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New UV-A Photodetector Based on Individual Potassium
Niobate Nanowires with High Performance

Hui Liu, Zhiming Zhang, Linfeng Hu, Nan Gao, Liwen Sang, Meiyong Liao, Renzhi Ma,

Fangfang Xu, and Xiaosheng Fang*

A new UV-A photodetector based on K;NbgO,; nanowire is successfully fab-
ricated for the first time. The potassium niobate is synthesized using a facile
molten method. The K;NbgO,; nanowire photodetectors exhibit an excellent
sensitivity and wavelength selectivity with respect to UV-A light. Furthermore,
the photodetectors show great advantages in response time compared with
other sensors based on single-oxide semiconductor nanostructures, and,
especially, the responsivity is much better than that of single ZnS nanobelt
photodetectors. The mechanism of conductivity is explained from the view-
points of field emission and thermionic field emission for the change of light

intensities.

1. Introduction

Over the past decades, great progress has been made in devel-
oping various types of nanodevice, such as solar cells,!~3
field-effect transistors (FETs),[* biological and chemical sen-
sors,”8 energy storage devices,” photodetectors,1%1°! etc.
Among these nanodevices, UV photodetectors have a wide
range of applications in industry, including optical imaging,
environmental monitoring, and air and water sterilization,
as well as flame sensing and early rocket plume detection.!”]
UV light is highly ionising electromagnetic radiation, invis-
ible to the naked eye, with a wavelength in the range of
10-400 nm, which activates many chemical processes. It is typ-
ically divided into three spectral regions: UV-A (400-320 nm),
UV-B (320-280 nm), and UV-C (280-200 nm), according to
its effects on the biosphere. The far UV (200-10 nm), also
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commonly referred to as vacuum ultravi-
olet, however, is absorbed by oxygen and
only exists in the vacuum condition.3-20]
UV light with wavelengths shorter than
320 nm (UV-C and UV-B) is mostly
absorbed by the stratospheric ozone layer,
but UV-A (320-400 nm) light can reach
the Earth's surface. It is believed that
overexposure to UV-A may lead to prema-
ture aging and even skin cancer, in spite
of the use of sunscreen that can absorb
or reflect some of the UV radiation on
the skin against sunburn.*2% Although
a variety of photodetectors based on low-
dimensional nanostructures have been
reported of different wavelength ranges, the research on
UV-A irradiation detection is rather limited. One-dimensional
(1D) semiconductor nanostructures are considered as excel-
lent building blocks for constructing novel nanodevices due
to their unique physical and chemical properties. As a matter
of fact, UV-A photodetectors based on 1D semiconductor
nanomaterials, such as ZnS,”Y ZnO,?*%] Sn0,,2%?’] and
Nb,05,18 have already been probed. Nevertheless, ZnS suf-
fers from low photocurrent, while the sensitivities of the pho-
todetectors made from the oxide semiconductors, as for ZnO,
SnO,, and Nb,Os, are retarded by either a high dark current
or a low response speed. Thus, it is of highly importance to
further develop UV-A light sensitive photodetectors with high
performance.

Alkaline niobates exhibit various interesting properties,
including nonlinear optical response,?-3!l ionic conduc-
tivity,32  ferroelectricity,®¥] piezoelectricity,®¥ and photo-
catalytic activity.[>3¢ Potassium niobate, with the composi-
tion K,;NDbgO,;, is known for its good dielectric property and
effective photocatalytic activity.?”38 Also, it can be used as
an intermediate for the synthesis of NaNbO; nanorods and
CaNDb,0¢ nanorods through an ion-exchange approach.]
K;NbgO,; occurs as an orthorhombic form and its bandgap,
estimated from its UV-vis spectrum, is approximately
3.1 eV (ca. 400 nm).3%37] Therefore, K,NbgO,; has great
potential for UV-A light detection. Herein, we synthesized
K,NbgO,; nanowires using a facile molten method, and,
based on the as-prepared nanowires, fabricated UV-A light
sensors. Compared with the aforementioned UV-A photo-
detectors, the presently studied K,NbgO,; nanowire photo-
detectors displayed superior response speed, selectivity, and
sensitivity.
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Figure 1. a—c) Low- and high-magnification scanning electron microscopy (SEM) images of the as-obtained K,NbgO,; nanowires. d) XRD patterns of

KyNbgO,;, with reference to standard potassium niobate.

