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ABSTRACT: The well-ordered metal oxide nanostructures can be synthesized
successfully, but the conductance of these structures is limited, which is
a disadvantage for applying these in photovoltaic and display devices.
Conductivity of a semiconductor can be improved by using metal doping,
but the issue becomes a major challenge in nanostructures since their high
surface energy usually hinders any metal doping process. Here we show an
entirely new metal-free doping strategy to enhance the current conduction of
ZnO nanorods’ (NRs) arrays through a sulphidation technique. The process is
based on the electronegativity difference between S and O because of which one
can expect a rigorous bond rearrangement at the interface and a ZnOS-ZnS
composite is formed as O is being partially replaced by S. The current conduction by the metal oxide NRs arrays is significantly
enhanced by nearly 4 orders of magnitude without sacrificing the transparency of the NRs arrays. The increased current
conduction is assigned due to an increase in the Zni concentration as evidenced from the electron paramagnetic resonance
measurements. The composite layer grown on p-Si forms a photodiode which is highly sensitive to visible light with a very fast
response time.

KEYWORDS: transparent conducting oxide, sulphidation, ZnO nanorods, Zni, photodiode

■ INTRODUCTION
A major challenge in the field of nanoscaled technology is to
tune the device performance by developing nanomaterials
that can combine the advantages of both their fascinating
properties and device suitability. One-dimensional (1-D)
semiconductor materials have thus attracted a great deal of
attention because of their potential applications as building
blocks for nanoscale devices that are usually not able to be
fabricated using bulk or 3-D materials due to their laterally
quantum confined electrons. ZnO is probably one among the
most popular ingredients which is familiar as one of the most
important photonic materials for its numerous application in
nanoelectronic devices,1−8 including optoelectronic applica-
tions9−16 because of its wide band gap (Eg = 3.37 eV at room
temperature) and large exciton binding energy (60 meV).
However, conductivity of ZnO nanorods (NRs) arrays is still
a major technical issue, which is one of the hindrances of
ZnO nanostructured -based photovoltaic cells. Usually
cationic substitution by a trivalent metal is the doping pro-
cess which is adopted for ZnO to make it highly con-
ducting.17 Though there are plenty of reports on highly
conducting n-type doped bulk as well as films of ZnO, there
are very few reports on doped 1-D ZnO nanostructures.18−20

Xu et al.18 have reported that the resistivity can be decreased by
almost 100 times by Ga-doping in ZnO nanofibers. The
electrical conductivity has been increased by only 30 times by
Ni-doping in ZnO nanowires (NWs).19 Al doping in ZnO NWs
has caused 3 orders of increase in the conductivity as reported
by Hsu et al.20 In general, it becomes quite a difficult task to
heavily dope 1-D nano-structures, especially because of their

higher surface energy as compared to their bulk counterparts,
which usually hinders any extrinsic doping process. Therefore,
one must think of an intuitive approach of bringing a change in
the conductivity utilizing the fascinating properties of ZnO
nanostructures. For example, one promising approach is to
change the interfacial environment. By surface capping, indeed
the properties of ZnO NRs have been found to be improved
significantly.21−26 Different phenomena are known to occur at
the interface, such as change in the surface bonding, charge
transfer, etc.25,27 There have been efforts to change the con-
ductivity by manipulating the native defects.28,29 Here, we
report an entirely different strategy of metal-free doping to
achieve an enhanced conductivity in ZnO NRs. There are
studies where changes in the structural, optical, and electrical
properties of ZnO have been reported by S doping.30−37

Keeping in mind the electronegativity difference between S
and O, we expect an intimate mixing at the interface of ZnO
and ZnS due to bond rearrangement, which should result in
a change in the conductivity. Therefore, we have done a
sulphidation treatment of pristine ZnO NRs forming a
composite ZnOS-ZnS NRs arrays and have observed that the
current conduction by the arrays is significantly enhanced by
about 4 orders of magnitude without sacrificing the trans-
parency of the layer. An increase in the Zni concentration
(which is known to behave as a shallow donor38 ) has been
evidenced from the electron paramagnetic resonance (EPR)
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measurements which is responsible for the increased current
conduction of the NRs. The composite ZnOS-ZnS NRs arrays
when grown on p-Si forms a photodiode which is found to be
highly sensitive to the visible light with a very fast response
time.

