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High-mobility In and Ga co-doped ZnO nanowires
for high-performance transistors and ultraviolet
photodetectors†
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Due to their unique properties, ZnO nanostructures have received considerable attention for application

in electronics and optoelectronics; however, intrinsic ZnO nanomaterials usually suffer from large con-

centrations of lattice defects, such as oxygen vacancies, which restricts their material performance. Here,

for the first time, highly-crystalline In and Ga co-doped ZnO nanowires (NWs) are achieved by ambient-

pressure chemical vapor deposition. In contrast to conventional elemental doping, this In and Ga co-

doping can not only enhance the carrier concentration, but also suppresses the formation of oxygen

vacancies within the host lattice of ZnO NWs. Importantly, this co-doping is also believed to effectively

minimize the generation of lattice strain defects due to the optimal ionic sizes of both In and Ga dopants.

When configured into field-effect transistors (FETs), these co-doped NWs exhibit an enhanced average

electron mobility of 315 cm2 V−1 s−1 and an impressive on/off current ratio of 1.87 × 108, which are

already higher than those of other previously reported ZnO NW devices. In addition, these NW devices

demonstrate efficient ultraviolet photodetection at under 261 nm irradiation with an improved responsivity

of 1.41 × 107 AW−1, an excellent EQE of up to 6.72 × 109 and a fast response time down to 0.32 s. Highly-

ordered NW parallel array thin-film transistors and photodetectors are also constructed to demonstrate

the promising potential of the NWs for high-performance device applications.

Introduction

Over the past decades, because of the appropriately wide direct
band gap (3.37 eV at room temperature) and large exciton
binding energy (60 meV), ZnO nanomaterials have attracted
considerable interest as active ingredients for electronic and
optoelectronic devices.1 Due to these unique properties, they
are not only interesting materials but also contribute to build-
ing blocks for many important technological applications,
such as solar cells, electrodes, and gas sensors.2–4 However,
intrinsic ZnO nanomaterials always have large concentrations
of native defects (e.g. oxygen vacancies, Vo), which deteriorate
their material properties and impose significant restrictions

on their practical utilization. In this case, various methods
have been extensively explored to suppress the adverse effects
of Vo defects on the electrical and optical properties of ZnO
nanostructures. Doping with foreign atoms is generally an
effective technique to inherently manipulate the properties of
host materials.5–7 Even though there have been many recent
advances in the fabrication of ZnO nanomaterials with
different dopants, including Al, Ga and In,8,9 it is still a great
challenge to achieve enhanced one-dimensional (1D) ZnO
nanowire (NW) materials with uniform doping, excellent crys-
tallinity and superior electrical properties for the excellent per-
formance of subsequently fabricated devices.

Among many dopants, proper doping with In atoms has
been demonstrated to improve the properties of ZnO
nanostructures.10,11 To be specific, optimal In-doped ZnO
nanostructures exhibit enhanced optical transmission, better
chemical stability, superior thermal stability and, more impor-
tantly, higher electrical conductivity. Once configured into
field-effect transistors (FETs), they can deliver high output
current density and carrier mobility, as In dopants have
extended 5s orbitals that easily overlap with the orbitals of the
host lattice to form efficient electron conducting pathways.12

ZnO nanomaterials are also broadly investigated for transpar-
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ent electronics, which have an extremely large potential global
market.13 Unfortunately, there are still several drawbacks
associated with In-doped ZnO nanostructures. One issue is
that because In serves as a n-type dopant for intrinsically
n-type ZnO, the processed nanomaterials inevitably have an
excess free electron concentration after doping; therefore, the
fabricated devices require a high gate bias to deplete the
channel electrons for the off-state of the device.14 Additionally,
In doping tends to induce more Vo defects in the ZnO host
lattice, which donate additional free electrons to the device
channel and further lead to degradation of the transistor per-
formance.15 For example, Zhu et al. recently fabricated In-
doped ZnO nanorod devices with a large on current of around
6.39 × 104 A but also with a high off current compared with
their pristine ZnO counterparts; this high off current mainly
arises from increased Vo defects, as confirmed by the XPS
characterization.14 Similar results were reported by Park and
co-workers, who stated that In-doped ZnO nanostructures tend
to possess higher concentrations of Vo defects.

16

On the other hand, it is interesting that Ga-doped ZnO
nanorods are found to have lower Vo concentrations in contrast
to pure and In-doped ZnO nanorods.16 Due to the small ionic
radius of Ga, these dopants can easily bind with oxygen con-
stituents to lessen the formation of Vo defects.

