
 
 

 ISSN 1998-0124 CN 11-5974/O4 
2019, 12(8): 1796–1803 https://doi.org/10.1007/s12274-019-2434-4 

 

R
es

ea
rc

h 
A

rti
cl

e

 
 

Crystalline InGaZnO quaternary nanowires with superlattice structure 
for high-performance thin-film transistors 
Fangzhou Li1, SenPo Yip1,2,3, Ruoting Dong1,2, Ziyao Zhou1,2, Changyong Lan1, Xiaoguang Liang1, Dapan Li1, You Meng1, 
Xiaolin Kang1, and Johnny C. Ho1,2,3,4 ( ) 

 
1 Department of Materials Science and Engineering, City University of Hong Kong, Hong Kong 999077, China 
2 Shenzhen Research Institute, City University of Hong Kong, Shenzhen 518057, China 
3 State Key Laboratory of Terahertz and Millimeter Waves, City University of Hong Kong, Hong Kong 999077, China 
4 Centre for Functional Photonics, City University of Hong Kong, Hong Kong 999077, China  
 
© Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2019 
Received: 21 March 2019 / Revised: 30 April 2019 / Accepted: 10 May 2019 

 
ABSTRACT 
Amorphous indium–gallium–zinc oxide (a-IGZO) materials have been widely explored for various thin-film transistor (TFT) applications; however, 
their device performance is still restricted by the intrinsic material issues especially due to their non-crystalline nature. In this study, highly 
crystalline superlattice-structured IGZO nanowires (NWs) with different Ga concentration are successfully fabricated by enhanced ambient-pressure 
chemical vapor deposition (CVD). The unique superlattice structure together with the optimal Ga concentration (i.e., 31 at.%) are found to 
effectively modulate the carrier concentration as well as efficiently suppress the oxygen vacancy formation for the superior NW device 
performance. In specific, the In1.8Ga1.8Zn2.4O7 NW field-effect transistor exhibit impressive device characteristics with the average electron 
mobility of ~ 110 cm2·V 1·s 1 and on/off current ratio of ~ 106. Importantly, these NWs can also be integrated into NW parallel arrays for the 
construction of high-performance TFT devices, in which their performance is comparable to many state-of-the-art IGZO TFTs. All these 
results can evidently indicate the promising potential of these crystalline superlattice-structured IGZO NWs for the practical utilization in 
next-generation metal-oxide TFT device technologies. 
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1 Introduction 
In the past decade, due to the high carrier mobility, excellent 
chemical and electrical stability, unique optical properties as well 
as relatively low processing temperatures [1–4], amorphous or 
polycrystalline metal-oxide thin-film semiconductors, such as indium 
gallium zinc oxide (IGZO), have attracted a lot of attention for many 
technological applications in high-performance thin-film transistors 
(TFTs), photodetectors, thermoelectric devices and others [5–11]. 
Despite many recent advances, there are still inevitably several 
drawbacks associated with these amorphous or polycrystalline 
thin-film based electrical devices for practical utilizations. One 
issue is that their carrier mobility would get substantially degraded 
by the scattering at grain boundaries, while another problem comes 
from the existence of large amounts of oxygen vacancy making 
them difficult to control their carrier concentration for the efficient 
device off-state current suppression [12, 13]. It is witnessed that 
crystalline IGZO materials can minimize their carrier scattering 
and oxygen vacancy content to significantly improve their device 
performance [14]. For example, high-quality, crystalline and layered 
superlattice structure of IGZO TFT device channels have been 
uniquely developed with superior electrical properties, in which the 
alternatively stacked configuration of InO2− layers and GaO(ZnO)5+ 
blocks can contribute the efficient modulation of carrier concentration 
together with the suppression of oxygen vacancy formation and 
minimization of grain-boundary potential barriers [15]. In particular,  

RMO3(ZnO)m (R = rare earth elements; M = In, Ga, Fe, or Al) is one 
type of materials with a large flexibility to modulate the chemical 
composition and the superlattice period. Such a multi-layered structure 
has been regarded as a so-called “natural superlattice”, acting as a 
multi-quantum-well, which exhibits exceptional properties originating 
from the spatial confinement of electrons in the two-dimensional 
layer [15, 16]. In any case, it is quite a complex process to fabricate 
these crystalline IGZO films since single-crystal yttria-stabilized 
zirconia (YSZ) substrates, multiple pulsed laser deposition (PLD) 
steps and thermal annealing procedures with the temperature up to 
1,400 °C for 30 min in ambient are needed [15–18]; therefore, these 
thin-film channels would not be easily compatible with many device 
platforms. 