■ EXPERIMENTAL SECTION
Sulphidation of ZnO NRs was carried out by a two step chemical
method. At first, the quasi-vertical ZnO NRs were grown on the glass
substrates and as-well-as p-Si substrates by an aqueous chemical
growth (ACG) process, as described elsewhere.39 In brief, first a ZnO
seed layer was grown on both of these substrates by thermal de-
composition of zinc acetate at 350 °C. Then, the substrates with a
seed layer were dipped into an equimolar (20 mM) aqueous solution
of zinc acetate [Zn(CH3COO)2·2H2O] and hexamethylenetetramine
[(CH2)6N4] at 90 °C for 1 h followed by a rinsing and drying
process. For sulphidation, these NRs were dipped into 100 mL of
10 mM aqueous solution of thioacetamide (TAA) (Sigma Aldrich) at
70 °C for 2.5 h, 3.5 h, 5 h, 7 h, and 10 h. Finally, the substrates were
removed from the solution, rinsed thoroughly in deionized water,
and dried.
The morphologies and microstructures were analyzed by field-

emission scanning electron microscopy (FESEM; JEOL model
JSM-6700F) and high-resolution transmission electron microscopy
[HRTEM, model JEOL JSM-2010], respectively. The structural

characterizations of the pristine ZnO and its composite NRs were
carried out by X-ray diffractometry (XRD) (model Seifert XDAL
3000). X-ray photoelectron spectroscopy (XPS) (Omicron) was done
using an Al−Kα radiation source under 15 kV voltage and 5 mA current
conditions. For optical excitation of the sample, a He−Cd laser
(Kimmon Koha Co. Ltd.; model KR 1801C) with a wavelength of
325 nm was used. A high-resolution spectrometer (Horiba Jobin
Yvon, model iHR 320) together with a photomultiplier tube was
used to detect the PL emissions from the samples. The transmis-
sion spectra were recorded in the wavelength range 300−800 nm
using a UV−vis-NIR spectrophotometer (Perkin Elmer, model
Lambda 35). The EPR measurements were performed with a
9.44 GHz spectrometer (JEOL; model JES- FA200) operated at the
X-band frequency. For I−V measurements, the dc currents were
measured under a certain bias voltage using a Keithley source meter
(model 2410). For visible light illumination, a xenon light source
(model no. 66902; Newport Corp.) was used with a filter to absorb
the UV light below 400 nm. All the measurements were performed
at room temperature.

■ RESULTS AND DISCUSSION
The formation of composite NRs involves two steps as shown
schematically in Figure 1. Field emission scanning electron
microscopy imaging of the top surface (Figure 2a) and cross
section (Figure 2b) of the pristine ZnO NRs arrays show that
the diameter of the NRs are in the range of 40−80 nm with a
very smooth side wall (Figure 2b). While the top (Figure 2c)
and cross-section view (Figure 2d) of the S-treated NRs (hence
forth named as composite NRs) show a change in the surface
morphology as the diameter of the composite NRs becomes
∼90−100 nm for 2.5 h sulphidation. The cross-section view
clearly shows that the side walls of the composite NRs become
rougher after sulphidation. The microstructure imaging and the
crystallinity of the NRs were further confirmed by TEM ana-
lyses in Fig. 3a−f. Figure 3a shows the TEM image of a pristine
ZnO NR with a diameter of ∼80 nm. A high-resolution trans-
mission electron HRTEM image in Figure 3b shows a lattice
spacing of 0.26 nm in conformity with the spacing of the

Figure 1. Schematics for the summary of processes used to fabricate
transparent, conductive composite NRs arrays.