17 Moreover, Ga-
doped ZnO NW devices can deliver better electron mobility
than undoped NW devices by simply increasing the Ga doping
concentration in the NW channel; this mobility enhancement
is attributed to the saturation of Vo defects.

18 However, further
increasing the Ga doping concentration reduces the electron
mobility because of enhanced electron scattering by Ga impu-
rities. Inevitably, a high doping concentration significantly
increases the amount of lattice strain because of the lattice
mismatch between the dopant atoms and the host lattice. This
lattice strain would reduce the solid solubility of the dopants
in ZnO and also initiate lattice defects for the uncontrolled
carrier concentration.19 Therefore, it is difficult to only
increase the doping concentration sufficiently to obtain
enhanced properties without generating any ionized impurity
scattering centers and strain defects within the lattice.20 In
fact, for the thin-film device community, multiple elements
are usually employed as co-dopants for ZnO channels in order
to manipulate their device characteristics.21–23 At the same
time, these doping schemes can improve device stability under
bias stress and light illumination.24–26 To date, no similar
studies have been performed for ZnO NWs; hence, it is crucial
to explore the electrical and optical properties of ZnO NWs by
utilizing these doping arrangements.

In this work, for the first time, crystalline In and Ga co-
doped ZnO NWs with uniform diameters and morphologies
are successfully achieved by ambient-pressure chemical vapor
deposition (CVD). In and Ga dopants are chosen because In
doping can increase the free carrier concentration of ZnO
NWs, while the incorporation of Ga helps to suppress the gene-
ration of Vo defects due to the relatively high binding energy of
Ga–O bonds compared with those of In–O and Zn–O bonds. It
is also worth mentioning that this In and Ga co-doping is

anticipated to minimize doping-induced lattice strain because
In2+ has a larger ionic radius (81 pm) and Ga3+ has a smaller
ionic radius (62 pm) compared with Zn2+ (74 pm). As a result,
the electrical properties of ZnO NWs can be improved by incor-
porating both In and Ga dopants without sacrificing their elec-
tron mobility due to the reduced Vo defects and other strain
defects within the lattice. Explicitly, when fabricated into
FETs, a single In and Ga co-doped ZnO NW device can deliver
an impressively high on/off current ratio of 1.9 × 108 and a
superior average electron mobility of 315 cm2 V−1 s−1, which
are significantly better than those of other state-of-the-art ZnO
NW transistors. Importantly, the optimized NW device can
also serve as a high-performance ultraviolet (UV) photo-
detector, exhibiting a high responsivity of 1.41 × 107 A W−1

and a large EQE of up to 6.72 × 109 at under 261 nm
irradiation. The detector response times are determined to be
0.3 and 0.8 s for the rise and decay times, respectively. Highly-
ordered NW parallel array transistors and photodetectors are
also constructed and showed excellent performance. All these
results evidently demonstrate the promising potential of In
and Ga co-doped ZnO NWs for next-generation electronic and
optoelectronic applications.

Experimental section
Nanowire synthesis

The In and Ga co-doped ZnO NWs and pristine ZnO NWs were
synthesized by ambient-pressure CVD. p+-Si/SiO2 (50 nm-thick
thermal oxide) pieces were employed as the substrates,
whereas Au catalysts (0.1 nm in nominal thickness) were ther-
mally evaporated onto the substrate for subsequent NW
growth. For the case of In and Ga co-doped NWs, zinc powder
(0.0025 g; 20–30 mesh; >99.8% purity; Sigma-Aldrich), In gran-
ules (0.3 g; 1–2 mm in size; 99.999% purity; China Rare Metal)
and Ga granules (0.15 g; 1–2 mm in size; 99.999% purity;
China Rare Metal) were mixed with graphite powder (0.3 g;
<20 μm in size; synthetic; Sigma-Aldrich), which was utilized
as the precursor source. A small quartz tube (1 cm in diameter)
with a length of 10 cm was used to hold the source at the
sealed end with the substrate placed at the open end. The com-
plete setup was then placed in the center of a large quartz tube
(1 inch in diameter) and heated to 1010 °C in 20 min. This
temperature was maintained for 10 min with the flow rates of
the gas mixture (10% vol oxygen and 90% vol argon) and
argon (99.9995% purity) maintained at 20 and 80 sccm,
respectively. Once the reaction was complete, the system was
naturally cooled. The entire process was then repeated one
more time with the same precursor source but with fresh sub-
strates, with the growth duration increased to 20 min. In this
way, the In and Ga co-doped ZnO NWs were obtained for the
second growth runs, as shown in Fig. S1.† For the case of the
pristine ZnO NWs, only the same amount of zinc powder was
utilized as the source, while the flow rates of the gas mixture
and argon were changed to 5 sscm and 100 sscm, accordingly.
The complete system was then heated to 1000 °C in 20 min
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and held at this temperature for 50 min. After that, the growth
was terminated and the system was naturally cooled to room
temperature.

