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V-sensing properties of Sb-doped
ZnO nanorod arrays synthesized by a facile, single-
step hydrothermal reaction†

Donghyung Kim,a Wuseok Kim,b Sangmin Jeon b and Kijung Yong *a

The synthesis of electrical and optical property-modulated, low-dimensional metal oxide semiconductors

has been adopted for the development of nanodevices. However, conventional modulation methods, such

as doping and alloying, generally require rather complex processes, such as multi-step high-temperature

reactions, gas-phase growth, high-vacuum processes, etc. Alternatively, in the current study, the facile

and cost-effective synthesis of Sb-doped ZnO nanorod arrays (NRAs) is achieved using a simple

hydrothermal growth process at 95 �C. Through a single-step reaction, Sb atoms are substitutionally

doped at the Zn atom sites with control of the Sb concentration. Sb dopants and Sb-induced oxygen

vacancies increase the electron concentration in the ZnO NRAs, enhancing the electrical conductivity of

the ZnO NRAs and inducing the further adsorption of ambient oxygen molecules on the nanorod

surface. Upon UV irradiation of the highly oxygen-adsorbed, Sb-doped ZnO NRAs, the desorption of

oxygen induces greater conductivity changes compared to the undoped samples. Based on this

enhanced resistivity change, UV sensor devices were fabricated, and an improved reversible UV sensing

performance was observed, with a �9-fold enhancement in the photocurrent of the ZnO NRAs after Sb

doping. Moreover, UV sensing is achieved even under an extremely low bias of 10–6 V, suggesting the

promising application of this material in extremely low-power UV sensor devices.
Introduction

One-dimensional metal-oxide nanomaterials have recently
attracted great attention as building blocks in the fabrication of
various nanodevices, such as eld-effect transistors,1 eld
electron emitters,2 photovoltaics,3 photoelectrochemical (PEC)
energy devices,4,5 gas sensors,6,7 resistive memories,8,9 and
photodetectors.10–12 In particular, ZnO nanorods are promising
for application in nanoscale UV laser diodes and sensors due to
their direct wide bandgap (3.37 eV) and large exciton binding
energy (60 meV).13,14 In addition, ZnO nanorod sensors exhibit
fast response times and high sensitivity due to their high
surface-to-volume ratios.10

Recently, the doping of ZnO nanorods has been investigated
to manipulate their electrical, optical, and photoconductive
properties to enhance their sensing performance for gases or
ultraviolet detection.15,16 Various transition metal dopants have
been tested for these purposes, such as aluminum (Al),11,12 cobalt
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(Co),17 gallium (Ga),18 silver (Ag),19,20 copper (Cu),21 antimony
(Sb),20,22–24 indium (In),25 and etc. The effects of doping on the
sensing properties have been discussed from several points of
view.16,17 Upon doping, the carrier concentration of ZnO nano-
structures can be improved due to the substitution of metal ions
at the Zn2+ sites, which creates additional free carriers.17 This
enhanced carrier density leads to enhanced photocurrent
generation for UV detection. The higher concentration of carriers
can also adsorb more oxygen molecules to form chemisorbed
oxygen, which is known to govern the UV photosensing mecha-
nism of ZnO. However, when metal ions are doped at interstitial
positions instead of substitutional positions, the free electron
concentration will decrease, negatively affecting the sensing
properties.26 In addition to these effects, the doping of semi-
conductor nanorods to adjust the position of the Fermi level may
also be utilized to promote molecular adsorption on the surface.
Although several studies have reported the enhanced sensing
performance of doped ZnO nanostructures, the underlying
mechanism is still controversial.

Earlier doping studies of ZnO thin lms or nanostructures
have applied conventional vapor-phase methods, including
chemical vapor deposition (CVD),27,28 molecular beam epitaxy
(MBE),29–31 and thermal evaporation.32 Aqueous solution based
semiconductor doping under 100 �C is startedmore recently than
vapor, or gas based doping like CVD, MBE, etc.,33,34 including the
case of ZnO.35,36 Compared to vacuum gas-phase growth, low-
RSC Adv., 2017, 7, 40539–40548 | 40539
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temperature solution reactions have several advantages, such as
lower processing cost, large scalability, low thermal budget, and
easier use of the source materials. The solution growth of doped
ZnO NRs has been recently reported by quite many research
groups and the control of the morphology and material proper-
ties is also studied including antimony doped ZnO.20,23,37–39 Pho-
tosensor applications based on solution-prepared, doped ZnO
NRs are also studied several times.16,40

