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ABSTRACT: Due to the efficient photocarrier separation and collection coming from their distinctive band structures,
superlattice nanowires (NWs) have great potential as active materials for high-performance optoelectronic devices. In this
work, InGaZnO NWs with superlattice structure and controllable stoichiometry are obtained by ambient-pressure
chemical vapor deposition. Along the NW axial direction, perfect alternately stacking of InGaO(ZnO)4

+ blocks and InO2
−

layers is observed to form a periodic layered structure. Strikingly, when configured into individual NW photodetectors,
the Ga concentration is found to significantly influence the amount of oxygen vacancies and oxygen molecules adsorbed
on the NW surface, which dictate the photoconducting properties of the NW channels. Based on the optimized Ga
concentration (i.e., In1.8Ga1.8Zn2.4O7), the individual NW device exhibits an excellent responsivity of 1.95 × 105 A/W and
external quantum efficiency of as high as 9.28 × 107% together with a rise time of 0.93 s and a decay time of 0.2 s for the
ultraviolet (UV) photodetection. Besides, the obtained NWs can be fabricated into large-scale parallel arrays on glass
substrates as well to achieve fully transparent UV photodetectors, where the performance is on the same level or even
better than many transparent photodetectors with high performance. All the results discussed above demonstrate the
great potential of InGaZnO superlattice NWs for next-generation advanced optoelectronic devices.
KEYWORDS: transparent, ultraviolet photodetectors, superlattice, InGaZnO, nanowires

In the past decade, due to many fascinating properties,
great attention has been paid to one-dimensional (1D)
inorganic semiconductor nanowires (NWs) for various

device applications in transistors, gas sensors, photodetectors,
light-emitting diodes, solar cells, etc.1−6 In particular, UV
photodetectors based on the binary metal oxide NWs, such as
In2O3, Ga2O3, and ZnO, are demonstrated with impressive
device performances in higher responsivity, faster response

time, better external quantum efficiency (EQE), and greater
carrier mobility as compared with those of the bulk or thin-film
materials based counterparts.7−10 These UV detectors would
have particular utilization in tracking missiles, flame detection,
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and many others.7−10 Apart from the binary oxides, ternary
and even multielement metal oxide NW material systems are
even recently observed to have a wider tunability range of
physical properties for further device performance enhance-
ment; however, because of the challenge of material synthesis,
there are only a few reports investigating these ternary and
multielement NWs for photodetection.11−15 In principle, these
photodetectors can also be made into optically transparent
solar-blind devices, where they would have a boarder range of
potential applications in smart windows, optical communica-
tions, security, human motion detection, and many
others.16−20 In this regard, it is important to fabricate high-
quality multielement metal oxide NWs together with the
careful assessment of their corresponding photodetection
mechanisms and performance limits as transparent photo-
detectors, in which all these would contribute to a substantial
advancement of semiconductor NWs for next-generation high-
performance optoelectronics.
At the same time, these InGaZnO crystalline NWs with

superlattice structure have been lately achieved for high-
mobility thin-film transistors.21,22 The optimal Ga concen-
tration and the superlattice structure are likely to tune the
carrier concentration and at the same time reduce the
concentration of oxygen vacancies to improve the property
of the NW transistor.23 In general, superlattice NWs are highly
preferred as active channel materials for photodetectors due to
their distinctive band structures and band alignments such that
a more efficient photocarrier separation and collection
result.24,21 Upon illumination, the photoexcited electrons and
holes are spatially separated at the heterointerfaces within the
superlattice NWs; therefore, the carrier recombination can be
greatly suppressed to increase the EQE value and the spectral

responsivity of the NW devices.25 For instance, Shen et al.
focused on individual InGaO3(ZnO) superlattice NWs for
flexible ultraviolet (UV) photodetectors with an emphasis on
device mechanical robustness, but their device performances,
especially the photoresponsivity and on−off current ratio, are
still insufficient for advanced utilizations.25 Until now, to the
best of our knowledge, there is not any other work
systematically evaluating the optoelectronic properties of
InGaZnO superlattice NWs.
In this work, we have successfully fabricated high-perform-

ance transparent UV photodetectors utilizing crystalline
InGaZnO NW arrayed channels with superlattice structure
and well-controlled stoichiometry. Specifically, these NWs
exhibit a periodic layered structure with perfect alternately
stacking of InGaO(ZnO)4