Material characterization

X-ray diffraction (XRD, D2 Phaser, Brucker), high-resolution
transmission electron microscopy (HRTEM, JEOL-2001F) and
selected area electron diffraction (SAED) were employed to
characterize the crystal structures of the obtained NWs. The
surface morphologies of the NWs were examined by scanning
electron microscopy (SEM, Quanta 450 FEG, FEI) and TEM
(CM 20, Philips). The chemical compositions of the grown
NWs were evaluated by energy dispersive X-ray spectroscopy
(EDS) and corresponding elemental mappings. The photo-
luminescence (PL) spectra of the NWs were collected by an
iHR320 PL spectroscope with an excitation wavelength of
325 nm.

Device fabrication and characterization

First, the grown NWs were drop-casted onto p+-Si/SiO2 sub-
strates. Next, the source and drain electrode regions were
defined by a standard photolithography technique. Then, a
layer of 80 nm-thick Ni film was deposited by electron-beam
evaporation followed by a lift-off process to obtain the electro-
des. In order to protect the device from the ambient environ-
ment, a 30 nm-thick Al2O3 passivation layer was deposited by
e-beam evaporation, and the complete device was baked on a
hot plate at 100 °C for 5 h. Finally, the device characterization
was performed using a standard probe station with an Agilent
4155C semiconductor analyzer (Agilent Technologies, Santa
Clara, CA, USA). A 261 nm laser was used as the light source
for the photodetector measurements, and its power density
was measured by a power meter (PM400, Thorlabs).

Results and discussion

As depicted in the SEM images (Fig. 1a and c), the obtained In
and Ga co-doped ZnO and pristine ZnO NWs are straight,
dense and smooth, with lengths of more than 10 μm. Sphere-
like catalytic seeds are also observed (Fig. 1b and d),
suggesting that the NWs are grown via a vapor–liquid–solid
(VLS) growth mechanism. Furthermore, the phase purities and
crystal structures of the NWs are studied by XRD, where they
are indexed to the hexagonal structure of ZnO (PDF no. 36-
1451) (Fig. S2†). Apart from the diffraction peaks of ZnO and
Si (200) associated with the substrate,27 no other impurity
phases are observed, which indicates the high phase purity of
the grown NWs. Moreover, TOPAS software is used to perform
Rietveld refinement of the XRD results, as shown in Fig. S3a
and b.† As presented in Fig. S3c,† the lattice constants slightly
increase after In and Ga co-doping, which suggests the substi-
tution of In and Ga at the Zn sites. The crystallite sizes (D) and
strains are compiled in Fig. S3d.† D is calculated using the
Debye–Scherrer equation as D = (18 000λ)/(πLX), while the
strain is determined using the equation S = (πLy)/18 000, where

Lx and Ly are parameters extracted from the Rietveld refine-
ment. It is clear that the crystallite size of the materials
increases from 62.4 nm (ZnO) to 88.4 nm (In and Ga co-doped
ZnO). This increased crystallite size is possibly related to the
decreased strain (i.e. from 0.07 to 0.01) in the lattice associated
with the In and Ga co-doping. The room-temperature Raman
spectra of the NW samples are also measured in the range of
200–1200 cm−1, revealing several phonon modes associated
with the wurtzite ZnO structure28 (Fig. S4a†). In this case, the
lattice strain can also be calculated from the shift of the A1(TO)
peak using the following equation:

ε ¼ Δω*
A1ðTOÞ*C33

2ðb*C13 � a*C33Þ ð1Þ

where ε is the in-plane strain, Δω = ω − ωo, ω is the frequency
of the A1 (TO) mode, and ωo = 379 cm−1. The parameters of a
and b are the phonon deformation potential constants for the
A1 (TO) mode, in which a = −774 cm−1 and b = −375 cm−1 with
elastic constants of C33 = 216 GPa and C13 = 104 GPa.29 As
depicted in Fig. S4b,† it is again confirmed that the strain
decreases with the In and Ga co-doping, which is perfectly con-
sistent with the XRD analysis above. In this way, the reduced
lattice strain suppresses the formation of lattice defects, which
can improve the crystal quality of NWs for subsequent device
studies.