In the current study, vertically aligned ZnO nanorod arrays
(NRAs) with Sb-doping were successfully fabricated on
ZnO-buffer layer/FTO glass substrates using low-temperature
hydrothermal reaction. The Sb-doping concentration was
controlled in the ZnO NRAs by adjusting the metal (Zn, Sb)
precursor concentration ratio in specic range (under 13% of Sb
to Zn ion) in the aqueous ammonia reaction solution.23 XPS,
XRD, SIMS and TEM analysis of the Sb-doped ZnO NRs
conrmed the high crystallinity of the doped samples. Sb atoms
were found to be substitutionally doped into Zn atom sites,
enhancing the electron concentration of the ZnO NRAs and
attracting more oxygen molecules for adsorption. Due to these
effects, our simple photosensors based on Sb-doped ZnO NRAs
exhibited a remarkably improved UV response compared to that
of undoped ZnO NRAs. Additionally, our Sb-doped ZnO NRAs
showed self-powered UV detecting properties under almost
zero-biased (�10–6 V) conditions.
Experiment
Preparation of the Sb-doped ZnO nanorod arrays (NRAs)

Sb-Doped ZnO nanorod arrays (NRAs) were grown on F-doped
tin oxide (FTO) lm/glass substrates using a simple hydro-
thermal synthesis method. First, a�30 nm thick ZnO seed layer
was deposited on the FTO lm by RF magnetron sputtering at 8
mTorr of Ar pressure and 100 W of power. Before seed-layer
sputtering, the FTO lm/glass substrate was sequentially
cleaned with distilled water, acetone, and ethanol using a soni-
cator. Then, the substrate with the seed layer was immersed in
a 100 ml aqueous solution containing 10 mM Zn(NO3)2$6H2O
with different concentrations (0.1 mM and 1.0 mM) of SbCl3.
Then, 3.7 ml of a 30 wt% ammonium hydroxide solution was
added to the reaction solution. The hydrothermal reaction
proceeded for 12 hours at 95 �C. Aer growth, the substrates
were washed with distilled water and dried in an oven.41
Material characterization

Scanning electron microscopy (SEM) images of the synthesized
ZnONRA samples were acquired with an SEM XL30S FEG (5 keV).
Energy-dispersive spectroscopy (EDS) analysis using SEM was
operated at 20 keV. Undoped and Sb-doped ZnO NRAs were
characterized with a high-resolution X-ray diffractometer (D/MAX-
2500) operated at 40 kV and 100 mA. Transmission electron
microcopy (TEM) data were acquired with a TEM JOEL JEM-
2200FS (with image Cs-correction) to obtain low-resolution and
high-resolution TEM images, selected-area electron diffraction
(SAED) patterns, and electron energy-loss spectroscopy (EELS)
data. Secondary-ion mass spectrometry (SIMS) was used to obtain
40540 | RSC Adv., 2017, 7, 40539–40548
the elemental concentration depth proles of the ZnO NRA
samples using a Cs+ gun (15 keV, 30 nA) with a raster size of 150
mm� 150 mm. The chemical binding states of the ZnO NRAs were
analyzed using X-ray photoelectron spectroscopy (VG Scientic
ESCALAB 250). The charging condition of the samples was cor-
rected using carbon as the binding energy reference (C 1s peak at
285 eV). The two O 1s peaks of the undoped and Sb-doped ZnO
samples were tted with Gaussian–Lorentzian functions at 530.5
and 531.8 eV, which correspond to ZnO lattice oxygen (LO, Zn–O
bond) and oxygen vacancies or defects (VO), respectively. Mott
Schottky plot is obtained using IVIUM potentiostat with three
electrode potentiostat system in 0.5 M Na2SO4 aqueous solution.
Pt mesh, and saturated calomel electrode is used as counter
electrode, and reference electrode, respectively. TheMott Schottky
analysis is conducted in dark condition at a frequency of 10 kHz.
Fabrication of a UV photodetector device with ZnO NRAs and
sensor measurements