+ blocks and InO2
− layers oriented

along the NW axial direction. Strikingly, when configured into
individual NW photodetectors, the Ga concentration is found
to significantly dictate the photoconducting properties of the
NW channels. The InGaZnO NWs with an optimal Ga
concentration (i.e., In1.8Ga1.8Zn2.4O7) can deliver a good
photoresponsivity of up to 1.95 × 105 A/W, an EQE
approaching 9.28 × 107%, an on−off current ratio of 1.9 ×
105, and rise time and decay times of down to 0.93 and 0.2 s,
respectively; these performance parameters are already on the
same level or even better than many advanced one-dimensional
nanomaterials-based UV photodetectors. These impressive
device characteristics are mainly attributed to the reduced
density of oxygen vacancies as well as the excellent crystallinity
of obtained superlattice NWs. Besides, these NWs can also be
fabricated into large-scale parallel arrays on glass substrates to
achieve fully transparent UV photodetectors. The results
discussed above demonstrate the great potential of InGaZnO

Figure 1. (a) EDS, (b, c) SEM, (d) TEM, (e, f) HRTEM image and SAED pattern of typical In1.8Ga1.8Zn2.4O7 NWs. (g) STEM image of a
representative In1.8Ga1.8Zn2.4O7 NW with the elemental mapping of In, Ga, Zn, and O, respectively.
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NWs with superlattice structure for the future advanced
optoelectronic devices.

RESULTS AND DISCUSSION
After the NWs are synthesized, energy dispersive X-ray
spectrometry (EDS) measurement is performed on the
obtained NWs. As shown in the EDS spectrum in Figure 1a
and Supporting Information Figure S1, the corresponding
metallic composition of the NWs are evaluated. Moreover, X-
ray diffraction (XRD) measurement is also carried out to assess
the crystal structure of the NWs. We can see that all peaks of
InGaZnO NWs can be determined to be InGaZn4O7 (PDF
No. 40-0254) with hexagonal structure and diffraction peaks of
IZO NWs belong to Zn4In2O7 (PDF No. 20-1438)
(Supporting Information Figure S2). Except for the peaks of
ZnO (110) and Si (200), which are also observed in other
reports,26,27 there are no other impurity phases witnessed,
suggesting that both IGZO and IZO NWs have been fabricated
successfully here. By combining EDS and XRD spectrum, the
NW samples can be determined to be In1.8Ga1.8Zn2.4O7,
Zn4In2O7, In2.4Ga0.3Zn3.3O7, and In0.3Ga3.9Zn1.8O7 (Figure 1a
and Supporting Information Figures S3 to S5), by just tuning
the amount of Ga in the source, respectively. In order to show
the repeatability of the NW samples, all of the obtained NWs
have been fabricated at least five times repeatedly with the
variation within 3 at. % (Figure S6), indicating the stability of
this growth method. Importantly, all NW samples exhibit a
uniform diameter with a smooth surface and tens of
micrometers in the length. Specifically, the average diameter
of In1.8Ga1.8Zn2.4O7 NWs is 26 ± 12 nm (Figure 1b). The
high-resolution scanning electron microscopy (SEM) image
even reveals that small particles appeared at the end of the