2. Results and Discussion

From Figure la—c, it is noticed that the as-synthesized sample
was composed of many freestanding nanowires at a significant
percentage (ca. 20% to 40%) of the yield, which were inter-
spersed with a number of large microwires and nanobelts. Sta-
tistics indicates that the main distribution width and length of
the K,;NbgO,; nanowires are 130 nm and 20 pm, respectively,
with a yield of ca. 30%. The X-ray diffraction (XRD) pattern of
the nanowires is shown in Figure 1d. The diffraction peaks are
identified as those of K;NbgO,; according to JCPDS 31-1060,
whereas the two diffraction peaks with asterisks are ascribed
to KNb;Og impurities.’”38] Although single-crystal K,NbgO,,
was successfully synthesized decades ago,*” the crystal struc-
ture and lattice parameters were not well understood because
of the large number of microsized domains lying perpendicular
to each other in the single crystals. Teng and co-workers exam-
ined the structures using high-resolution transmission electron
microscopy (HR-TEM) and electron diffraction techniques, and
drew the conclusion that K,;NbgO,; are of pertinence to the
orthorhombic system, with lattice parameters a = 37.5 A, b =
12.5 A, and ¢ = 3.96 A, and the P2,2,2 space group.l*!l X-ray
photoelectron spectroscopy (XPS) (Figure 2) confirmed that
only K, Nb and O were present in the sample. The single
peak at 205.7 eV is assigned to Nb 3d 5/2, indicating that the
K,NbgO,; nanowires just contained Nb>* on the surface.
HR-TEM and selected area electron diffraction (SAED) were
conducted to further confirm the morphology and structure
of individual nanowires. Figure 3a shows a low-magnification

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

image of a typical nanowire, suggesting that the obtained prod-
ucts had wire-like morphology. The 0.396 and 0.936 nm spac-
ings of the lattice fringes in Figure 3b match well with the (001)
and (400) planes, in accordance with the Miller index deduced
from the lattice parameters and space group. The inset SAED
image shows very sharp diffraction spots, suggesting the single-
crystal instinct of the nanowire. The (001) plane is oriented
perpendicular to the growth axis of the nanowire, implying the
growth direction is along the [001] axis. SAED patterns along
another two zone axis of the nanowires are given in Figure 3c
and 3d. In order to further confirm the chemical composition
and elemental distribution, X-ray energy dispersive spectros-
copy (EDS) was performed on a single nanowire, as shown in
Figure 4. It is obvious that the three elements of K, Nb, and O
are homogeneously distributed within the nanowire, and this
is further supported by the uniform distribution of these ele-
ments along the red line of the high-angle annular dark-field
(HAADF) image in Figure 4a.

Figure 5a shows typical current-voltage (I-V) curves meas-
ured with respect to the nanowire-based photodetector device
by a two-probe method in room-temperature air. The inset in
Figure 5a is an SEM image of the device. The Ti/Au parallel
electrodes (100 nm/100 nm) were deposited on a K,NbgOy;
nanowire with diameter of ca. 150 nm and length of ca.
40 pm. When the wavelength of the light source was longer
than 400 nm, there was almost no response from the device,
and the photocurrent and the dark current were overlapped
with each other. In contrast, under illumination wavelengths
shorter than 400 nm, the photocurrent increased drastically,

Adv. Optical Mater. 2014, 2, 771-778
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Figure 2. a) XPS survey scan of K;NbgO,; nanowires (upper left). The residual carbon signal around 286 eV always exists in the XPS spectra. b—d) High
resolution XPS spectra for K (upper right), Nb (lower left), and O (lower right).

as for the wavelength of 320 nm (126 uW cm™), to 12.5 pA,
more than one order-of-magnitude larger. Further decreasing
the wavelength of the light source resulted in a decay in pho-
tocurrent, to 5.57 pA at 300 nm (75 pW cm™?) and 4.65 pA at
250 nm (11.6 pW cm™2), mainly ascribed to the decreasing light
intensity.

The spectral responsivity (R;) and external quantum effi-
ciency (EQE) are two important parameters to determine the
sensitivity of an optoelectronic device,*”?!] and can be calcu-
lated using the following equations, respectively:

Al
Ry=—
4= Do 1)
EgﬁzﬁRl )
ed

where Al is the difference between the photocurrent and the
dark current, P is the light power, S is the irradiated area on
the nanowire, h is Planck’s constant, ¢ is the velocity of light,
e is the electronic charge, and A is the exciting wavelength. The
calculated R; and EQE of the present nanowire device were as
high as 2.53 A/W and 982%, respectively, at 320 nm under an
applied voltage of 5 V. Besides, most [-V curves show nonlinear
behavior, which should be related to the Schottky blocking at
the metal/semiconductor contacts. When the light intensi-
ties were changed, the photocurrent exhibited a more obvious
dependence on the applied voltage, as shown in Figure 5b. A
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thermionic-field emission (TFE) mechanism or a field emis-
sion (FE) mechanism can be used to describe the changes in
photocurrent at interface contacts.*>* It is demonstrated in
Figure 5b that, at a low applied voltage, the current follows an
approximately exponential increase, as expected from the rela-
tionship below:

Jree = Js exp(ElJ, where E, = Ey, coth(%) (3)
0

where |, is the saturation current density, V is the applied
voltage, k is the Boltzmann constant, T is temperature, and
Ey, reflects the tunnelling probability.*** The depend-
ence of the photocurrent upon voltage, when it is high, can
be understood as a Fowler-Nordheim (FE) process, where
Jon < V? exp(v+a).[44'45] The photocurrent is well described
using the above transport mechanisms. When the light inten-
sity is 128 pW cm2, for example, it is found that the [-V curve
is well fitted with TFE mechanism at low voltages (from 0.30 to
4.3 V) and the mechanism of FE at high voltages (from 4.3 to
5V), where a and b are -17.9 and —47.2, respectively. In addition,
the photocurrent is exponentially proportional to light intensity,
as shown in Figure 5c, the photoresponse is fitted with a power
law, I oP%**, and the non-unity exponent indicates a complex
process of electron-hole generation, trapping, and recombina-
tion within the semiconductor.?*24l Moreover, the EQE exhibits
distinct behavior at different voltages, as shown in Figure 5d,
suggesting the TFE and FE mechanisms have different effects
on the transport processes of charge carriers (electron and hole)
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charge carriers to tunnel to the electrode.
In this case, the TFE mechanism at the
interface plays a less important role and the
conducting process is only decided by the
semiconductor itself. On the other hand, the
EQE presents a declining trend at the high
voltage of 5 V. One possible reason is that
more charge carriers are injected and accu-
mulated at the interface contacts because
of FE at high voltage, and some of them
cannot rapidly tunnel to the electrode to con-
tribute the photocurrent, thus, leading to the
decrease of EQE.1*9]

In addition to the high sensitivity, the
nanowire photodetector also shows promi-
nent wavelength selectivity. Figure 6a repre-
sents the spectral response for the photode-
tector at a bias of 5 V with the wavelength
changing from 630 to 300 nm. It is noticed
that a discrimination ratio (between 300 nm
UV light and 500 nm visible light) of about
more than 3 orders is obvious. The high sen-
sitivity and spectral selectivity suggest that
the present nanowire photodetector is intrin-
sically “visible-light-blind”. The band gap (Ey)
of K;NbgO,; speculated from the spectral
response is about 3.1 eV (ca. 400 nm), in
accordance with the UV-vis evaluation (inset
of Figure 6a). Apart from sensitivity and
selectivity, the response speed is another key
factor to evaluate the sensor performances.
Figure 6b represents the reversible time
response of this photodetector between low-
and high-conductance states, upon 320 nm
light illumination at a applied voltage of 5 V.
It can be observed that the current changes
immediately when the transition between
light-on and light-off takes place, indicating
that the rise/decay time (defined as the time
required for the photocurrent to increase
from 10% to 90%/drop from 90% to 10%)
is less than 0.3 s (limitation of the meas-
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¢ ; . urement system). The reversible periodic

Bc11) . 5. 3 " : changes between the photocurrent and the

(931) B (B80)% dark current upon turning on/off of the laser

: (440). irradiation reveal that the results generated of

. (620). - (610) - : the present photodetectors are well reproduc-
. . 5 . B ible and stable.

Zone axis = [130] \ . " Zone axis.= [001] It is generally accepted that oxygen chem-

isorption plays a fairly key role in regulating
the photoconductive process in oxide semi-
conductors, whereas this phenomenon is
more conspicuous in nanodevices due to their
large surface-to-volume ratios.?>?4 A similar
mechanism is believed applicable to the pre-
sent nanowire system; as potassium niobate
at interface contacts. At the low voltage of 2 V, the EQE almost  is composed of the NbOg building blocks, oxygen chemisorption
remains unchanged with the increasing of light intensity. This ~ may also play an influential role in photoconductivity. Taking
is because the voltage is not high enough for the photo-induced  this into account, we investigate the I-V characteristics of the

