(STEM), selected area electron diffraction (SAED), energy dispersive spectroscopy (EDS) were
used for further confirmation of crystallographic and chemical composition properties. Here, in
order to partially remove the ITO layer, ZnO/ITO heterostructures were subjected to a vigorous
sonication for better ZnO/ITO interface analysis. The quality of ZnO/ITO structures was also
studied using UV-Micro Raman spectrometry in the frequency range from 70 to 1500 cm™. The
optical behavior of nanostructures was estimated using photoluminescence (PL) spectroscopy and
UV-Vis-NIR spectrophotometer. PL. measurements were carried out in the wavelength range
350-650 nm using a He-Cd laser with an excitation wavelength of 325 nm, and the absorbance
studies were measured in the wavelength range of 300-2500 nm with the incident light parallel to
the growth direction of ZnO NRs. Finally, M1/ZnO/ITO/M2 devices (M1=Ni/Au and M2=Au)

were fabricated using photolithography and I-V characteristics were studied at RT (SI-2).

3. Results and discussion

The as-grown and 100 °C annealed ZnO/ITO structures appear brownish in color and also
opaque, whereas the structures annealed above this temperature appear as same as bare ZnO NRs,
i.e. white in color. These changes in appearance of ZnO/ITO nanostructures mainly attributed to

the variation of oxygen content in ITO layer since it has been deposited at RT.

Morphology and crystal structure of ZnO NRs: Surface morphology studies, Fig. (1a and 1b),
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show that ZnO NRs on sapphire substrates are dense and vertically aligned with uniform surface
morphology. These ZnO NRs have an average length of 5 um and their diameter varied between
50 and 100 nm. EDAX analysis, Fig. 1c, reveals that ZnO NRs probably consist of stoichiometric
chemical composition since the Zn and O atomic% ratio of NRs is found to be ~1. The XRD
studies, Fig. 1d, revealed that most of the ZnO NRs are preferentially oriented along the (002)
planes since the calculated interplanar spacing (d-spacing) value of the dominant peak diffracted
at 20 = 34.4° (d = 0.261 nm) exactly matched with the hexagonal ZnO (JCPDS Card No: 36-1451).
The full width at half maximum (FWHM) value of the preferential peak is found to be ~0.25°. This
considerably low value emphasize the crystalline quality of CVD grown ZnO NRs.> Further, a
minor peak diffracted at 16.84° (d = 0.523 nm) belongs to ZnO (001) plane; whereas the other
minor peaks diffracted at 30.9, 38.02, 42.08, and 64.7° belong to Au catalyst and sapphire

substrate, respectively.

Morphology and crystal structure of ZnO/ITO core/shell structures: FESEM analyses of ITO

deposited ZnO NRs show that ITO layer on ZnO NRs consists of uniformly embedded
nanoparticles like morphology and it appears rough in nature. The diameter of these core/shell
NRs varied between 150 and 200 nm. Upon annealing ZnO/ITO core/shell NRs, the morphology
of ITO shell on ZnO NR cores is unchanged and however, its surface roughness gradually

decreased (see the insets of Fig. 2). The XRD spectra of as-grown and 100 °C annealed ZnO/ITO
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core/shell structures consist of similar structural characteristics as bare ZnO NRs. The structures
annealed above 100 °C showed two new weak diffraction peaks at 30.4 and 50.9°, which can be
clearly noticed from the elaborated XRD spectra (20-30°) of untreated and treated ZnO/ITO
structures shown in Fig. 3 and SI-3. These newly evolved diffraction peaks can be assigned to (121)
and (124) planes of rhombohedral ITO since the calculated d-spacing values of these peaks (0.293
and 0.179 nm) match with the JCPDS data of ITO (Card No: 89-459). On the other hand, after the
deposition of ITO layer, the FWHM value of ZnO NRs drastically increased and it further
increased when ZnO/ITO structures annealed at 100 °C. Interestingly, above this annealing
temperature, the FWHM value slightly decreased (see SI-4). The changes in the crystalline
properties of ITO shell deposited on ZnO cores with annealing temperature are clearly observed in

TEM studies, which are discussed below.