NWs, which suggests the growth of InGaZnO NWs following
the vapor−liquid−solid (VLS) growth mechanism (Figure
1c).28−30 As expected, the TEM image as well shows a
perfectly smooth NW surface and a dominant growth
orientation of the NW consistent with the XRD results
discussed above (Figure 1d). More importantly, when high-
resolution transmission electron microscopy (HRTEM)
measurement is conducted, layered structures containing
dark and bright stripes can be seen for the InGaZnO NW
(Figure 1e), elucidating the formation of a NW superlattice
structure.31 In particular, every five thin dark lines (In,Ga/Zn−
O layers) are coupled by two thick dark lines (In−O layers),
confirming the superlattice structure of IGZO NWs.32 Indeed,
when selected area electron diffraction (SAED) information is
collected (Figure 1f), the pattern of the diffraction spot
exhibits features of the superlattice structure.33 Explicitly,
between every two main spots exists five satellite spots, which
is also in good agreement with the XRD result shown in
Supporting Figure S2. It is also noted that all other NW
samples exhibit the superlattice structure, while the lattice
constant (c, two times the distance between two adjacent In−
O layers) of the NWs is found to be reduced with increasing
Ga concentration (Figure 1e, Supporting Information Figures
S3e, S4e, and S5e). This lattice shrinkage is somewhat to be
predicted since In can be replaced by Ga, which has a smaller
ion radius; therefore, the c parameter values are decreased
accordingly when more Ga is incorporated into the lattice.33

Besides, scanning TEM (STEM) equipped with elemental
mappings illustrate the uniform distribution of constituent
elements of the InGaZnO NW (Figure 1g). Similar results can
as well be observed for other NWs in Supporting Information
Figures S3g, S4g, and S5g. All these findings confirm the

Figure 2. Photoresponse characteristics of the In1.8Ga1.8Zn2.4O7 NW device. (a) I−V results of the device measured under different power
intensities of 261 nm light illumination and in the dark. The inset shows the SEM image of the photodetector. (b) Dependence of
photocurrent and responsivity on the light intensity. The inset depicts the illustrative device schematic of the NW photodetector. (c)
Current versus time curve measured under a light intensity of 2.3 mW/cm2. (d) Corresponding high-resolution current versus time curve.
The bias is 1 V and Vg = −20 V.

ACS Nano Article

DOI: 10.1021/acsnano.9b06311
ACS Nano 2019, 13, 12042−12051

12044

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06311/suppl_file/nn9b06311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06311/suppl_file/nn9b06311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06311/suppl_file/nn9b06311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06311/suppl_file/nn9b06311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06311/suppl_file/nn9b06311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06311/suppl_file/nn9b06311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06311/suppl_file/nn9b06311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06311/suppl_file/nn9b06311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06311/suppl_file/nn9b06311_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b06311


realization of high-quality InGaZnO NWs with controllable
chemical composition investigated here.
To shed light onto the optoelectronic properties of obtained

InGaZnO NWs, photodetectors made of individual NWs are
first fabricated and characterized under UV illumination. As
shown in the illustrative device schematic in Figure 2b inset,
the photodetector consists of an In1.8Ga1.8Zn2.4O7 NW
configured onto the surface of Si/SiO2 as the active channel
with Ni electrodes on both ends. The Figure 2a inset gives the
typical top-view SEM image of the device, while Figure 2a
displays the corresponding current−voltage (I−V) character-
istics measured under various power intensities (0.32−2.3 mW
cm−2) of 261 nm light irradiation and in the dark, respectively.
Although there is a possibility of the oxidation of Ni at the
interface when using Ni as the electrodes, the linear
relationship exhibited in the I−V curve (Figure 2a) suggests
the ohmic-like contact behavior of the photodetector device,
which favors the photogenerated carrier collection. In this way,
the Ni oxidation effect can be neglected here. In fact, Ni
electrodes are widely employed in many other metal oxide NW
devices.23 When the illumination intensity increases, the
output current increases accordingly, indicating the effective
photoresponse of the device. In order to further evaluate its
photoresponse performance, the relationship between the
photocurrent (difference between output current under light
and in the dark) and the intensity of light is assessed and
compiled in Figure 2b. Its relationship can be well described by
the power law

= θI APp (1)

where Ip is the photocurrent, A is a constant, P is the light
intensity, and θ is the empirical value. By the fitting process,
the value of θ is estimated to be 0.65, revealing the sublinear
relationship between photocurrent and light intensity, which is
often observed in metal-oxide-based photoconductors because
of the complex processes of electron−hole generation,
trapping, and recombination in the semiconductors.3,34 In
addition, responsivity (R) and EQE are two important
parameters to appraise the sensitivity of a photodetector, in
which they are defined as