At the same time, EDS is employed to assess the chemical
composition of the NWs. Obviously, In, Ga, Zn and O signals
can be clearly witnessed in the typical EDS spectra of the In
and Ga co-doped NWs (Fig. S5a†), suggesting the effective
incorporation of both In and Ga into the ZnO NWs. On the
other hand, only Zn and O signals are observed for the pristine
ZnO control sample (Fig. S5b†). Combined with the relatively
small concentration variations of In and Ga in more than 20 of
the NW samples (i.e. In concentration = 1.1 ± 0.3 at% and Ga
concentration = 3.2 ± 0.5 at% in Fig. S6†), these results further
illustrate the uniformity of In and Ga co-doping in the NWs

Fig. 1 (a) and (b) SEM images of the obtained In and Ga co-doped ZnO
NWs with different magnifications. (c) and (d) SEM images of the
obtained pristine ZnO NWs with different magnifications.
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using this growth scheme. Based on the statistics of more than
40 individual NWs, the diameter (d ) distributions are found to
be 43.2 ± 8.8 nm for the In and Ga co-doped ZnO NWs and
73.4 ± 18.4 nm for the pristine ZnO NWs (Fig. S7†). When the
In and Ga dopants are introduced into the ZnO NWs, the dia-
meter is observed to be significantly reduced compared with
that of the pristine NWs, even when using the same catalyst
thickness for the growth. This diameter reduction perfectly
agrees with previous studies in which the existence of Ga
assists the transport of oxygen vapor and substantially
decreases the radial NW growth to achieve thin and uniform
NWs.30 All these findings can facilitate more thorough under-
standing of the In and Ga co-doped ZnO NW synthesis.

In addition, detailed TEM studies together with SAED
characterization are carried out to evaluate the crystallinity
and morphology of the obtained NWs. As presented in the
TEM images (Fig. 2a and b), the In and Ga co-doped ZnO NWs
have a typical diameter of 45 nm, which is significantly
thinner than that of the pristine NWs (95 nm); this is consist-
ent with the discussion above. In any case, both NWs have
smooth surfaces and constant diameters along the entire
length without any tapering. As illustrated in the insets of
Fig. 2a and b, SAED is employed to assess the dominant
growth orientation and to confirm the crystallinity of the NWs.
From the SAED patterns, the undoped ZnO NW has a typical
growth direction of 〈001〉; meanwhile, for the In and Ga co-
doped ZnO NWs, the growth direction changes to 〈100〉. To
obtain more information about the growth orientation of the
In and Ga co-doped ZnO NWs, growth orientation statistics are
determined by evaluating the growth directions of 15 different
NWs, as shown in Fig. S8.† It is observed that the growth direc-

tion of 〈100〉 accounts for 54% of the examined NWs, coupled
with other growth directions of 〈110〉, 〈001〉 and 〈101〉.
Because the growth direction is mostly dictated by the lowest
free energy surface of the NW, the growth of pristine ZnO
tends to follow the direction of 〈001〉, which has the lowest
free energy surface. When In, Ga and Zn are used as the pre-
cursor sources, the vapors of In and Ga generated in the
source may lead to energy variation between the catalyst and
the nanowires, switching the NW growth orientation as
reported before.18 In this case, it is unsurprising that the In
and Ga co-doping would change the growth direction of the
ZnO NWs here, whereas all the results are in good agreement
with the SEM and XRD results discussed above. The clear
lattice fringes further demonstrate the single crystallinity of
the NWs (Fig. 2c and d). Specifically, the lattice spacings of the
{002} and {110} planes are found to be very similar between
these two types of ZnO NWs; this suggests that the In and Ga
co-doping does not induce any significant lattice strain on the
host lattice, in distinct contrast to the large amounts of lattice
strain induced in conventional elemental doping. Additionally,
STEM coupled with elemental mappings is performed on the
individual NWs. For the case of the In and Ga co-doped ZnO
NW, it is obvious that the In, Ga, Zn and O constituents are all
homogenously distributed along the NW (Fig. 2e). These TEM
results reveal the uniform co-doping of In and Ga within the
ZnO lattice without generating any significant morphological
or lattice defects.