To examine the UV photodetection properties of the undoped
and Sb-doped ZnO NRAs, photodetector devices with an Ag/FTO/
ZnO NRA/Ag structure were fabricated by the thermal evapora-
tion of Ag electrode dots on hydrothermally grown ZnONRAs and
FTO glass. The detailed fabrication process is described as
follows. First, ZnO NRAs were grown on the patterned seed layers
of ZnO on FTO glass. The FTO surface was rubbed with a cotton
swab wet by dilute piranha solution to improve the FTO–Ag
contact by removing the ZnO sediment formed during the
hydrothermal growth process. The area of grown ZnO NRAs is
0.25 cm2 (0.5 cm � 0.5 cm), which was patterned at seed layer
deposition stage. The sample was then washed with distilled
water again. The sample was covered with a shadow mask to
pattern Ag electrode circles with diameters of 400 mm by thermal
evaporation. Then, 500–800 nm-thick Ag dot electrodes were
deposited on the FTO and ZnO NRAs (see Fig. S1(b) of the ESI†).
Before the Ag electrode is deposited, 30 ml of PEDOT:PSS
(poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), 1.3 wt%
dispersion in H2O, conductive grade, Aldrich) was spin coated at
3000 rpm for 1 minute on grown Sb-doped ZnO-B NRAs, and was
allowed to dry at 95 �C for 1 hour.42 In result, 1 mm-thick
PEDOT:PSS layer is deposited on Sb-doped ZnO NRAs (in
Fig. S1(b) of the ESI†).

The electrical properties of the fabricated ZnO nanorod
photodetectors were measured using a Keysight B2902A Preci-
sion Source/Measure Unit probe station (MST-4000). The light
source for the photoresponse experiment was a UV lamp (UVItec
LF-215LM, 365 nm, 16 mW cm�2). The reversible switching
properties of the undoped and Sb-doped ZnO NRAs between the
low- and high-conductivity state were measured by switching
the UV lamp on and off with a constant applied voltage of 0.5 V.
The zero-biased reversible switching of ZnO NRAs was also
investigated with an applied 10�6 V.
Results and discussion

Fig. 1(a) and (h) shows SEM images of the undoped and Sb-
doped ZnO nanorod arrays (NRAs), respectively. The cross-
This journal is © The Royal Society of Chemistry 2017
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sectional morphology indicates that vertically aligned, high-
density ZnO NRAs were grown by the hydrothermal method
on the FTO glass substrate. An individual ZnO nanorod has
a length of approximately 5 mm and a diameter of 70–100 nm.
The size of the ZnO nanorod is controlled by the reaction time
in the zinc nitrate solution and the amount of ammonia solu-
tion.41 The inset of Fig. 1(a) and (h) shows the top view of the
ZnO NRAs. The undoped ZnO NRA, shown in the inset of
Fig. 1(a), appears to be denser than the Sb-doped ZnO NRA,
shown in Fig. 1(h), because Sb3+ ions may inhibit growth and
compete with Zn2+ during growth of the ZnO NRs. Fig. 1(b) and
(i) shows TEM bright-eld images of an individual undoped and
Sb-doped ZnO nanorod, respectively. Both nanorods have
a smooth surface with increased diameter toward bottom,
giving them a tapered shape. Fig. 1(c) and (d) gives the HRTEM
image and SAED pattern of an undoped ZnO NR, respectively,
which indicate that an individual ZnO nanorod is single crys-
talline with a Wurtzite structure grown along the h0 0 0 1i c-axis
growth direction. Upon Sb doping, the crystal structure of the
Sb-doped ZnO NR is not changed in HRTEM image and SAED
pattern, as shown in Fig. 1(j) and (k). Fig. 1(e)–(g) gives the
electron energy-loss spectroscopy (EELS) elemental mappings of
Zn, O, and Sb for a single undoped ZnO nanorod, respectively.
The signals of Zn and O are clearly observed at the corre-
sponding positions of the ZnO NR, while the Sb elemental
signal is at the noise level. In contrast, the EELS signals in
Fig. 1(l)–(n), obtained from the elemental mappings of Zn, O,
Fig. 1 (a, h) Cross-sectional scanning electron microscope images of th
the top-view images. (b–g) Transmission electron microscope data of
elemental mapping of Zn, O, and Sb, respectively. (i–n) TEM data of a
elemental mapping of Zn, O, and Sb, respectively.

This journal is © The Royal Society of Chemistry 2017
and Sb of a single Sb-doped ZnO nanorod, clearly show
a uniform distribution of Sb in the ZnO nanorod.

The crystallinity of the undoped and Sb-doped ZnO NRAs
was investigated by XRD measurements, and the results are
shown in Fig. 2(a). Both samples showed similar XRD patterns,
with the most dominant peak at 34.6� corresponding to ZnO
(002) (JCPDS 36-1451). These results indicate that both NRs
preferentially grow along the c-axis crystal plane of the ZnO
Wurtzite structure. No noticeable shi in the XRD peak position
is found aer Sb doping, which is consistent with the TEM
results. The (002) peak of the undoped ZnO NRA (at 34.6�, black
line in Fig. 2(a)) has smaller full width at half maximum
(FWHM) of 0.355 than the Sb-doped ZnO NRA of 0.414 (at 34.6�,
red line in Fig. 2(a)). The FWHM is inversely proportional to the
crystalline mean grain size based on the Scherrer equation,
written as following eqn (1):