=R I PS/( )P (2)

λ= hc e REQE ( / ) (3)

where S is the irradiated area of the photodetector, h is
Planck’s constant, λ is the illumination wavelength, e is the
electronic charge, and c is the velocity of light. As given in
Figure 2b, R is observed to decrease gradually with increasing

illumination intensity. At the voltage of 1 V and the light
intensity of 2.3 mW cm−2, the value of R and its corresponding
EQE are found to be 1.95 × 105 A/W and 9.28 × 107%,
accordingly. Such results show the excellent sensitivity of our
devices for UV photodetection.
Furthermore, reproducibility and response speed are another

two important figures-of-merit of the photodetectors. Figure 2c
describes the transient photoresponse measurement of the
photodetector by chopping the light repeatedly. It is obvious
that the device yields an impressive on−off current ratio of
around 1.9 × 105, and there is no significant change of the on-
and off-current among the measurement cycles, indicating a
good reproducibility and stability of the device. A high-
resolution current versus time curve is then used to study the
response time of the device. Usually, the rise time and decay
time are defined as the peak value of the photocurrent
changing from 10% to 90% and 90% to 10%, respectively. In
this case, the rise time and decay time are measured to be 0.93
and 0.2 s, accordingly, as illustrated in Figure 2d. At the same
time, Zn4In2O7, In2.4Ga0.3Zn3.3O7, and In0.3Ga3.9Zn1.8O7 NWs
are also configured into photodetectors with the exact same
device structure and then characterized, correspondingly
(Supporting Information Figures S8 to S10). The device
performance of the In1.8Ga1.8Zn2.4O7 NW photodetector is
witnessed to be the best among all other samples. When
compared with other state-of-the-art one-dimensional nano-
materials based UV photodetectors, the performance param-
eters of the In1.8Ga1.8Zn2.4O7NW device are already com-
parable or even better than those reported in the literature,
which demonstrates the excellent prospect of our InGaZnO
NWs for highly efficient UV photodetection.
Typically, oxygen adsorption and desorption processes are

always considered to be closely related to the carrier
recombination dynamics of metal-oxide-based photodetec-
tors.42−44 Here, to further clarify the principle of photo-
conduction of InGaZnO NW devices, a proposal of the
photoconduction mechanism is reinforced in Figure 3. In the
dark environment, there would be a large amount of ambient
oxygen molecules adsorbed onto the NW channel surface, in
which these molecules capture surface free electrons to become
O2

−; therefore, a depletion layer results on the NW surface to
yield the low conductivity (Figure 3a). This depletion layer
would then induce a band bending near the NW surface
(Figure 3b). In this case, when the device is illuminated under
UV light irradiation, electron−hole pairs are generated while
the photoexcited holes roll to the NW surface to recombine
with the ionized oxygen molecules due to the band bending
(Figure 3c). During this process, the previously adsorbed

Table 1. Comparison of the Characteristic Parameters of the IGZO Nanowire Photodetector with Other Nanoscale
Photodetectors

1D photodetector responsivity/A/W EQE/% on−off ratio rise time/s decay time/s ref

ZnO nanowire 800 0.7 0.5 35
ZnGa2O4 nanowire 3174 1.1 × 106 120 15 10 11
Ga2O3 nanowire 33.7 1.67 × 104 400 11.8 <0.3 36
ZnO nanowire 1000 40 300 37
ZnO nanorod 80−85 >500 ∼500 38
SnO2-coated ZnO nanowire 5.5 1.5 25.6 39
ZnO nanowire 180 43.7 40
Ga2O3 nanobelt 32 1.59 × 104 100 2.4 <0.6 7
Cu-doped ZnO nanobelt 400 1.7 × 105 ∼100 9 17 41
IGZO nanowire 1.95 × 105 9.28 × 107 1.93 × 105 0.93 0.2 this work
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oxygen molecules are now released and the holes are trapped
on the NW surface, leading to the thickness reduction of the
surface depletion layer. In this way, the surface band bending
of the NW is lessened such that the conductivity would get
recovered (Figure 3d). However, after the UV illumination is
chopped off, the oxygen molecules are then readsorbed back
onto the NW surface again, returning to the original state.
Vacuum measurement of the device is purposely performed to
validate the proposed photoconduction mechanism as
discussed above (Supporting Information Figure S7).
Apart from the interaction with the ambient environment, it