To shed light on the electrical properties of the prepared
NWs, global back-gated FET devices based on the single NWs
are fabricated, and their transfer and output characteristics are
measured in ambient conditions. Fig. 3a shows the SEM
image of a typical device and its schematic (inset). It is clear

Fig. 2 (a) and (b) TEM images and corresponding SAED patterns (insets)
of an In and Ga co-doped ZnO NW and a pristine ZnO NW, respectively.
(c) and (d) HRTEM images of the In and Ga co-doped ZnO NW and the
pristine ZnO NW, accordingly. (e) STEM image and corresponding
elemental mappings of the Zn, Ga, In, and O constituents of the In and
Ga co-doped ZnO NW.

Fig. 3 (a) SEM image (top) and device schematic (bottom) of a typical
In and Ga co-doped ZnO NW FET. (b) Transport characteristics of the
FETs based on the In and Ga co-doped ZnO NWs and the pristine ZnO
NWs. All devices are surface-passivated with a 30 nm-thick Al2O3 layer
and VDS = 1 V. (c) Field-effect electron mobility assessment for the same
set of FETs presented in panel b. (d) Statistical results of the peak field-
effect electron mobility of 40 different NW FETs for each sample group
with their respective Gaussian fittings. The scan rate is 500 mV s−1 for
panels b and c.
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that both types of NW devices (i.e. In and Ga co-doped ZnO
and pristine ZnO) show significant hysteresis in their transfer
curves, which is attributed to the adsorption of ambient gas
molecules on the NW surface (Fig. S9†). Hence, a layer of
30 nm-thick Al2O3 is deposited onto the NW devices for passi-
vation, followed by the evaluation of their transfer and output
characteristics. It is observed that the surface passivation can
substantially reduce the device hysteresis without degrading
the devices’ on current, off current and on/off current ratio.
Based on the transfer characteristics, both NW devices exhibit
n-type conducting behavior. Under a source–drain bias (VDS) of
1 V and a source–gate bias (VGS) of 35 V, the In and Ga co-
doped ZnO NW FET delivers an on current of 21.7 μA, an off
current of 0.11 pA and an on/off current ratio as high as 1.87 ×
108, whereas the pristine ZnO NW FET affords an on current of
0.95 μA, an off current of 0.24 pA and an on/off ratio current of
3.97 × 106 (Fig. 3b). Furthermore, the linear output character-
istics confirm the ohmic-like contact between the electrodes
and NWs (Fig. S10b and d†). The field-effect electron mobility
(μFE) can then be calculated from the transfer curves utilizing
the square law model with the analytical expression μFE = gm
(L2/Cox) (1/VDS), where gm is the transconductance determined
by dIDS/dVGS, L is the channel length and Cox is the gate capaci-
tance, which can be accurately obtained from the finite
element analysis software COMSOL.31–33 Explicitly, the peak
mobility of a typical In and Ga co-doped ZnO NW device (d ∼
40 nm) is found to be 315 cm2 V−1 s−1, which is much higher
than that (36 cm2 V−1 s−1) of the pristine ZnO NW FET (d ∼
70 nm) (Fig. 3c). More than 40 NW devices are measured for
each sample group to assess their average mobility values
(Fig. 3d). It is evident that the average mobility of the In and
Ga co-doped ZnO NW FETs is 315 ± 113 cm2 V−1 s−1, which is
much higher than that of the ZnO NW devices (36 ± 11 cm2

V−1 s−1). Although the In and Ga co-doped ZnO NWs have
smaller average diameters (i.e. smaller effective device channel
widths) than the pristine NWs, the co-doped NWs still deliver
much higher electron mobility; this clearly indicates that the
mobility is enhanced by this co-doping scheme. Also, a slight
mobility variation is observed for each sample group; this vari-
ation can be attributed to the surface roughness, crystallinity
and many other factors of the NWs. In any case, the perform-
ance parameters, in particular the electron mobility, of the In

and Ga co-doped ZnO NW devices are already better than
those of state-of-the-art ZnO NW FETs reported in the litera-
ture (Table 1).

In addition to demonstrating excellent NW device perform-
ance, it is important to understand the enhancement of the
electron mobility of the In and Ga co-doped ZnO NW devices.
Hence, XPS is carried out to survey the elemental composition
and chemical states of the fabricated ZnO NWs. As shown in
Fig. 4a, both In and Ga co-doped ZnO and pristine ZnO NWs
consist of Zn, O and C, in which the C signal is always associ-
ated with atmospheric contamination caused by air exposure.
There are no other impurity peaks, except for the dopants of
In and Ga. Their corresponding high-resolution spectra of Zn

Table 1 Comparison of the performance parameters among ZnO NW devices investigated in this work and other state-of-the-art ZnO NW devices
reported in the literature

FET device VDS (V) On/off current ratio On current (A) Vth (V) Mobility (cm2 V−1 s−1) Ref.