TEM analysis of ZnO NRs and ZnQ/ITO core/shell NRs: HRTEM studies on as-grown ZnO

NRs, Fig. 4a, show that the surface of as-grown ZnO NRs is slightly rough in nature, whereas their

lattice fringes are clear and distinguishable. The d-spacing values, calculated from the fast Fourier

transformation (FFT) analysis of Fig. 4a, is found to be 0.259 and 0.162 nm, which belong to (002)

and (110) planes of the hexagonal ZnO. It indicates that CVD grown ZnO NRs on sapphire

substrates are clear single crystalline in nature and are preferentially grown along the <001>

direction. The SAED analysis also confirms the same, Fig. 4b. The EDS studies performed on a
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single ZnO NR show that the as-grown ZnO NRs solely consist of Zn and O elements in the
atomic ratio of 1:1. It indicates that the single crystalline ZnO NRs grown by CVD method have

excellent chemical stoichiometry between the constituent elements.

HRTEM and FFT analyses of as-grown ZnO/ITO core/shell structure, left inset of Fig. 4c,
reveal that vertically aligned ZnO NR cores have uniformly covered ITO shell, and the interface
between core and shell is nearly smooth and abrupt. The average thickness of ITO shell on ZnO
NR is found to be 45 nm. The d-spacing value between adjacent lattice planes is about 0.524 nm,
which corresponds to (001) planes of hexagonal ZnO. The FFT analysis of ZnO/ITO interface,
right inset of Fig. 4c, demonstrates that the as-deposited ITO shell on ZnO NRs consists of
amorphous nature (see SI-5). Further, the SAED pattern of as-grown ZnO/ITO core/shell NR, Fig.
4d, clearly emphasized that a thin amorphous ITO shell is well grown on single crystalline ZnO
cores. The measured radius of this amorphous ring is found to be 0.292 nm and thus, it probably

belongs to (121)orientation of rhombohedral ITO.

A detailed composition analysis was carried out on a single ZnO/ITO core-shell NR by
elemental mapping with STEM-EDS. Fig. 4e shows a STEM image of as-grown ZnO/ITO
heterostructure, and the recorded mapping images of Zn (pink), O (green), In (indigo), and Sn

(blue) are shown in Fig. 4(f-1), respectively. This clearly reveals that ITO layer on ZnO NR cores
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is uniform and well distributed. On the other hand, the spatial distribution of elemental contents
across the ZnO/ITO heterostructure (see inset of Fig. 5), obtained by a line-scanning elemental
mapping of Zn, O, In, and Sn, are shown in Fig. 5. It clearly demonstrates that ZnO/ITO
nanostructures have well-defined compositional profile. Further, the profile of Zn shows
comparatively sharp peak at the center, whereas the profiles of O, In, and Sn show broad peaks
spread over the whole spectrum. As expected, the oxygen content in the ZnO/ITO NRs is evenly
distributed throughout the diameter of heterostructure since it both the structures contain oxygen.
The thickness of ITO shell and the diameter of ZnO NR have been measured from Fig. 5 and are

found to be ~40 and ~75 nm, respectively, which are comparable with FESEM and HRTEM data.

HRTEM and SAED images along with their corresponding FFT images of annealed
ZnO/ITO core/shell NRs at 100, 300, and 500 °C are shown in Fig. 6(a-f). Theses analyses show
that the ZnO/ITO structures annealed at 100 °C still contain amorphous ITO shell over single
crystalline ZnO cores. However, the SAED image of 100 °C annealed ZnO/ITO structures
exhibited an additional diffraction ring, which belongs to (124) orientation of rhombohedral ITO
since the radius of the ring is found to be ~0.179 nm. For further increase of annealing
temperature, the amorphous ITO shell over ZnO core gradually converted into single crystalline
structure. This can be clearly noticed from Fig. 6(c-f). Finally, the ZnO/ITO structures annealed at

500 °C consist of purely single crystalline rhombohedral ITO shell that was grown along the

10

Page 10 of 34



Page 11 of 34 RSC Advances

<121 > direction on the hexagonal facets of ZnO NRs. These results are consistent with the data
observed in XRD studies and imply that the as-deposited ITO layer on ZnO NRs is amorphous,
and upon annealing it becomes crystalline. Most of the ITO crystallites on ZnO NRs formed at

higher annealing temperatures are preferentially oriented along the < 121> direction.