is also important to study the property of photodetectors of
these NWs with different compositions, especially with
different Ga concentrations. In this case, the performance
data of different NW devices are extracted from Supporting
Information Figures S8 to S10 and presented in Figure 4. It is
clear that with the increasing of Ga concentration, the dark
current exhibits a reducing trend for the photodetector devices,
which significantly drops from 133 nA to 2.3 × 10−5 nA with a
source−drain bias of 1 V and gate bias of −20 V (Figure 4a).

Meanwhile, both the rise time and decay time deliver the same
decreasing characteristics down to 0.91 and 0.07 s, respectively,
with the increasing Ga concentration (Figure 4b). It can be
understood that the increase of Ga content would possibly lead
to the reduction of free electron generation due to the higher
bonding energy of Ga−O such that the amount of oxygen
vacancies and oxygen adsorption is restrained.45,46 As we
discussed above, the oxygen adsorption on the NW surface can
significantly affect its photodetection property. When the
oxygen molecules are adsorbed onto the surface of NWs, they
can capture free electrons and turn into O2

−, subsequently
decreasing the dark current of the device. Besides, the oxygen
adsorption is also responsible for the slow response time.47,48

In this case, the higher Ga concentration can effectively
suppress the oxygen adsorption on the NW surface, induce less
ionized oxygen molecules, and then lead to a faster response
time. In contrast, the responsivity is observed to first decrease
slightly from 7.15 × 104 A/W to 6.64 × 104 A/W, then
significantly increase to 1.95 × 105 A/W, and finally drop to
1520 A/W (Figure 4c). EQE shares the same trend as that of
the responsivity, starting from 3.4 × 107% to 3.16 × 107%, then
increase to 9.28 × 107% and finally reach 7.2 × 105% (Figure
4d). Typically, the photocurrent is proportional to the carrier
mobility and the carrier lifetime,49 while the carrier lifetime is
heavily dictated by the density of recombination centers. As a
result, as the mobility of A2 is just slightly larger than that of
A1,23 they deliver similar photodetection performance here;
however, the device performance can be greatly improved (or
deteriorated) if the carrier mobility is largely enhanced for the
sample of A3 (or decreased for the sample of A4). All these
results clearly illustrate that the Ga concentration of InGaZnO
NWs can substantially affect the property of photodetectors
with the optimal Ga content for the superior photodetection
characteristics.
Furthermore, X-ray photoelectron spectroscopy (XPS)

studies are also carried out to evaluate the chemical state of
NW constituents as well as to further illustrate the influence of
Ga content on their photoconduction property of devices. It is
obvious that only In, Ga, Zn, O, and C peaks (from the air) are

Figure 3. (a, c) Schematic of the InGaZnO NWs along with the
interaction with their ambient environment and (b, d) their
corresponding energy band diagrams exposed in the dark and
under UV illumination.

Figure 4. Compiled performance data of four NW devices. (a) Dark current, (b) response time, (c) responsibility, and (d) EQE. The bias is 1
V and Vg = −20 V (A1: Zn4In2O7; A2: In2.4Ga0.3Zn3.3O7; A3: In1.8Ga1.8Zn2.4O7; A4: In0.3Ga3.9Zn1.8O7).
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detected, which confirms again the successful fabrication of
both InZnO and InGaZnO NWs (Figure S11). When the high-
resolution XPS spectra of both Zn 2p 3/2 and In 3d are
inspected, the peaks of Zn 2p 3/2 and In 3d of InGaZnO NWs
are slightly red-shifted compared with the peak position of IZO
NWs, where this shift is probably coming from the smaller
diameter of InGaZnO NWs and the size effect as reported in
previous works (Supporting Information Figure S11b and
c).50,51 Notably, the O 1s spectra of all NW samples consist of
three kinds of oxygen levels, as depicted in Figure 5.52 In
general, the small binding energy (∼529.8 eV) peak, labeled as
OI, is always related to the O