s ¼ Kl

b cos q
(1)

where s is the mean size of the ordered crystalline domain, K is
a dimensionless shape factor, l is the X-ray wavelength, b is the
FWHM, and q is the Bragg angle. Using this equation, the
crystalline grain size of the Sb-doped ZnO NRA was found to be
0.407 nm, which is 0.85 times smaller than that the undoped
ZnO NRA (0.474 nm). These results indicate that Sb doping
degrades the crystallinity of the ZnO NRAs.
e undoped and Sb-doped ZnO NRAs, respectively. Insets of (a, h) show
an undoped ZnO NR: (b) TEM, (c) HRTEM, (d) SAED, and (e–g) EELS
Sb-doped ZnO nanorod: (i) TEM, (j) HRTEM, (k) SAED, and (l–n) EELS

RSC Adv., 2017, 7, 40539–40548 | 40541
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Fig. 2 (a) X-ray diffraction patterns of the undoped and Sb-doped
ZnONRAs. The full width at half maximum (FWHM) of the (002) peak of
the undoped and Sb-doped ZnONRAs is 0.355 and 0.414, respectively.
(b) Secondary-ion mass spectrometry (SIMS) elemental concentration
depth profiles (Cs+ gun, 15 keV, 30 nA) for the Sb ions of 3 different
ZnO NRA samples (undoped ZnO, Sb-doped ZnO-A, and Sb-doped
ZnO-B).
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The Sb content in the Sb-doped ZnO NRAs was quantied by
secondary-ion mass spectrometry (SIMS) measurements.
Fig. 2(b) shows the SIMS elemental concentration depth proles
of the undoped ZnO NRA and Sb-doped ZnO NRA prepared at
two different Sb precursor molar ratios. Molar ratios of 0.01 and
0.1 for the Sb source to Zn source were studied for control
experiments of the dopant concentration. The two samples were
denoted Sb-doped ZnO-A (molar ratio of 0.01) and Sb-doped
ZnO-B (molar ratio of 0.1). The depth proles conrm the
similar length of the ZnO NRs of�5 mm. The undoped ZnO NRA
shows Sb signals at the noise level, as expected, while the Sb-
doped ZnO NRAs show two different concentration proles
depending on Sb precursor concentration. Because the SIMS
target in the current study is not a lm but instead a nanorod
structure, the concentration proles show an unsteady curve
the along depth. Sb-Doped ZnO-B shows a Sb concentration
approximately 2 times higher than that of Sb-doped ZnO-A.
These results indicate that the Sb dopant concentration
increases with increasing Sb/Zn precursor molar ratio but is not
directly proportional to the Sb precursor concentration in the
hydrothermal reaction solution. This is due to the relative
chemical reaction activities of the Zn and Sb precursors, which
have different metal–ligand binding energies. According to our
40542 | RSC Adv., 2017, 7, 40539–40548
hydrothermal doping experiments, the upper limit of the anti-
mony concentration for the hydrothermal growth of ZnO
nanorods is approximately 12–13% of that of zinc ions. A molar
ratio of Sb precursor to Zn source of over 13% is found to hinder
the growth of ZnO NRAs.

The chemical binding states of the component elements in
the undoped and Sb-doped ZnO NRAs were characterized by
XPS, and the results are presented in Fig. 3. Fig. 3(a) shows the
XPS spectra of the Zn 2p core level region for the undoped and
Sb-doped ZnO NRAs. The spectra are tted with two peaks at
1021.9 and 1044.9 eV corresponding to the Zn 2p3/2 and Zn 2p1/2
core levels of Zn–O bonding, respectively. There is no difference
in the Zn 2p peaks of the undoped and Sb-doped ZnO NRAs.
This implies that there is no change in atoms bound to Zn and
Zn is only bound to O in Zn–O bonds. Sb atoms can substitute
lattice sites of Zn in the ZnOWurtzite structure and to bind with
oxygen during hydrothermal growth, or they can be interstitially
doped into the ZnO nanorods. The XPS spectra of the Sb 3d3/2
core level (538–545 eV region of the binding energy) are shown
in Fig. 3(b). As expected, a Gaussian-shaped peak is observed for
the Sb-doped ZnO NRA sample, while no Sb peak is found for
the undoped sample. Moreover, the maximum position of the
Gaussian peak (at 540 eV) is shied to higher binding energy
compared to that of metallic Sb (approximately 538 eV). This
observation clearly shows that Sb atoms are in their oxidized
states and substitute Zn, instead of interstitial doping or
substituting O atoms. Based on this, the dopingmechanism can
be suggested to be the following reaction formula: Zn2+ + Sb /