Fortunately, because of the advent of nanotechnology, it becomes 
feasible to achieve crystalline IGZO materials in the nanoscale 
configuration, particularly one-dimensional nanowires (NWs), with 
conventional synthesis techniques and mild process conditions 
[19–21]. In specific, Felizco et al. presented the successful growth of 
highly-crystalline IGZO NWs from amorphous IGZO thin films 
using the bimetal-catalyzed vapor-liquid-solid (VLS) mechanism 
with a relatively low temperature (700 °C), but the NWs were only 
found to grow on the catalyst edge with a low density [22]. Similarly, 
Li and his team established a synthesis technique to obtain crystalline 
IGZO NWs with superlattice structures via the Au-assisted VLS 
scheme at 1,400 °C; however, the NW surface was very rough with a 
significant tapering phenomenon [23]. To the best of our knowledge,  
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besides the thorough structural characterization, no electrical device 
characteristics of the crystalline IGZO NWs have been reported  
[22, 23]. As a result, it is necessary to develop the mild synthesis 
techniques and to thoroughly study the electrical properties of IGZO 
NWs, especially the effect of NW stoichiometry on their electrical 
device characteristics for practical utilizations. 

In this work, high-quality and crystalline IGZO NWs with 
controllable stoichiometry have been successfully prepared by the 
enhanced ambient-pressure chemical vapor deposition (CVD) method. 
Importantly, the obtained NWs exhibit the perfect superlattice structure 
with alternately stacking of InO2− layers and InGaO(ZnO)4+ blocks 
forming a periodic layered structure. Similar to the previously 
reported superlattice IGZO thin films, this superlattice structure 
configured in the NW geometry together with the Ga incorporation 
can effectively suppress the oxygen vacancy formation, contributing 
to the superior electrical device properties when the IGZO NW 
field-effect transistors (FETs) are fabricated. It is noted that the 
electron mobility of NWFETs can as well be manipulated by tuning 
the Ga concentration of IGZO NWs. When the Ga concentration 
increases, the device electron mobility improves accordingly with  
a maximum value of 110 cm2·V−1·s−1 at the optimal atomic Ga 
concentration of 31% (i.e., In1.8Ga1.8Zn2.4O7) alongside the impressive 
device on/off current ratio of around 106. For the further increasing 
Ga concentration, the mobility would be degraded correspondingly, 
which can be attributed to the deteriorated lattice structure caused 
by the excessive amount of Ga. Regardless, highly-ordered IGZO 
NW parallel arrays can also be constructed with the respectable 
TFT device performance. All these results can evidently indicate 
the potential of these crystalline superlattice-structured IGZO NWs 
for the hands-on realization of next-generation metal-oxide TFT 
device technologies. 

2 Experimental section 

2.1 Synthesis of IGZO and IZO NWs 
Here, IGZO NWs and control samples of indium–zinc oxide (IZO) 
NWs were grown on the surface of Si/SiO2 (50-nm-thick thermal 
oxide) substrates by the ambient-pressure CVD method. The substrates 
were first deposited with a thin layer of Au film (0.1 nm in the 
nominal thickness) by thermal evaporation, where these films were 
used as the catalysts. For the growth of IGZO NWs, a varied mass 
of Ga granules (0.023–0.115 g in mass; 1–2 mm in size; 99.999%  
in purity; China Rare Metal), a fixed mass of 0.38 g of In granules 
(1–2 mm in size; 99.999% in purity; China Rare Metal) and 0.0022 g 
of zinc powder (20–30 mesh; > 99.8% in purity; Sigma-Aldrich) 
mixed with 0.3 g of graphite powder (< 20 μm in size, synthetic; 
Sigma-Aldrich) were used as the precursor source. During the 
growth, the source was placed at the sealed end of a quartz tube  
(10 cm in length and 1 cm in diameter) while the substrate, 
predeposited with the catalyst, was positioned 2 cm away from the 
source. This quartz tube was then put in the center of a large quartz 
tube (1 inch in diameter) within the single-zone horizontal tube 
furnace. Next, the set-up was heated up to 990 °C in 20 min and 
held for 7 min with the flow rate of gas mixture (10 vol.% (oxygen) + 
90 vol.% (argon)) and argon (99.9995% in purity) maintained at 20 
and 80 sccm, respectively. When the growth was done, the system 
was naturally cooled to the room temperature. This growth process 
was then repeated twice (i.e., 2nd and 3rd growth runs) with fresh 
substrates but using the same precursor source. It is noted that the 
3rd growth was held at 990 °C for 10 min. As shown in Fig. S1 in the 
Electronic Supplementary Material (ESM), pure ZnO and In doped 
ZnO (e.g., In0.016Zn0.984O) NWs were collected for the first two 
growth runs, respectively, while IGZO NWs with different chemical 
stoichiometry could be reliably obtained after the 3rd growth run. In 
this case, we employed this growth sequence to controllably fabricate 

the IGZO NWs based on the continuous depletion of different 
constituents in the precursor source. Specifically, simply by varying 
the mass of the starting Ga source, four different NW sample 
groups (IGZO NWs with different composition) could be achieved, 
namely In0.3Ga3.9Zn1.8O7, In1.8Ga1.8Zn2.4O7, In2.4Ga0.3Zn3.3O7, and 
Zn4In2O7 (control sample grown without using any Ga source) NWs. 
These NW composition are actually determined by the subsequent 
chemical characterization. Importantly, all these NW samples have 
been repeated for at least 5 times with the metal constituents varying 
less than 3 at.%, indicating the reliable control of their composition 
using this growth sequence (Fig. S2 in the ESM). 