2− ions from the substitutional site
of InZnO or InGaZnO lattice. The binding energy around
530.9 eV labeled as OII belongs to oxygen vacancies existing in
the lattice. The binding energy around 532.5 eV of OIII is
ascribed to the oxygen species (e.g., H2O, −CO3) or other
species weakly bonded on the NW surface.53,54 Usually, the
area ratio of OI/OII is employed to demonstrate the relative
concentration of oxygen vacancies, which can generate carriers
within the lattice of the materials.55 The ratio values are
determined to be 0.54, 0.64, 0.76, and 1.03 for Zn4In2O7,
In2.4Ga0.3Zn3.3O7, In1.8Ga1.8Zn2.4O7, and In0.3Ga3.9Zn1.8O7
NWs, respectively. The variation of the peak area ratio (i.e.,
percentage) of OI, OII, and OIII peaks of all NW samples is also
compiled in Supporting Information Figure S12 in order to
better demonstrate the change of the O 1s peaks. This result
indicates that the reduction of oxygen vacancies can be
achieved here by incorporating Ga atoms and increasing their
concentration in the superlattice NW due to the stronger
bonding of Ga−O. It is noted that the higher bonding energy
of Ga−O can also lead to a lower formation of oxygen
vacancies, which subsequently suppress the generation of free
carriers and induce a lower concentration of O2

− adsorbed on
the NW surface.56 In this way, the lower free electron
concentration of the sample can result in a lower dark current,
while the adsorbed oxygen molecules are responsible for the

slow process of the photoconductivity performance.57 There-
fore, increasing the Ga content here can reduce the dark
current and improve the response speed of the optoelectronic
devices. More importantly, suppressing the generation of
oxygen vacancies can diminish the carrier scattering, thereby
improving the mobility and enhancing the responsivity of the
superlattice device.58 Anyhow, when the Ga concentration is
too high, the excess Ga species can partly destroy the lattice
structure and then degrade the device performance. In this
case, the suitable Ga concentration within the InGaZnO NWs
can deliver the highest responsivity and EQE value for the
photodetectors, as described in Figure 4c and d.
For practical applications, it is essential to evaluate the

device performance of photodetectors based on large-scale
NW parallel arrays. In this work, In1.8Ga1.8Zn2.4O7 NWs are
chosen as the active materials for the construction of parallel
arrayed devices because of their enhanced photodetection
properties as discussed above. By using the well-established
NW contact printing, NW parallel arrays can be readily
configured onto any substrate, such as Si/SiO2 wafers, with the
source−drain electrical contact of Ni films (Supporting
Information S13a and b insets).59−61 Supporting Information
Figure S13a illustrates the typical I−V characteristics of the
fabricated photodetector in the dark as well as under different
light intensities (0.18−0.6 mW/cm2), respectively. With
increasing intensity, the output current increases accordingly.
The device also exhibits a characteristic linear relationship of
I−V curves, indicating the ohmic-like contact property, which
favors collecting the photogenerated carriers efficiently. As
shown in the curves of photocurrent and responsivity versus
light intensity (Supporting Information Figure 13b), the
relationship between the photocurrent and the light intensity
can as well be described by the power law. The θ value is
determined to be 0.62, which is again less than 1, suggesting
the complex processes of electron−hole generation, trapping,
and recombination on the NW surface. Besides, the