Zn + Sb3+ + e�. Under this condition, Sb-doping will enhance the
electron density and conductivity of the ZnO NRAs. The O 1s
XPS peaks of the as-prepared ZnO and Sb-doped ZnO NRAs are
shown in Fig. 3(c) and (d), respectively. In Fig. 3(c), the O 1s peak
of the undoped ZnO NRA is deconvoluted into two Gaussian
curves corresponding to ZnO lattice oxygen (530.5 eV) and
oxygen vacancies (531.8 eV), respectively.43 Oxygen vacancies are
natively generated in pristine ZnO nanorods during growth or
vacuum annealing treatment, following the reaction formula:
O2� / VO + 2e�.44,45 The native oxygen vacancies supply elec-
tron donors to ZnO, making it an n-type semiconductor. The
lattice oxygen peak (the red line) is more intense than the
oxygen vacancy peak (the green line). For the Sb-doped ZnO
sample, shown in Fig. 3(d), a new sub-peak is observed at
530.6 eV corresponding to the Sb 3d5/2 core level (the azure line)
due to Sb doping, in addition to the peaks for the lattice and
vacant oxygen states. The binding energy of the Sb 3d5/2 core
level overlaps with that of lattice oxygen. Aer deconvolution of
the O 1s XPS peak of the Sb-doped ZnO NRAs into three sub-
peaks, we found that the oxygen vacancy core level at 531.8 eV
is more intense than that of the undoped sample. This implies
that Sb doping treatment creates more oxygen vacancies in the
ZnO NRAs, because the substitution of larger-sized Sb ions to
the Zn ion sites causes structural defects in the Wurtzite ZnO
crystal. As a result, Sb atoms doped into the ZnO NRA acts as an
electron donor and, at the same time, induces more oxygen
vacancies, which generates more electron donors.

The schematic of the fabricated photodetector using undo-
ped and Sb-doped ZnO NRAs as the photoactive material is
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07157d


Fig. 3 X-ray photoelectron spectroscopy (XPS) of (a) Zn 2p and (b) Sb 3d. (c) Deconvoluted O 1s spectra of the undoped ZnO NRA with two
components at 530.5 and 531.8 eV corresponding to lattice oxygen and oxygen vacancies, respectively. (d) Deconvoluted O 1s spectra of the Sb-
doped ZnO-B NRA. The additional peak at 530.6 eV corresponds to the Sb 3d5/2 core level.
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shown in Fig. 4(a). The Ag/FTO/ZnO NRA/Ag device was fabri-
cated by the thermal evaporation of a Ag electrode on the
hydrothermally grown ZnO NRAs. Ag dots were also deposited
on FTO glass to complete the electrical circuit for photo-
detection. A photograph of the device is shown in Fig. 4(b). The
contact between ZnO and the Ag electrode is known as ohmic
contact due to the energy positions of the work function and
Fermi level of Ag and ZnO, respectively. However, the Ag elec-
trode deposited on the nanorod bundle is too thin, and thus,
the pointed Au probe can penetrate the Ag electrode and make
direct contact with the ZnO NRs. This partial contact of the Au
probe with ZnO induces non-ohmic contact behavior in the I–V
curve. Fig. 4(c) compares the electrical conductivity of the
undoped and Sb-doped ZnO NRA photodetectors in the dark
and under UV irradiation. Two overlapping dark currents are
magnied in the inset of Fig. 4(c), and it can be seen that the Sb-
doped ZnO NRA device has a higher conductivity than the
undoped device in dark conditions. When the NRAs are irritated
with UV light, drastic changes in the current generation were
observed for both the undoped and Sb-doped ZnO NRAs, as
shown in Fig. 4(c). The photoconductivity curve of the Sb-doped
ZnO photodetector under UV illumination is limited by the
programmed compliance current. Resistance changes of the
undoped and Sb-doped ZnO NRAs near 0 V are observed. The
resistance of the undoped ZnO photodetector is reduced from
7.03 � 109 (in the dark state) to 1.50 � 104 U (under UV irra-
diation), indicating that the conductivity increases by�5 orders
of magnitude. The Sb-doped ZnO photodetector shows a more
This journal is © The Royal Society of Chemistry 2017
dramatic decrease in the resistance from 7.92 � 108 (in the dark
state) to 1.67 � 102 (under UV irradiation), and the conductivity
is increased by more than 6 orders of magnitude. Under UV
illumination, the conductivity of the ZnO NRA increases by 2
orders of magnitude aer Sb doping. The increase in the carrier
concentration and oxygen molecule adsorption cause this
enhancement, as will be discussed in the mechanism below.
This enlarged on-current also indicates the possibility of
achieving photodetecting properties at very low applied bias.
Mott Schottky analysis is conducted for compare the free-
charge-carrier density of each ZnO NRAs directly. A donor
density can be calculated with analysing Mott Schottky plot
according to the eqn (2):