Micro-Raman studies: The Raman spectra of as-grown ZnO NRs, Fig. 7a, exhibited two

distinguishable peaks at 1001 and 438+2 cm™, which are commonly observed peaks in the
wurtzite structured ZnO.”" These peaks belong to nonpolar optical phonon modes and can be
identified as low- and high- frequency branches of E, mode (i.e. E;-low and E,-high modes),
which are consistent with the earlier data on ZnO nanostructures.>*>° Usually, the E;-low and
-high modes associated with the vibration of heavy zinc sublattice and oxygen atoms,
respectively.”’”>® Here, the ratio between E,-low and -high modes of bare ZnO NRs is found to be
~0.61, which indicates that the as-grown ZnO NRs have excellent crystalline quality.” On the
other hand, a few additional second-order peaks noticed at 540+1 (E,-high+E;-low), 811=1
(E,-transverse optical+E;-high), 1154+1, and 132441 cm’! are attributed to overtones or

o 60-62
combination of first-order modes.

After the deposition of ITO layer, the overall intensity of the whole spectrum drastically

decreased (Fig. 7b), whereas the E,-low/E;-high peaks ratio increased. Upon annealing the
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ZnO/ITO structures, this trend is continued and the structures annealed at 100 °C exhibited a
maximum E,-low/E;-high ratio of 1.95 (Fig. 7c). A further increase in annealing temperature, the
E,-low/E,-high ratio gradually decreased (Fig. 7f), whereas the background of the Raman
spectrum increased (Fig. 8d-e). These results indicate that as compared to bare ZnO NRs, the
crystalline quality of as-grown as well as heat treated ZnO/ITO core/shell NRs slightly poor,
probably attributed to the presence of amorphous ITO layer. However, the crystalline quality of
the structures treated at higher temperatures (> 100 °C) slightly improved and obtained better
quality at the annealing temperature of 500 °C.”° This trend is similar to the results observed in
XRD as well as TEM analyses. On the other hand, ZnO/ITO structures annealed at >100 °C
exhibited a new peak at 336+2 cm™. This peak is attributed to (E,-high) - (E,-low) multiphonon

mode, which is probably originated from the surface states of ZnO/ITO structures.®> **

Photoluminescence studies: PL spectra of all the structures exhibited a strong emission peak in

ultra-violet (UV) region along with a few defect-related sharp emission doublet peaks on a broad
visible band, as shown in Fig. 8(a-e). The spectrum of as-grown ZnO NRs consist of a sharp UV
peak located at around 380.9 nm (~3.26 eV) and minor doublet peaks at (486, 490), (541, 546),
(576, 579), 587, 611, and 631 nm. Here, the background under broad band peak is high, and the
energy gap between the each doublet emission peak is about 20 meV. Compared to the PL

spectrum of bare ZnO NRs, the intensity of as-grown and 100 °C annealed ZnO/ITO structures is
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low, and however, the peaks in the visible region emerged as clearer and sharper. Above this
annealing temperature, the background under the visible band again increased. The UV peak
usually arises from the electron-hole recombination between the conduction band (CB) and
valence band (VB), i.e., near-band-edge (NBE) emission.” ® The peaks observed at various
wavelengths in the visible region, according to the hypotheses proposed to understand the origin

.. . 3867,68
of defect-related emission mechanism,” "

probably generated from radiative recombination of
photo-generated carriers at various ionized charge states including oxygen interstitials (O;), zinc
interstitials (Zn;), zinc vacancies (Vz,), and oxygen vacancies (V,) that exist between VB and CB
(see SI-6). Besides this, a minor peak from as-grown and annealed ZnO/ITO structures observed at
a wavelength of ~593 nm (~2.09 eV). Noticeably, above 100 °C its intensity also increased with
increase of annealing temperature (see SI-7). The presence of this peak is probably attributed to

ITO nanoparticles since the In-doped SnO, nanowires exhibit similar luminescence peak between

1.9 and 2.0 eV.%

The emission quality of structures has been estimated by calculating the intensity ratio
between the UV and 541 nm visible peaks (Iyv/Is41), and the variation of Iyy/Is4; ratio with
annealing temperature is shown in Fig. 8f. Upon the deposition of ITO layer, the emission quality
of as-grown ZnO NRs degraded, and it decreased further when the structures were annealed at 100