Figure 5. XPS of the deconvoluted O 1s profiles of (a) Zn4In2O7, (b) In2.4Ga0.3Zn3.3O7, (c) In1.8Ga1.8Zn2.4O7, and (d) In0.3Ga3.9Zn1.8O7 NWs,
respectively.
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responsivity decreases gradually with the increasing incident
light power. It gives a maximum responsivity of 1.64 × 105 A/
W with the source−drain bias of 1 V and gate bias of −20 V.
For the photoswitching measurement, the device delivers a
stable on- and off-state with an on−off current ratio of ∼5,
which reveals the stability and reproducibility of the photo-
detector (Supporting Information Figure S13c). The rise and
decay times are determined to be 4.42 and 11.1 s, respectively

(Supporting Information Figure S13d). More importantly, the
In1.8Ga1.8Zn2.4O7 NW arrays can also be fabricated onto glass
substrates with indium tin oxide (ITO) source−drain electro-
des in order to achieve fully transparent UV photodetectors
(Figure 6). The device schematic and the corresponding top-
view SEM image of the NW parallel arrays are given in Figure
6c and d insets, respectively. As shown in the optical image of
fabricated transparent photodetectors in Figure 6a, it is evident

Figure 6. Transparent photodetector device based on In1.8Ga1.8Zn2.4O7 NW parallel arrays. (a) Optical image of the leaves covered by the as-
fabricated device, while the device area is highlighted by the yellow dashed rectangle. (b) Transmittance measurement of the device. (c) I−V
curves of the device under different power intensities of 261 nm light illumination and in the dark. The inset shows the top-view SEM image
of the NW parallel arrayed device channel. (d) Dependence of the photocurrent and the responsivity on the light intensity. The inset gives
the device schematic of the photodetector fabricated on glass substrates. (e) Photoresponse characteristics (current versus time) of the
device. The light intensity is 0.6 mW/cm2. (f) Corresponding high-resolution current versus time curve. The bias is 1 V and Vg = −20 V.

Table 2. Comparison of the Performance Parameters of Transparent Photodetectors Based on InGaZnO NW Arrays among
Other Transparent Photodetectors Reported in the Literature

1D photodetector bias (V) responsivity/A W−1 photocurrent rise time/s decay time/s ref

ZnO ultraporous film 5 13 1.2 mA 250 150 62
ZnO−SnO2 nanofibers film 10 7.9 nA 32.2 7.8 63
ZnS-coated ZnO array 3 229 547 64
ITO/ZnO NW/MgO/ITO 5 290 65
ZnO network 1 ∼10−2 115 μA 3.3 20 66
ITO/ZnO NR/GO:CNT 2 2.4 67
ZnO NW array 5 113 23 73 68
ZnO homojunction nanofibers 0 1 0.5 nA 3.9 4.7 69
vertically aligned ZnO nanostructure −5 290 0.24 mA 0.22 70
SnO2−TiO2 heterojunction core−shell structure 0 0.6 10−6 A 0.02 0.004 71
IGZO NW array −20 64600 5.07 μA 3.67 12.71 this work
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that the underneath leaves can be seen clearly, while the device
area is highlighted by the yellow dashed rectangle. The
photodetector has a high optical transparency, above 80%, for a
wide range of wavelengths spanning from 400 to 800 nm
(Figure 6b). When compared with the I−V curves of using Si
substrates (Supporting Information Figure S13a), the trans-
parent device also gives a linear I−V characteristic (i.e., ohmic-
like contact property), but with a much smaller output current
of only 5.1 μA under the same device geometry and bias
condition. This reduced current may come from the
nonoptimized contact between the NW arrays and the ITO
electrodes. Similarly, the sublinear relationship between the
photocurrent and the incident light intensity is as well
witnessed; however, the responsivity delivers a slightly smaller
value of 6.46 × 104 A/W (Figure 6d). In any case, the device
exhibits an excellent stability and reproducibility (Figure 6e)
with a rise time of 3.67 s and decay time of 12.71 s (Figure 6f).
All these performance parameters of the fully transparent
photodetector device are already comparable to or even better
than those of state-of-the-art transparent photodetectors as
reported in the literature (Table 2). All these findings
apparently indicate the technological potential of InGaZnO
superlattice NW arrays for future high-performance trans-
parent optoelectronics.