Figure 2. (a) Top view of FESEM of the quasi-vertical ACG-grown
pristine ZnO NRs arrays. (b) Cross-sectional FESEM image of the
NRs arrays. (c) Top view of FESEM image of a representative
composite NRs arrays. (d) Cross-sectional view of a representative
composite NRs arrays.
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{0002} plane of wurtzite ZnO structure. The inset in the figure
shows the fast Fourier transform (FFT) pattern, which also
verifies that the spots are due to a hexagonal wurtzite structure.
The EDS spectrum in Figure 3c shows the presence of Zn
and O in the pristine sample. Similarly, the TEM and
HRTEM images of the composite NRs are shown in parts d
and e of Figure 3, respectively. The presence of two different
lattice fringes corresponding to the {0002} plane of ZnO and
the {111} plane of cubic ZnS confirms the formation of the
nanocomposite (Figure 3e). The corresponding FFT pattern
clearly shows two sets of diffracted spots in the inset in Figure
3e in which the bright spots correspond to ZnOS and weaker
spots to ZnS. The atomic composition of the composite
(Figure 3f) shows clear evidences of the presence of Zn, S, and
O elements. The structural analyses of the composite NRs are
shown in Figure 4. The structure of the pristine and com-
posite NRs can be assigned to the hexagonal wurtzite struc-
ture of ZnO. For the composites (shown in Figure 4b−f), an
additional peak at 2θ = 29.4° corresponds to the (111) plane
of cubic ZnS. The stronger (002) diffraction peak of the

ZnO NRs indicates a preferential vertical growth direction.
The lattice parameters in Table 1 show that the c-axis length
gradually increases from 5.186 Å for the pristine ZnO NRs to
5.2056 Å for the 10 h dipped sample. An increase in the lattice
parameter indicates the fact that S is substituted in O sites
forming ZnOS since the ionic radius of S2− (170 pm) is more
than that of O2− (126 pm). This result is in conformity
with the results of Pan et al.40 who also have observed an
increased c-axis length with increasing S content in ZnO1−xSx
alloy films fabricated by radio-frequency magnetron sput-
tering. As the sulphidation process goes on, an increase in
the ZnOS content in the composite occurs (Table 1).
However, for the 10 h dipped sample, existence of mainly
one phase, i.e., ZnOS has been observed which might be
highly disordered. Using XPS, the states of atoms on the
surface of the NRs arrays were analyzed and the S

Figure 3. (a) Low-magnification TEM image of a pristine ZnO NR.
(b) HRTEM image of the pristine NR showing only one type of
lattice fringes of ZnO. Inset: The corresponding FFT pattern
showing bright spots corresponding to the hexagonal wurtzite
structure of ZnO. (c) The typical EDS result showing the presence
of Zn and O elements. (d) TEM micrographs of a representative
composite NR. (e) HRTEM image of representative composite
NRs showing the lattice fringes corresponding to both ZnS and
ZnOS. Inset: The corresponding FFT pattern showing bright and
weak spots corresponding to the hexagonal wurtzite structure
of ZnO and cubic structure of ZnS, respectively. (f) The
corresponding EDS result showing the presence of Zn, S, and O
elements.

Figure 4. X-ray diffraction patterns of pristine and compsite ZnO NRs.
The intensity scale (y-axis) is broken in order to show ZnS peaks. The
black box stands for ZnS, and the gray box stands for ZnO/ZnOS
peak signal.

Table 1. Dipping Time in TAA, Percentage of ZnOS, and
Value of a and c Parameter of Pristine and Composite
ZnO NRs

dipping time in
TAA (hrs)

percentage of
ZnOS (%)

value of a
parameter

value of c
parameter

0 0 3.257 5.186

2.5 96.8 3.252 5.192

3.5 97.3 3.250 5.193

5 97.8 3.250 5.195

7 98.4 3.247 5.199

10 99 3.243 5.206
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substitution is further confirmed from the XPS results.
Figure 5a shows the spectra of the pristine ZnO and
ZnOS-ZnS NRs arrays. In the case of pristine NRs, the peaks
located at 1046, 1022, and 532 eV corresponds to the to Zn
2p1/2, Zn 2p3/2, and O 1s, respectively. The spectra for the
composite show two other peaks at 163.9 and 228.2 eV
corresponding to the electronic states of S 2p1/2 and S 2s,
respectively. The S 2p1/2 peak can further be deconvoluted
into two peaks, one at 163.6 eV corresponding to the Zn−S
binding energy41,42 and another at the higher energy side at
164.5 eV corresponding to the O−Zn−S binding energy
(shown in Figure 5b).43 This indicates S remains in two
different environments in the composite NRs. Therefore, the
sulphidation process takes place in two steps to form ZnOS-
ZnS composite:

+ + → + +

→ + +

−ZnO H O S ZnS H O ZnO

ZnS ZnOS H O
2

2
2

2 (1)

Figure 6a shows the setup for the current−voltage (I−V)
measurements. The I−V characteristics of the pristine and
composite NRs arrays in Figure 6b show that the current in-
creases linearly with an increase in the voltage both in
forward and reverse bias conditions. The results clearly
illustrate that the highest current has been obtained for the 7
h sulphidized sample, which is about 4 orders of magnitude
higher compared to that of the pristine NRs. Since
conductivity is directly proportional to the current provided

the length, area, and bias voltages are constant, it can be said
that conductivity of the S treated ZnO NRs arrays is
enhanced by 4 orders of magnitude. Our value is much
higher than those reported for Ga, Ni, and Al doping as
discussed earlier.18,19 Such huge enhancement is probably
due to an increase in the donor concentration in the NRs.
A reduction in the electron trap states (i.e., physisorbed
O molecules on the surface39) as a cause might be ruled
out for such an high enhancement in the conductivity. When
ZnO is dipped in thioacetamide (CH3CSNH2) solution,
the S2− ions react with ZnO to form ZnS and subsequently
replace O2− to form ZnOS alloy on the surface. Because of
the electronegativity difference, excess Zni donors might
have formed during bond rearrangement. Also in the
presence of excess O reducing atmosphere such as NH3, a lot
of Zni may be formed.44 Since Zni is known to act as shallow
donors in ZnO ,38 the composite NRs arrays becomes highly
conducting. Further insight into the conduction mechanism
can be obtained from the EPR spectra shown in Figure 7a. EPR
is a measurement technique which gives direct evidence of an
ionized defect and thus is used as a strong tool to indentify
the defect nature. The EPR spectrum shows a small signal
at g (gyromagnetic ratio) ∼ 1.95 for pristine NRs due to the

Figure 6. (a) Schematic of the layout of the circuit diagram for I−V
measurements. (b) Plots of I−V curves of pristine and composite ZnO
NRs arrays in room light.

Figure 5. (a) XPS spectra of ZnO and ZnOS-ZnS NRs arrays.
(b) Gaussian peak fitting of S 2p1/2 .
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Zni type of defects.45,46 The huge increase in the intensity
of the EPR signal of the composite NRs indicates a lot more
Zni donor defects which are generated probably at the
interface due to S treatment. Therefore, our proposition is
that the current enhancement is caused by the Zni is now
supported by the EPR results. The increase in the defects
is further demonstrated from the PL results ( Fig. 7b). The
figure shows that pristine ZnO NRs show a strong, narrow
near-band edge (NBE) emission due to the recombination
of the free excitons of ZnO47 and a broad visible emission
band due to the oxygen vacancy as well as excess oxygen
present in ZnO.48,49 However, when S is incorporated into
ZnO, the NBE emission intensity decreases while the visible
defect emission intensity increases with increasing the sulfi-
dation time.33 The difference in the PL spectrum between
the pristine and composite sample can be explained as
follows. Incorporation of S atoms into ZnO causes formation
of new in-gap energy levels causing radiative recombinations,
which changes the intensity of the UV as well as visible
emission.33