Nd ¼
�

2

e0330

��
dð1=C2Þ

dV

��1
(2)

where Nd is the donor density of the ZnO NRAs, e0 is the electron
charge, 3 is the dielectric constant of ZnO (3 ¼ 8, typical value of
bulk ZnO), 30 is permittivity of vacuum, C is the capacitance,
and V is the applied bias at the electrode.44,46 According to this
equation, the slope of Mott Schottky plot is inversely propor-
tional to the charge-carrier density. In Fig. 4(d), the slope of ZnO
NRAs was evidently changed aer Sb doping. This shows the
charge-carrier density is increased caused by Sb dopants, and
increased oxygen vacancies. In the inset of Fig. 4(d), the slopes
of Sb-doped ZnO-A, and B are compared with each other. The
calculated charge-carrier densities of Undoped ZnO, Sb-doped
ZnO-A, and B NRAs are 1.318 � 1015, 1.630 � 1016, and
RSC Adv., 2017, 7, 40539–40548 | 40543
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Fig. 4 (a) Schematic of the ZnO NRA photodetector. (b) Optical photograph of the ZnO NRA photodetector device. (c) I–V curves of the
undoped and Sb-doped ZnO-B NRA photodetector devicesmeasured in the dark and under UV illumination (365 nm). Inset of (c) shows the dark
currents of the undoped and Sb-doped ZnO NRA devices. (d) Mott–Schottky plots of undoped ZnO, Sb-doped ZnO-A, Sb-doped ZnO-B
collected at a frequency of 10 kHz in dark (inset) magnified image of Mott–Schottky plot of Sb-doped ZnO-A, B NRAs.
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1.057 � 1017 cm�3 respectively. These promoted charge-carrier
densities can be evidence, which explain that Sb-doped ZnO
NRAs show enhanced photoconducting performance.

The mechanism for the improved photodetecting perfor-
mance of the Sb-doped ZnO NRAs is proposed, as illustrated in
Fig. 5. The conduction channels of the undoped and Sb-doped
single ZnO NRs are illustrated in le two part of the Fig. 5,
respectively. For the undoped ZnO NR, under vacuum state,
naturally generated oxygen vacancies donate electrons, which
are distributed over the whole ZnO nanorod and form
a conduction channel following a formula: O2� / VO + 2e�. In
the Sb-doped ZnO NR, more electrons are generated by the
higher concentration of oxygen vacancies, which are formed
from the contorted crystal structure due to the large atomic size
of Sb. The additional increase in charge carriers occurs due to
substitutional-doped Sb atoms donating electrons, as discussed
above. Thus, Sb-doped ZnO NRs show a higher conductivity
under dark conditions compared to undoped ZnO NRs. When
undoped and Sb-doped ZnO NRAs were exposed to ambient air,
as shown in middle part of the Fig. 5, oxygen molecules adsorb
on the ZnO NRs and extract electrons from ZnO. The electrons
bound to the adsorbed oxygen create an electrical depletion
layer, which impedes the electric ow and decreases the
conductivity. More oxygen molecules absorb on the Sb-doped
ZnO NR surface due to the higher electron density compared
to the undoped ZnO NRs. In this case, the conductivity decrease
40544 | RSC Adv., 2017, 7, 40539–40548
is enhanced upon oxygen adsorption because the higher coverage
of adsorbed oxygen induces the further formation of the deple-
tion layer. Under UV illumination, electron–hole pairs are
generated from excitation of the direct-bandgap ZnO NRs. The
generated holes recombine with the electrons bound to oxygen
molecules and cause the desorption of oxygen gas from the ZnO
NR surface. Upon oxygen desorption, as seen in right part of the
Fig. 5, the undoped and Sb-doped ZnO NRs recover their
conductivity. More oxygen molecules desorb from the Sb-doped
ZnO NRs, causing a greater increase in the conductivity.