CONCLUSIONS

In summary, InGaZnO NWs with controllable stoichiometry
and perfect superlattice structure are fabricated by an ambient-
pressure chemical vapor deposition (CVD) method. By
configuring them into photodetectors, the photoconducting
property of InGaZnO and InZnO NWs toward UV irradiation
can be thoroughly studied. It is observed that the Ga
concentration has a significant effect on the device perform-
ance. The introduction of Ga can substantially reduce the
amount of oxygen vacancies within NWs because of the higher
bonding energy of Ga−O. Therefore, the free carrier
generation is restrained, which leads to the reduction of O2

−

adsorption and subsequently improves the photodetector
performance. More importantly, when large-scale NW parallel
arrays are constructed onto glass substrates, high-performance
transparent UV photodetectors can be achieved, suggesting the
promising potency of InGaZnO superlattice NW arrays for
next-generation fully transparent optoelectronics.

METHODS
Material Synthesis. Both InGaZnO and InZnO (control sample)

NWs were fabricated via the ambient-pressure CVD method. In
detail, Si covered with a 50 nm of SiO2 was used as the substrate. A
thin gold film with a nominal thickness of 0.1 nm was deposited on
the surface of the substrate by thermal evaporation serving as the
catalysts. To fabricate InGaZnO NWs, the source consists of zinc
powder (0.0022 g; >99.8%; Sigma-Aldrich), In granules (0.38 g;
99.999%; China Rare Metal), Ga granules (variation from 0.023 to
0.115 g; 99.999%; China Rare Metal), and graphite powder (0.3 g;
Sigma-Aldrich). The source is stable at the closed end of a quartz tube
with a length of 10 cm and diameter of 1 cm. There was a distance of
2 cm between the source and the substrate. Next, this small tube was
placed inside of a larger quartz tube with a diameter of 1 in.; then this
setup was fixed inside of the single-zone horizontal tube furnace. In
order to start the growth, the furnace was first increased to the
temperature of 990 °C in 20 min; then the system was stabilized at
this temperature around 7 min. The gas mixture (oxygen/argon = 1/
9; 20 sccm) and argon (99.9995%; 80 sccm) were used as the carrier
gas in this experiment. The process was then repeated for another two

times (the second growth for 7 min, while 10 min for the third
growth) by using the clean substrates and the source from the first
growth after the system reached room temperature. As shown in
Supporting Information Figure S1, for the first growth, ZnO NWs was
fabricated, while In0.015Zn0.985O NWs were obtained by the second
growth. For the third growth, InGaZnO NWs could be obtained
controllably. InGaZnO NWs with different Ga concentration can
reliably be obtained by simply varying the Ga content in the precursor
source.

Material Characterization. The crystal structure of the NWs was
determined by XRD (D2 Phaser, Bruker). The morphology of the
NWs was examined by a scanning electron microscope (Quanta 450
FEG, FEI) and transmission electron microscope (CM 20). The
crystallinity of the NWs was also evaluated by HRTEM (JEOL-
2001F, JEOL) and SAED. Elemental mappings were performed using
EDS.

Fabrication and Measurement of Photodetectors. The
obtained NWs were first dispersed in anhydrous 2-propanol solution
by ultrasonication followed by transfer onto the surface of p-type Si
substrates with a 50-nm-thick thermally grown oxide layer using drop-
casting. Next, photolithography was carried out followed by
deposition of the Ni film (80 nm) via electron beam evaporation
and then a lift-off process for the individual NW photodetector. For
the transparent NW parallel arrayed photodetectors, the glass
substrates predeposited with ITO (60 nm) and Al2O3 (100 nm) by
sputter and electron-beam evaporation, respectively, were employed
as the device substrates. Using NW contact printing, NW parallel
arrays could then be easily configured onto the processed substrate.
ITO films were used as the source−drain electrodes. Last, all
photodetector measurements were performed by using a standard
probe station with an Agilent 4155C semiconductor analyzer (Agilent
Technologies, Santa Clara, CA, USA) coupled with a 261 nm laser as
the light source whose power was measured by a power meter
(PM400, Thorlabs).
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