These highly conducting NRs’ arrays are nearly 80%
transparent in the visible region (400−800 nm) as
evidenced from the transparency curves in Figure 7c. At
first, the transparency slightly increases for samples with
lower dipping time and then slightly decreases with
increasing the dipping time. A similar change in the
transparency has been observed in the case of Al and Sb
doped ZnO NRs,20,50 while in the case of Nb doped ZnO

films transparency remains very high.51 The digital image in
Figure 7d simultaneously verifies that the transparency is
comparable as the acronym “IACS” appears to be equally
prominent through the films consisting of pristine and
composite NRs arrays.
The dark and photo (visible light 400−800 nm) I−V

curves for the diodes in Figure 8a−d clearly show that under
a forward bias condition, no significant change in the current
takes place under visible light illumination, while the current
increases drastically as the reverse bias increases.52,53 Our
results show that the ratio Iph/Id at −10 V for almost all
the junctions is much more than that of the forward bias
conditions. The reverse leakage current under dark condi-
tion is found to be larger for 7 and 10 h dipped samples.
Therefore, I−V results show that the diodes are highly visible
light sensitive. In order to explain the reason, we have
performed photocurrent measurements. The photocurrent
spectra of the composite samples were measured by illu-
minating the samples for 1 min with lights of different
wavelengths from 300 to 800 nm for a bias voltage of 5 V.
Figure 8e (representative curves for 5 and 7 h dipped
samples) shows that there is a broad peak in the visible
region from 400 to 800 nm, i.e., below the band gap of ZnO
or ZnS. The current in this region is caused by the
photocarriers released from the in-gap defect states. This
indicates that the carriers can be generated in the composite
NRs under the visible light illumination. The schematic
energy band alignment of ZnOS-ZnS NRs and p-Si is shown

Figure 7. (a) EPR measurement as a function of g measured at room temperature. (b) The PL spectra of pristine and composite NRs arrays.
(c) Optical transmission spectra of pristine and composite NRs arrays. (d) The digital image showing the transparency of pristine and composite
NRs arrays for the name “IACS”.
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in Figure 8f. The band alignment is such that the electrons-
holes are easily separated under biased conditions. Under
illumination, the photogenerated electrons are drifted towards
the positive electrode and consequently the photocurrent
increases with increasing reverse bias because of the electric
field strength inside the depletion region increases with
applied voltage.52

The photo current transient measurements of the
n-ZnOS-ZnS NRs/p-Si heterojunction in Figure 9a show
that the heterojunction can reversibly be turned “on” and
“off” for a duration of 20 s each under visible light
illumination (400−800 nm) with a bias voltage of −5 V. It
can also be seen that the photoresponse of the NRs are
highly stable and reproducible. The possible reasons for the

current fluctuation are surface species absorption/desorption
or appearance of defects.54 From the enlarged view of the single
“on”-“off” cycle (Figure 9b), the time for rise (tr) and decay (td)
of the current are seen to be shorter than 0.1 s. The fast visible
photoresponse of the conducting composite NRs indicate that
these photodiodes can be used as optical switches as well.
These composite NRs-based photodiode shows an improved
responsivity compared to previously reported devices such as
ZnO NWs-based UV sensors,55 In2Se3 NWs-based visible light
photodetector,56 or in the case of white light photoconductor
using CdS nanobelt.57 The charge transfer at the interface is
also supported by the report of photocatalytic activity due to
S-doping in TiO2 nanoparticle indicating enhanced electron
transfer from TiO2.

58

Figure 8. (a−d) Semi log plots of I−V characteristics measured in the dark and under illumination (visible light) for pristine and composite NRs.
(e) The photocurrent spectra of 5 and 7 h dipped samples. (f) Schematic energy band diagram of n-ZnOS-ZnS/p-Si heterojunction.
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■ CONCLUSIONS
In conclusion, we have demonstrated an entirely metal-free
doping methodology involving the sulphidation technique to
enhance the conductivity of ZnO NRs arrays. Without much
sacrificing of the transparency of the NRs arrays, the current
conduction by the layer is enhanced by as high as nearly 4
orders of magnitude. Therefore, we claim that the simple sulphida-
tion process can lead to highly conducting ZnO NRs arrays
without using a metal doping process which can be applied in cost-
effective transparent electrodes in display devices as well as in
photodiodes. This sulphidation process may be applied to increase
the conductivity of similar metal oxide NRs without affecting the
transparency of the NRs layer.
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