The reversible switching behaviors of the photodetector
devices fabricated using undoped ZnO, Sb-doped ZnO-A, and
Sb-doped ZnO-B NRAs were investigated, and the photocon-
ductivity changes are in Fig. 6. The conductivity was measured
by turning the UV lamp on and off every 10 minutes with
application of a constant voltage of �0.5 V. The on-current is
drastically increased aer Sb doping by �5 times for Sb-doped
ZnO-A (from 2.41 � 10�5 to 1.24 � 10�4 A) and �9 times for
Sb-doped ZnO-B (from 2.41 � 10�5 to 2.14 � 10�4 A) compared
with the on-current of undoped ZnO. The electrons increased
due to the Sb dopants and increased oxygen vacancies,
increasing the conductivity of Sb-doped ZnO under UV illumi-
nation. Responsivity, which is the output current divided by
total light power, is an important parameter to evaluate sensing
properties. The responsivity (R) of the photodetector was
calculated using a following eqn (3):
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Illustration of the UV-induced photoconductivity mechanism of a single undoped ZnO nanorod (top row) and a single Sb-doped ZnO
nanorod (bottom row) at room temperature under vacuum (first column), in ambient air (second column), and under UV illumination (third
column).

Fig. 6 Reversible switching of the undoped ZnO, Sb-doped ZnO-A,
and Sb-doped ZnO-B NRAs between the low- and high-conductivity
state when the UV lamp was turned on and off. A constant voltage of
0.5 was applied during the measurements.
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R ¼ Iph � Idark

P
(3)

where Iph is the photocurrent, Idark is the dark current, and P is
the optical power of the UV source. The responsivity of the
Sb-doped ZnO-B is 53.5 A W�1. This value is comparable to
other sensor devices which is made of doped ZnO nano-
structure (see Table S1 in the ESI†). The response and recovery
times of the three samples were analyzed. The time-resolved
photoconductivity rise or decay can be tted by an exponen-
tial function curve according to the eqn (4):

I ¼ I0 þ A1e
t�t0
s (4)

where t is the time, s is the rise or decay time constant, A1 is the
amplitude of the current rise/decay, and t0 and I0 are the time
and current decay offsets, respectively. The calculated average
rise/decay time constants of undoped ZnO, Sb-doped ZnO-A,
and Sb-doped ZnO-B are 397, 357, 338 s (rising time constant)
This journal is © The Royal Society of Chemistry 2017
and 138, 128, 124 s (decay time constant), respectively.22

Although a slight improvement in the response/recovery speeds
was observed for the doped samples, the changes are not large.
These results indicate that Sb doping does not greatly affect the
response/recovery behaviors of UV detection of ZnO NRAs. In
the oxygen adsorption/desorption mechanism of the ZnO pho-
todetecting device, the rise or decay time is mainly inuenced
by the ambient temperature and oxygen pressure, as long as the
nanomaterials have similar surface structures. The measure-
ment environment for the reversible switching of the ZnO NRA
photodetectors was held constant, except for Sb doping, in the
current study.

The highly enhanced photoconductivity of our Sb-doped
ZnO NRA photodetector opens the possibility of low-power
photodetecting performance. In Fig. 7, the electrical proper-
ties of the undoped and Sb-doped ZnO-B NRAs were measured
near zero bias. The reversible switching was measured by
turning the UV lamp on and off every 10 minutes under
a constant applied voltage of 10�6 V (the input voltage on the
computer was 0 V, but the source-meter apparatus displayed
10�6 V). The undoped ZnO NRA shows no conductivity response
against UV light (black dots in Fig. 7(a)), except for some noise
at the moment the light is turned on or off. However, the
Sb-doped ZnO-B NRA showed a photoresponse near 10�7 A. The
current of the Sb-doped ZnO NRA was enhanced by 2 orders of
magnitude under UV light illumination, which clearly shows
the UV-induced photoresponse. To analyze the cause of this
behavior, the region of the I–V curves near 0 V in Fig. 4(c) is
magnied in Fig. 7(b). Unlike the curves corresponding to the
dark state or the undoped ZnO NRA, the Sb-doped ZnO NRA
under UV light illumination shows high conductivity (slope of
the curve) and seems to have short-circuit current and open-
circuit voltage (y- and x-intercepts, respectively), similar to
solar cell devices. In solar cells, electrons ow through p–n
junctions using their band structure difference, without
external bias.47 It is speculated that Sb dopants bend the band
RSC Adv., 2017, 7, 40539–40548 | 40545
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structure causing Schottky barrier at the interface, which
induces current ows.48 This increased electron concentration,
and Schottky barrier may facilitate zero-biased UV sensing,22 but
the exact principle is hard to dene at this stage and needs
further study for elucidation. However, our current observation
of the almost zero bias detection of UV by the Sb-doped ZnO
NRAs is very promising for the development of extremely low-
power UV photodetectors. The responsivity is also calculated
at zero biased condition to evaluate its sensing property. The
responsivity is 0.02, and this value is used to calculate the
quantum efficiency (QE) which is the ratio of the number of
charge carriers collected by photodetector to the number of
photons, using following eqn (5):

QE ¼ Iph � Idark

q

�
P

hf
¼ R

�
q

hf
(5)

where h is Planck constant, q is charge of the carrier, f is
frequency of the UV light. When there is no external bias, the
quantum efficiency of the Sb-doped ZnO-B is calculated as
6.81%.