ZnO NW 0.1 2.6 × 106 — −6.6 88 34
ZnO NW 1 106 — 21.4 60 35
ZnO NW 2 ∼104 ∼1.6 × 10−6 — >50 36
ZnO NW 5 5.8 × 106 — 7.4 13 37
ZnO NW 1 103 1.5 × 10−6 − 30 38
ZnO NW 0.1 104–105 2.7 × 10−7 −2.0 80 39
ZnO NW 10 107 — − 40 40
In-doped ZnO NR 5 103 6.4 × 10−4 −3.3 26 14
ZnO NW 1 4.0 × 106 1.0 × 10−6 −19.6 36 ± 11 This work
In and Ga Co-doped ZnO NW 1 1.9 × 108 2.2 × 10−5 −20.5 315 ± 113 This work

Fig. 4 (a) XPS survey spectra of both In and Ga co-doped ZnO and pris-
tine ZnO NWs. Deconvoluted O 1s spectra of the (b) co-doped ZnO and
(c) pristine ZnO NWs, respectively.
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2p, In 3d and Ga 2p are also presented in Fig. S11a–c,† respect-
ively. It is noted that the presence of metallic In and Ga XPS
signals, together with the absence of In2O3 and Ga2O3 peaks
in the XRD pattern (Fig. S2†), clearly confirm the successful
incorporation of In and Ga into the ZnO host lattice. More
importantly, O 1s spectra are obtained for both samples and
are typically deconvoluted into three types of oxygen levels, as
shown in Fig. 4b.16 In general, the lower bonding energy (OI),
located at ∼529.7 eV, is attributed to O2− within the ZnO
lattice. The medium bonding energy (∼531 eV), labeled as OII,
is related to the oxygen-deficient regions within the lattice,
while the OIII components with a higher bonding energy
(∼532.1 eV) correspond to specific chemisorbed oxygen
species, such as H2O or –CO3. Therefore, the area ratio of OI/
OII is widely employed to demonstrate the relative concen-
tration of oxygen vacancies. These OI/OII values are determined
to be 1.33 for the In and Ga co-doped ZnO NWs and 0.7 for the
pristine ZnO NWs, indicating that the co-doped ZnO NWs
contain fewer oxygen vacancies; this is attributed to the stron-
ger bonding energy of Ga–O compared to that of Zn–O.41 In
this way, the Ga doping is believed to improve the effectiveness
of oxygen bonding with metal constituents to reduce the Vo
concentration of the NWs, leading to a minimized free carrier
concentration for the lower off current as well as fewer scatter-
ing centers for the enhanced electron mobility of the sub-
sequently fabricated NW devices. The In doping can then yield
enhanced on current and carrier mobility due to the extended
overlapping of its 5s orbitals with those of the other constitu-
ents. Again, in contrast with conventional elemental doping,
this co-doping alleviates doping-induced lattice strain to sup-
press the formation of lattice defects for enhanced NW device
performance. In addition, room temperature PL spectra of the
NWs are obtained, illustrating two emission bands in each
spectrum (Fig. S12†). The peak located at ∼380 nm is related
to the near band edge emission due to the recombination of
free excitons of the ZnO NWs; meanwhile, a small red shift of
∼3 nm is observed for the In and Ga co-doped sample because
of the doping-induced band gap narrowing, changing from
3.21 eV for ZnO to 3.18 eV for In and Ga co-doped ZnO; this is
commonly observed in previous literature reports.42 The other
peak at ∼550 nm is associated with the O-related native defect
states, such as Vo, where the peak intensity is greatly decreased
for the co-doped sample. Notably, the PL spectra of these
samples are deconvoluted into various emission peaks in
different wavelength regions, as displayed in Fig. S13a and b.†
These emission peaks correspond to different defects, such as
Zni, Vo and Vzn, as reported before.28,43 The relative defect
states can be established by calculating the peak intensity ratio
(INBE/IDLE), where NBE and DLE stand for the near band emis-
sion and deep level emission, respectively. As shown in
Fig. S13c,† the peak intensity ratio of INBE/IDLE increases after
In and Ga co-doping (from 0.56 to 2.12), suggesting decreased
defect states of the co-doped NWs. At the same time, multiple
Gaussian peaks can be fitted with suitable peak positions, as
reported before.28,43 It can be seen that the emission in the
green region, corresponding to Vo defects, and its area percen-

tage (Pgreen = Agreen/Atotal, Atotal = Σ Aall regions) decrease from
0.86 for the ZnO NWs to 0.52 for the In and Ga co-doped ZnO
NWs, suggesting a reduced amount of Vo after co-doping. All
these results reveal that suppressed formation of Vo defects is
simply achieved through this co-doping scheme.