Figure 3. a) TEM image, and, b) HR-TEM image of a typical nanowire. The inset of b is the cor-
responding SAED pattern. c—d) SAED patterns along another two zone axis of the nanowires.
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Figure 4. a) HADDF Scanning TEM image and EDS line-scan along the red line. b—d) Corresponding EDS mapping for K (green), Nb (yellow), and O

(red), respectively, of the nanowire in a.

present photodetector under different atmospheres. As shown
in Figure 6¢, the current indeed shows an increase when the
atmosphere is switched from ambient to vacuum (100 Pa) con-
ditions. The dark current and the photo-induced current are
1.2 and 13.5 pA, respectively, under ambient conditions, and
both increase up to 3.4 and 32.2 pA at 100 Pa. At ambient con-
ditions, oxygen molecules are absorbed on the nanowire, and
capture free electrons from the nanowire, forming negative
charged ions [0, (g) + € — O, (ad)]. This creates a depletion
region near the nanowire surface which decreases the carrier
lifetime, and results in a high resistance or low conductivity in
the dark state. When exposed to UV light with energy greater
than the bandgap, the nanowire will generate electron-hole
pairs, and the holes migrate to the surface and combine with
negatively charged oxygen through the reaction [h* + O, (ad)
— O, (g)]- Thus, the photo-induced electrons under the driving
of external electric field can lead to an apparent enhancement
of photocurrent in air. In vacuum, however, the dark current
increases by ca. 2 times, in comparison to the value obtained by
the measurement in air, which is in agreement with the reports
by other groups.[*93% This increase of dark current is due to
the increase of the carrier lifetime caused by the desorption of
oxygen adsorbed on the nanowire surface under vacuum con-
ditions. On the other hand, the photocurrent under 100 Pa is
2.4 times larger than that under atmospheric pressure, which
is consistent with previous reports of an enhancement of
both photocurrent and photoluminescence in vacuum.[>2851]
Since the diameter of the nanowire is larger than 100 nm, the
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nanowire cannot be entirely depleted, which will result in the
bending of the surface band at the nanowire sidewall facets.
It is easier for oxygen to be photodesorbed from the surface
of the nanowire surface under both vacuum and UV illumina-
tion, hence bringing up a larger concentration of free electrons
and prolonging the photocurrent decay times. Consequently,
a slightly increased dark current and an obviously enhanced
photocurrent are resulted in vacuum. Furthermore, the current—
time responses measured in alternating conditions of vacuum
and air are also illustrated in Figure 6d; the substantial changes
in vacuum may be due to the fluctuation of low pressure. It
is noticed that both types of currents are relatively stable with
fast responses. As summarized in Table 1, the performances of
the K,NbgO,; nanowire photodetector for UV-A detection show
great advantages in response time compared with other sensors
based on single-oxide semiconductor nanostructures, and, espe-
cially, the responsivity is much better than that of single-nano-
belt (ZnS and ZnSe) photodetectors. It should be noted that,
since the UV light source is the third harmonic of a Nd:YAG
laser, the ZnO nanowires observed by Kind et al.?) show faster
response time compared with other two ZnO nanowire samples.

3. Conculsion

Photodetectors based on individual K,NbgO,; nanowires were
fabricated for the first time. The potassium niobate was syn-
thesized using a facile molten method. The single-nanowire
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Figure 5. a) I-V curves of the single-nanowire photodetector illuminated with 250550 nm light and under the dark condition, respectively, at 5 V. Inset
is the SEM image of the device. b) I-V characteristics of the nanowire photodetector under illumination of 320 nm light while the intensities of incident
light are changed. The solid lines fit TFE and FE tunneling mechanisms at different light intensities. c) Variation of photocurrent at 5 V. d) EQE with
the light intensity at 320 nm for the present photodetector at 2 and 5 V, respectively.
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Figure 6. a) Spectral response of the nanowire photodetector against wavelength ranged from 630 to 300 nm measured at a bias of 5 V. The inset is
the UV-vis absorption spectrum. b) Current—time response of the K;NbgO,; nanowire photodetector illuminated with 320 nm light measured using a
mechanical chopping method at 5V. ¢) I-V characteristics upon 320 nm illumination in air and vacuum, respectively. The inset shows the -V curves
in the dark. d) Current-time responses of the nanowire photodetector under air-vacuum-air conditions.
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Table 1. Comparison of the characteristic parameters for K,NbgO,; nanowire photodetectors and other photodetectors.