As an additional study, we have tested a modied structured
photodetector by deposition of conducting polymer,
PEDOT:PSS, on Sb-doped ZnO-B NRAs. The insertion of con-
ducting polymer has recently been introduced in nanorods
sensors.42,49,50 Fig. 8 shows a scheme of the device and its
Fig. 7 (a) Zero-biased, reversible switching of the undoped and
Sb-doped ZnO-B NRAs between the low- and high-conductivity state
when the UV lampwas turned on and off. The input voltage was 0 V on
the computer, but the source-meter apparatus displayed 10�6 V. (b)
I–V curves near 0 V for the undoped and Sb-doped ZnO-B NRA
photodetector devices measured in the dark and under UV illumina-
tion (365 nm).

40546 | RSC Adv., 2017, 7, 40539–40548
reversible switching properties under a constant applied voltage
of 10�6 V, which is the same condition as the measurement in
Fig. 7(a). The UV lamp was turned on and off every 5 minutes,
and the device showed a negative photoresponse near 5 � 10�8

A, as seen in Fig. 8(c). Unlike the original photodetector
showing gradient photocurrent change, the modied device
with a semiconductor-conducting polymer junction showed
prompt current change. In this photodetector structure, when
electron–hole pairs are generated by UV illumination, generated
holes from valence band transfer to HOMO (highest occupied
molecular orbital) level of PEDOT:PSS layer, which induces
Fig. 8 (a) Schematic illustration of Sb-doped ZnO-B NRAs/
PEDOT:PSS photodetector device. (b) Schematic illustration of energy
band diagram of Sb-doped ZnO-B NRAs/PEDOT:PSS photodetector
device. (c) Zero-biased reversible switching of Sb-doped ZnO-B
NRAs/PEDOT:PSS.

This journal is © The Royal Society of Chemistry 2017
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photocurrent generation near 0 bias (Fig. 8(b)). It is remarkable
that response speed is faster than noise time when UV lamp is
turned on. However, the generated photocurrent intensity is
decreased by �50% compared to the original device, which is
plausibly caused by shading effect of light through over-layer of
conducting polymer on ZnO NRAs. Similar trends were also
found on photodetection of the modied devices under biased
conditions.

Conclusion

Sb-Doped ZnO nanorod arrays with high density were easily
synthesized by an inexpensive hydrothermal growth method.
The nanorod array morphology was conrmed in the SEM
images, and their Wurtzite crystal structure was analyzed using
HRTEM images, SAED patterns, and XRD measurements. The
existence and control of Sb dopants were conrmed by TEM
EELS elemental mapping and SIMS analysis. XPS data proved
that Sb atoms are substitutionally doped to Zn, forming Sb–O
bonds, and oxygen vacancies are increased aer doping treat-
ment. Through these analyses, the doped Sb and increased
oxygen vacancies were found to provide higher photodetecting
activity, because Sb doping induces higher oxygen adsorption
coverage on the ZnO NR surface and enlarges the electrical
depletion layer in the NRs. In our Ag/FTO/ZnO NRA/Ag photo-
detecting devices, the photocurrent under UV light illumination
was dramatically increased by�9 times aer Sb doping. The UV
sensing properties of ZnO NRAs show stable photodetection
with high reversibility and durability. The response and
recovery time constants were not greatly affected by Sb doping
in the current study. However, the increased electron concen-
tration and partial Schottky contact between the Sb-doped ZnO
NRAs, and the electrode show the possible application of the
material in extremely low-power photodetectors that activate
near 0 V. Unlike undoped ZnO, our Sb-doped ZnO NRAs show
a clear photoresponse at 10–6 V with a current that is reversibly
increased by 2 orders of magnitude. In addition, photodetector
device which has junction with conducting polymer shows
improved UV response speed. In summary, our simple hydro-
thermally grown Sb-doped ZnO NRAs demonstrate greatly
improved UV sensing properties in under conditions of general
voltage as well as near 0 V bias for application in extremely low-
power photodetectors.
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