2.2 Material characterization 
X-ray diffraction (XRD, D2 Phaser, Brucker) was used to analyze 
the crystal structure of the obtained NWs. The morphologies of 
as-prepared products were examined using a scanning electron 
microscope (SEM, Quanta 450 FEG, FEI) and a transmission electron 
microscope (TEM, CM 20). High-resolution TEM (HRTEM, 
JEOL-2001F) and selected area electron diffraction (SAED) were also 
performed to assess the crystallinity of the NWs. Energy dispersive 
X-ray spectrometry (EDS) and corresponding elemental mappings 
were employed to evaluate the chemical composition of the NWs. 

2.3 Fabrication and electrical measurement of IGZO and 
IZO NW transistors 
At first, the NWs were dispersed in 2-propanol solution by ultra- 
sonication. Next, the solution mixture was drop-casted on the surface 
of boron-doped Si substrates with a 50-nm-thick thermally grown 
oxide layer, followed by standard photolithography to define the source 
and drain electrode regions. Then, electron beam evaporation was used 
to deposit the 80-nm thick Ni film. The lift-off process was subsequently 
performed to obtain the electrodes. At the end, electrical performance 
of the fabricated NW FET devices were evaluated by using a standard 
probe station with an Agilent 4155C semiconductor analyzer (Agilent 
Technologies, Santa Clara, CA, USA). All electrical measurement 
were performed in the clockwise direction.  

3 Results and discussion 
In this work, IGZO NWs are successfully fabricated by ambient- 
pressure CVD with different starting mass of Ga precursor. As 
shown in the scanning electron microscopy (SEM) images in Fig. 1, 
all samples exhibit the well-defined NW morphology with the 
smooth surface and the length of tens of micrometers. Their crystal 
structures are then assessed by X-ray diffraction (XRD). It is clear 
that all the diffraction peaks of Ga alloyed NW samples can be 
indexed to the hexagonal structure of InGaZn4O7 (PDF No. 40-0254) 
while the ones of pure indium-zinc oxide (IZO) NWs (control 
sample) can be corresponded to the hexagonal structure of Zn4In2O7 
(PDF No. 20-1438) (Fig. S3 in the ESM). Apart from the peak of 
ZnO (110) and substrate peak of Si (200), there are not any other 
impurity phases observed, which indicate the phase purity of our 
grown NWs. After that, the NW composition is evaluated by 
energy dispersive X-ray spectrometry (EDS). Although EDS may 
not be an accurate technique to evaluate the oxygen concentration 
of the obtained samples, it can still provide precise and reliable 
composition information of the metallic components of the grown 
NWs (Fig. S4 in the ESM). The Ga concentration is defined as 
Ga(at.%)/(In(at.%) + Ga(at.%) + Zn(at.%)) such that the constituent 
composition expressed in at.% is accurately assessed by EDS. 
Combined with the XRD results, the samples can be determined to 
be Zn4In2O7, In2.4Ga0.3Zn3.3O7, In1.8Ga1.8Zn2.4O7 and In0.3Ga3.9Zn1.8O7 
NWs with the increasing Ga concentration of 0 at.%, 5 at.%, 31 at.%, 
and 66 at.%, as presented in Figs. 1(a)–1(d), respectively. More 
importantly, spherical-like catalytic seeds are seen at the NW tips,  
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Figure 1 SEM studies of NW samples grown with the increasing mass of Ga 
precursor. SEM images of (a) Zn4In2O7, (b) In2.4Ga0.3Zn3.3O7, (c) In1.8Ga1.8Zn2.4O7 
and (d) In0.3Ga3.9Zn1.8O7. The NW compositions are determined by compiling 
the results of XRD and EDS. 