To explore the practical applications of In and Ga co-doped
ZnO NWs, large-scale NW parallel array FETs are fabricated via
the well-established NW contact printing method, as shown in
Fig. 5a.44,45 After that, the electrical transport properties of the
obtained NW parallel array devices are carefully evaluated. It is
observed that the typical device delivers a saturation current of
0.39 mA with a current density of 3.9 μA μm−1 and a good on/
off current ratio of 6.11 × 105 under VDS = 1 V and VGS = 35 V
(Fig. 5b). The linear relationship of the output characteristics
confirms the ohmic-like contact between the electrodes and
NW parallel arrays (Fig. 5c). The corresponding field-effect
electron mobility can then be assessed based on the square
law model similar to the one performed for the case of the
single NW devices in Fig. 3. In this case, the device capaci-
tance is estimated by multiplying the capacitance of a single
NW and the total number of NWs in the channel.46 The peak
mobility is calculated to be 115 cm2 V−1 s−1, which is on the
same level or even better than that of other advanced metal–
oxide based thin-film transistors.47–49 However, the average
output current for each NW is somewhat degraded for the NW
parallel array devices compared with that of single NW
devices, where this degradation can be attributed to inefficient
gate coupling due to NW misalignment and broken wires in
the channel. Both cases would lead to significant parasitic
capacitance, which subsequently deteriorates the output
current and switching characteristics of the device. In the
future, the NW parallel array device performance can be
improved by increasing the NW density, adopting the device
structure of high-k dielectrics with top-gated configuration
and implementing channel-length scaling. Inevitably, because
a diameter distribution of the NWs exists as discussed before,

Fig. 5 (a) SEM image (top) and device schematic (bottom) of a typical
In and Ga co-doped ZnO NW parallel array FET. (b) Transfer character-
istics and (c) output characteristics of the device shown in panel a with a
30 nm-thick Al2O3 surface passivation layer (channel length = 2.4 μm;
channel width = 100 μm; VDS = 1 V in panel c). (d) Mobility assessment
of the NW array device under VDS = 1 V. The scan rate is 500 mV s−1 for
panels b to d.
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the diameter of the NWs within the device channel also varies.
This dimension difference affects the NW parallel array device
characteristics. Therefore, the uniformity of the NW diameter
must also be improved to achieve well-controlled device per-
formance. All these results evidently demonstrate the promis-
ing potential of high-mobility In and Ga co-doped ZnO NWs
for future high-performance thin-film electronics.

In addition to thin-film transistors, these high-mobility In
and Ga co-doped ZnO NWs can function as active materials for
efficient UV photodetectors. In this work, NW photodetectors
employing the back-gated FET structure are fabricated and
characterized at under 261 nm irradiation, as depicted in the
inset of Fig. 6a. The corresponding current versus voltage (I–V)
curves are measured with and without light illumination. The
linear I–V characteristics confirm the ohmic-like contact
between the electrodes and NWs. As displayed in Fig. 6a, when
the light intensity increases from 0.11 to 0.65 mW cm−2, the
output current increases accordingly. In order to study the
photosensing properties, the photocurrent (i.e. the current
difference with and without light illumination) versus the light
intensity is compiled, as presented in Fig. 6b. The collected
data can be well fitted by the power law:

Ip ¼ AP θ ð2Þ

where Ip is the photocurrent, A and θ are the fitting parameters
and P is the light intensity. The value of θ extracted from the
fitting process is determined to be 0.52, indicating a sublinear
relationship between the photocurrent and the light intensity;
this is attributed to complex processes such as electron–hole
pair generation, trapping, and recombination in the device
channel.50 Two additional factors, namely responsivity (R)

and external quantum efficiency (EQE), are usually employed
to evaluate the performance of photodetectors. They are
defined as:

R ¼ IP=ðPSÞ ð3Þ

EQE ¼ ðhc=eλÞ�R ð4Þ
where S is the effective area of the photodetector, h is Planck’s
constant, c is the velocity of light, e is the electronic charge
and λ is the exciting wavelength. EQE is measured as a func-
tion of light intensity, where the maximum value of EQE was
found to be 6.72 × 109% (Fig. S14†). As shown in Fig. 6b, R is
observed to decrease with increasing light intensity, whereas
the maximum value of R is calculated to be 1.41 × 107 A W−1.
Furthermore, the repeatability of the NW photodetector is
characterized by measuring the current versus time (I–t )
curves. It is obvious that the device exhibits excellent repeat-
ability, with a respectable on/off current ratio of 1.0 × 106

(Fig. 6c). The device response time is then evaluated from the
high-resolution I–t curve. It is noted that for photodetectors
based on ZnO, researchers tend to use a double exponential
scheme to analyze the response time of the device.51,52

Typically, for these devices, the response time is composed of
two processes: a short process accompanied by a prominent
slow process. These types of curves can be well fitted by a
double exponential function. However, for a photodetector
with fast response, a double exponential scheme cannot be
easily used to fit the I–t curve; therefore, it is difficult to evalu-
ate the response time accurately. As a result, in recent years,
for photodetectors based on ZnO with fast response speeds, it
is more common to use a different method to calculate the
response time.53–56 Usually, the rise and decay times are
defined as the times needed for the current to increase from
10% to 90% of the peak photocurrent and vice versa. The rise
time and decay time are found to be 0.32 and 0.83 s, respect-
ively (Fig. 6d). The response speeds under different light inten-
sities are also evaluated by a double exponential fitting
process, as shown in Fig. S15.† In order to obtain the response
time directly and compare it with other work, we employ the
transition from 10% to 90% of the peak current and vice versa
to analyze the response speed here. Once compared with the
photodetector fabricated with pristine ZnO NWs (Fig. S16†),
the performance parameters of the In and Ga co-doped NW
device, such as the responsivity, on/off current ratio and
response time, are highly superior, as compiled in Fig. S17.†
This enhanced photodetector performance is mostly due to
the improved electron mobility of the co-doped ZnO NWs.
Notably, these devices already exhibit better photosensing
characteristics than other nanostructured materials based on
UV photodetectors that have been reported in recent years
(Table 2). In addition to the single NW-based devices, photo-
detectors based on NW parallel arrays are constructed utilizing
the same NW contact printing method discussed above for the
thin-film transistors. The In and Ga co-doped NW parallel
array photodetectors yield effective photoswitching behavior
with good repeatability (Fig. S18†). All these findings elucidate

Fig. 6 Current versus voltage (I–V) curves of the In and Ga co-doped
ZnO NW photodetector measured in the dark and under different power
intensities of 261 nm light illumination. The inset shows the device sche-
matic. (b) The dependence of photocurrent and responsivity as a func-
tion of the light intensity. (c) Current versus time (I–t ) and (d) high-
resolution I–t curves measured under a light intensity of 0.65 mW cm−2.
Vg = −30 V for all panels with the applied bias set as 1 V for panels b to
d. The scan rate is 500 mV s−1 for panels a and b, whereas the data col-
lection rate is every 30 ms for panels c and d.
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the promising potency of the In and Ga co-doped NWs for
future optoelectronic applications.

Conclusions

In conclusion, crystalline In and Ga co-doped ZnO NWs are
successfully fabricated via ambient-pressure chemical vapor
deposition. The In and Ga dopants work complementarily to
enhance the electrical properties of the co-doped NWs. As con-
firmed by XPS, PL and TEM analysis, the In and Ga co-doping
can not only effectively suppress the formation of Vo defects,
but can also minimize the doping-induced lattice strain within
the ZnO NWs. When fabricated into NW FETs, the In and Ga
co-doping leads to enhanced on current and improved electron
mobility. To be specific, the FETs deliver an average peak elec-
tron mobility of 315 cm2 V−1 s−1, which is greatly superior to
those of other ZnO NW devices. At the same time, the NWs
function as an efficient UV photodetector with an enhanced
responsivity of 1.41 × 107 A W−1 and an EQE value of around
6.72 × 109% at under 261 nm irradiation. NW parallel array
transistors and photodetectors are also constructed to demon-
strate the large-scale practical utilization of the NWs. All these
results evidently indicate the great potential of In and Ga co-
doped ZnO NWs for future high-performance electronic and
optoelectronic devices.
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