°C. However, the structures annealed above 100 °C showed slight improvement in their emission
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quality. After the deposition of ITO layer, UV peak position of ZnO NRs shifted towards lower
energies by 5 meV and this shift continued with annealing of ZnO/ITO structures upto 100 °C.
This gradual red-shift in UV peak position with annealing temperature (upto 100 °C) is mainly
attributed to the presence of tensile-strain in ZnO lattice due to ITO layer as shell.'> > 17976
the case of as-grown ZnO/ITO NRs, the presence of amorphous ITO layer on ZnO cores strongly
imposes high anisotropic strain, that probably cause for a red-shift in UV peak position of ZnO
NRs. Upon annealing the ZnO/ITO structures upto 100 °C, the formation of uniform and
well-sealed amorphous ITO layer on ZnO cores probably increases the shell-induced-strain and
causes for further red-shift in UV peak position. However, at higher annealing temperatures, the
formation of highly-crystalline ITO structures probably enforces a low strain on ZnO NRs and as a

result, gradual blue-shift in the position of UV peak. The same trend is observed in optical

absorbance studies of ZnO/ITO core/shell nanostructures, as shown in Fig. 9.

Optical properties: ZnO and all ZnO/ITO NRs consist of similar optical behavior at lower (<400

nm) as well as at higher wavelengths (>1500 nm) (Fig. 9a). Around the visible wavelengths, ITO
coated ZnO NRs exhibited slightly higher absorbance than the as-grown ZnO NRs, and further the
same tread continued with the increase of annealing temperature upto 100 °C. Above this
annealing temperature, the absorbance of the structures gradually decreased, i.e. ZnO/ITO

structures annealed at 500 °C are more transparent to visible light. These changes in absorbance

14
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properties of ZnO/ITO NRs mainly attributed to the nature of ITO layer, as observed in TEM
studies. On the other hand, the enlarged absorbance versus wavelength spectra at around 385 nm
(Fig. 9b) show that all the ZnO/ITO core/shell structures consist of different optical absorption
edges than the as-grown ZnO NRs. The optical band gap (E,) of all the structures was determined
using the standard thin films procedure and E, has been determined by extrapolating the linear
portion of the (athv)? versus hv plot (Fig. 9¢) to (cthv)*=0. Thus, the as-grown ZnO NRs showed a
direct optical band gap of 3.26 eV, which is comparable with the NBE emission peak of ZnO NRs.
After the deposition of ITO shell, as noticed in PL studies, the E, value deceased, and it further
decreased with increase of annealing temperature upto 100 °C (Fig. 9d). Above this temperature,

the E, value slightly increased.

A gradual decrease in emission intensity as well as transmittance of ZnO NRs with the
deposition of ITO layer strongly attributed to the presence of oxygen deficient amorphous ITO
layer. The as-grown ITO layer on ZnO NRs is partially opaque and as a result, it prevents the light
penetration as well as emission. On the other hand, the presence of native defect states in ITO layer
as well as at ZnO/ITO interface also reduces the overall intensity of PL emission and light
transmission since these defect states act as non-radiative recombination centers and hinder (or

absorbs) the light from ZnO cores.”” However, the gradual formation of single crystalline ITO
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layer on ZnO cores at higher annealing temperatures transmit as well as emit the light since

recrystallized ITO layer is transparent.

Fabrication and characterization of ZnO/ITO NR device: ZnO/ITO NRs annealed at 500 °C

were adopted for the fabrication of diodes using two different Ohmic contacts with help of

photolithographic bilayer mask (SI-2). The device performance was estimated under dark and

light (4 W 350 nm UV light). The schematic diagram and FESEM image of n-N junction

(n-ZnO/N-ITO) diode are shown in Fig. 10 (a and b). Typical current versus voltage (I-V)

characteristics of the as-grown device under dark and illumination are shown in Fig. 10c. Under

both the conditions, the device exhibited nearly linear I-V characteristics. It indicates that the

junction formed between ZnO and ITO structures is Ohmic and maximum current flow through

the single NR device is in the order of pA. However, the current flow through the device under

light is 11 time higher than the dark, which is attributed to the excitation of carriers in ZnO NRs.

The series resistance between two electrodes under dark and light are found to be 8.3 and 6.5 MQ,

respectively. These electrical characteristics reveal that the as-grown device consists of thermionic

carrier transport mechanism and shows that ITO can act as very good TCOE layer for ZnO

nanostructures.