Photodetector Light of detection Bias Dark Current  Photocurrent R; EQE/Gain Rise time ~ Decaytime Reference
ZnO nanowire 350 nm; 1.3 mW cm™ 1.0V 0.13 pA 0.13 nA _ _ 40s 300s [22]
ZnO nanowire 365 nm; Nd:YAG laser, 5.0V ca. 1pA ca. 250 nA o . <1ls <1s [23]
0.3 mW cm™?
ZnO nanowire 390 nm; 40 mW cm™2 5.0V 1-10 nA 100 pA _ 2% 108 23s 33s [24]
An array of Ti:sapphire laser system; 1.0V ca. 1 pA ca. 20 pA _ _ ca. 20 ns ca. 20 ns [24]
ZnO nanowires  ultrafast laser pulses;
0.3 p) pulse™’
ZnO nanowire 355 nm; 6 mW cm™? 0.1 mV 4.5 pA _ 0.0075 0.04 500 ns 6.7 ps [25]
Pulsed laser A/W at -5V
SnO, nanowire 325 nm; 10 mW cm™ 1.0V 19.4 nA 2.1 pA _ _ >40 s >40's [26]
SnO, nanowire 320 nm; 0.91 mW cm™ 0.1V 40 nA 200 nA _ 1.32x 107 >40 s >100 s [273]
Nb,Os nanobelt 320 nm; 0.91 m\W cm™ 1.0V 15.5 pA 513 pA 15.2A/Wat1V 60.7 _ _ [28a]
ZnS nanobelt 320 nm; 0.91 mW cm™ 5.0V <0.1 pA ca. 0.6 pA _ _ <03s <03s [21]
GaN nanowire 244 nm; 0.2 mW cm™2 30V . . . 10°-108 . 4-10 ms [47]
ZnSe nanobelt 400 nm; 2.02 mW cm™ 30V <0.01 pA ca. 1.7 pA 0.12 A/W at 30V 0.372 <0.3s <03s [48]
KyNbgO,; 320 nm; 0.12 mW cm™2 50V 1.2 pA 13.5 pA 2.53A/Wat5V 9.82 <0.3s <0.3s This work
nanowire

photodetectors show a remarkable sensitivity and wavelength
selectivity with respect to UV-A light. Furthermore, the photo-
detectors exhibited rapid responsive, high discrimination ratio,
robust stability, and a strong dependence of photocurrent on
light intensity. The mechanism of conductivity was explained
from the viewpoints of field emission and thermionic-field
emission for the change of light intensities. These results sat-
isfactorily justify the potential of potassium niobate nanowires
for high-performance UV-A photodetectors.

4. Experimental Section

Synthesis of the potassium niobate was conducted in a conventional
horizontal furnace with a 5 cm inner-diameter quartz tube. A mixture
of raw materials, typically 0.3 g of Nb,Os (Aladdin, 99.99%) powder
in 1.6 g of molten KCl (Sinopharm, AR), was transferred to a crucible
(size: 7 cm X 2 cm x 2 cm) and covered with another crucible to keep
KCl from evaporation. The crucibles were then mounted to the tube,
at 900 °C for 3 h, in such a way that the heat was concentrated at the
center of the crucible. The obtained white products were washed using
hot deionized water several times to remove residual salt. The phase of
as-obtained K,NbgO,; nanowires was identified by a Rigaku D/max-rB
x-ray diffractometer using Cu Ko radiation (A = 0.15406 nm) in the 20
range from 10° to 60°. The morphology of the products characterization
was carried out by using field-emission scanning electron microscopy
(FESEM) (JEOL JSM-6701F) and transmission electron microscope (TEM)
(JEOL JEM-2100F) equipped with an X-ray energy dispersive spectrometer
(EDS). The UV-vis adsorption spectra were scanned with a Hitachi
U-4100 spectrophotometer with the wavelength from 700 to 200 nm.
The XPS measurements were performed by a monochromated Al Ko
X-ray source (hv =1486.6 eV) with vacuum pressure of 1.0 x 10~° Torr.
For the fabrication of single-nanowire photodetectors, the K,NbgO,;
nanowires, in the first place, were dispersed in acetone and deposited
drop-wise on a Si substrate with a 300 nm SiO, top layer. The Ti/
Au (100/100 nm) electrodes were then patterned on the top of the
nanowires through photolithography, magnetron sputtering, and lift-off
process. The current-voltage characteristics of the K;NbgO,; nanowire

Adv. Optical Mater. 2014, 2, 771-778
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photodetectors were measured using an Advantest Picoammeter
R8340A and a DC voltage source R6144. The spectral response for
different wavelengths was recorded using a xenon lamp (500 W).
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