4. Conclusions
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In view of future prototype solar cell devices using ZnO nanostructures as branches and
ITO nanolayer as TCOE, the impact of ITO nanolayer over ZnO NRs and annealing of ZnO/ITO
structures on the physical properties of ZnO NRs was investigated. The growth of ITO nanolayer
on vertically aligned ZnO NRs is uniform and has slightly rough surface. Upon annealing, the
roughness of ITO layer is decreased and formed smooth core/shell structures. Structural analyses
reveal that the ZnO/ITO core/shell structures annealed at 500 °C consist of single crystalline
crystallites, whereas the as-grown and annealed ZnO/ITO structures at lower temperatures consist
of amorphous ITO layer over highly crystalline ZnO NRs. From the composition analysis it is
noticed that all the core/shell nanostructures, except 500 °C annealed ones, consist of oxygen
deficient ITO shell on ZnO cores. As compared to other structures, highly crystalline ZnO/ITO
core/shell structures exhibited good light emission and transmission properties. Further, the
devices fabricated with annealed ZnO/ITO NRs at 500 °C exhibited excellent thermionic electrical
transport properties under dark as well as light environments. It indicates that the formation of ITO
nanolayers over ZnO NRs (or even branches) can act as excellent TCOE since the junction formed
between ZnO and ITO is non-rectifying junction. From these results, therefore, it is concluded that
the impact of crystalline ITO layer over ZnO NRs is marginal and the electrical transportation in
ZnO/ITO core/shell structures is thermionic. Thus, ZnO/ITO core/shell configuration can be
adopted as an electrode with appropriate p-type material for transmission of light and collection of

charge carriers.
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Figure captions:
Fig. 1: (a) and (b) Low and high magnification FESEM images, (c) EDAX profile, and (d) XRD

spectrum of ZnO NRs on c-plane sapphire substrate.

Fig. 2: FESEM images of (a) ITO deposited ZnO NRs (left inset represents a single as-grown
ZnO/ITO NR and right inset shows the top-surface view of ZnO/ITO NRs) and (b) annealed

ZnO/ITO structures at 500 °C (inset shows a single annealed ZnO/ITO NR), respectively.

Fig. 3: Elaborated XRD spectra of (a) as-grown, (b) 100, (c) 300, and (d) 500 °C annealed
ZnO/ITO core/shell nanostructures (inset of (a) shows the elaborated XRD spectrum of bare ZnO

NRs).
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Fig. 4: (a) HRTEM and (b) SAED images of as-grown ZnO NR. (¢c) HRTEM and (d) SAED
images of as-grown core/shell nanostructure. The corresponding left insets show the bright field
TEM image of NRs and right insets show FFT image taken from HRTEM image. And (¢) STEM
image, EDS maps of (f) Zn, (g) O, (h) In, and (i) Sn signals, respectively recorded from the

as-grown core/shell structures.

Fig. 5: EDS line scanned profiles of Zn, O, In, and Sn elements recorded on as-grown ZnO/ITO

NRs (inset shows the STEM images of core/shell NRs).

Fig. 6: HRTEM and SAED images of annealed ZnO/ITO structures at (a) and (b) 100 (insets show
from left to right: the FFT images taken from HRTEM image on ITO, interface between ZnO/ITO,
and ZnO NR), (c¢) and (d) 300 (insets show the FFT image taken from the whole HRTEM
image-top and bright field TEM image of ZnO/ITO NR-bottom), and (¢) and (f) 500 °C (insets
show bright filed TEM image of ZnO/ITO NRs-left and FFT images taken from ZnO NR and from

their interface- right top and bottom, respectively).

Fig. 7: Raman spectrum of (a) as-grown ZnO NRs, (b) as-grown and annealed ZnO/ITO NRs at (c)

100, (d) 300, (¢) 500 °C, and (f) variation of Ey-low/E,-high ratio of ZnO/ITO structures with
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annealing temperature.

Fig. 8: Photoluminescence spectra of (a) as-grown ZnO, (b) as-grown and annealed ZnO/ITO NR
structures at (¢) 100, (d) 300, and (e) 500 °C and (f) variation of Iyy/Is4; ratio and NBE peak

position with structure condition of ZnO/ITO NRs.

Fig. 9: (a, b) Absorption versus wavelength spectra of ZnO and all ZnO/ITO core/shell NRs, (c)

(ahv)* versus photon energy plots of all the sample, and (d) variation of optical band gap with

structure condition of ZnO/ITO NRs.

Fig. 10: ZnO/ITO core/shell NR based prototype device: (a) Schematic diagram, (b) FESEM

image, and (c) current-voltage plot measured under dark and UV light.
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