suggesting the IGZO NW growth follows the commonly observed 
vapor-liquid-solid (VLS) mechanism [24–27]. However, even though 
the same catalytic film thickness is used for all the NW synthesis 
here, it is interesting that the NW diameter distribution extracted 
from the transmission electron microscopy (TEM) images is quite 
different among the samples (Fig. S5 in the ESM). Evidently, the 
NW diameter gets substantially reduced when Ga is alloyed into the 
material system. For example, the diameter of Zn4In2O7 NWs is 
determined to be 60 ± 20 nm based on the statistics of more than 
50 individual NWs in each sample group. Once Ga is introduced 
into the NW lattice, the diameter is shrunk to 32 ±15 nm, 26 ±   
12 nm and 34 ± 11 nm for In2.4Ga0.3Zn3.3O7, In1.8Ga1.8Zn2.4O7, and 
In0.3Ga3.9Zn1.8O7 NWs, accordingly. This diameter reduction is 
perfectly consistent with the previous studies that the Ga alloying 
can decrease the radial NW growth to achieve the thin and uniform 
NWs [28, 29]. It is due to the fact that the presence of Ga during the 
growth process can decrease the source metal vapor pressure as Ga 
has a vapor pressure a lot smaller than the one of In at the same 
conditions. This decreased metal vapor pressure would then lead to 
a reduced suppression of the limited oxygen content in the carrier 
gas, which facilitates the transport of oxygen vapor for the NW 

growth, yielding to the higher longitudinal and the lower radial 
growth rates of NWs [28, 29]. 

In addition, detailed TEM studies are as well carried out to 
evaluate the morphology and crystallinity of the grown NWs. As 
depicted in Figs. 2(a)–2(d), the surface of fabricated NWs is very 
smooth and the diameter of IZO NWs is around 70 nm, being much 
larger than that of IGZO NWs. The dominant growth orientation  
of each NW sample group is also determined, in which all these 
findings are in the good agreement with SEM and XRD results 
discussed above. Interestingly, when SAED patterns are collected for 
the NW samples, there are diffraction spots consisting of a mixture 
of primary and satellite dots. To be specific, there are five satellite 
spots located between every two adjacent main spots, where  
these satellite diffraction spots are the characteristic feature of the 
superlattice structure [30]. Almost all the NWs we observed have 
the same diffraction feature. Indeed, when HRTEM is performed  
as illustrated in Figs. 2(e)–2(h), the periodic dark-bright layered 
structures are obviously witnessed in all the samples, elucidating 
the formation of the superlattice structure [31–33]. Similar to the 
previous report on InAlO3(ZnO)15 superlattice-structured NWs [13], 
for the case of Zn4In2O7 NWs, InO2− and InO(ZnO)4+ layers can  
be identified and denoted as the In-O layer and In/Zn-O block, 
respectively. Figure 2(e) demonstrates clearly that there are five 
In/Zn-O layers (thin dark lines) existed between every two adjacent 
In-O layers (thick dark lines), which further confirms the presence 
of In-O octahedral layers periodically interleaved by In/Zn-O layers 
(Fig. 2(e)) [34, 35]. This finding is also consistent with the crystal 
structure of Zn4In2O7 observed in XRD (Fig. S3 in the ESM). In this 
case, the lattice constant, c, equivalent to two times of the distance 
between two adjacent In-O layers [36], is determined to be 3.4 nm 
for the Zn4In2O7 NW. Once the Ga species are introduced, they are 
observed to replace In in the In/Zn-O layers to yield the mixed 
In,Ga/Zn-O layers whereas the In-O octahedral layers are maintained 
(Figs. 2(f)–2(h)). This In substitution by Ga (the smaller ion radius) 
is also reflected by the continuous reduction of the c parameter for 
NWs with the increasing Ga concentration [37]. For example, the c 
parameter is found to reduce from 3.4 nm for Zn4In2O7 NWs, to 
3.31 nm for In2.4Ga0.3Zn3.3O7 NWs, 3.18 nm for In1.8Ga1.8Zn2.4O7 
NWs, and 2.94 nm for In0.3Ga3.9Zn1.8O7 NWs. Actually, Ga has been 
demonstrated to play a very important role in the synthesis of 
perfect superlattice structures as well as to modulate the distance  

Figure 2 TEM studies of NW samples grown with the increasing mass of Ga precursor. (a)–(d) TEM images and the corresponding SAED patterns of Zn4In2O7, 
In2.4Ga0.3Zn3.3O7, In1.8Ga1.8Zn2.4O7 and In0.3Ga3.9Zn1.8O7 NWs, respectively. (e)–(h) HRTEM images of the NWs presented in the panel (a) to (d), accordingly.
(i) Scanning TEM image of the In1.8Ga1.8Zn2.4O7 NW along with the elemental mappings of In, Ga, Zn and O, respectively. 
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between In-O layers [23]. In this case, these superlattice structures 
can be made perfect in a qualitative sense (i.e., steaky SAED pattern 
in Fig. 3(g)) by increasing the Ga concentration to an optimal level 
(e.g., 31 at.%) to give the stoichiometric structure of InGaO3(ZnO)4, 
being consistent with the crystal structure of InGaZn4O7 determined 
in XRD, but further raising the Ga concentration would partly 
destroy the superlattice structure as one can notice the unclearness 
in the SAED pattern in Fig. 2(d) and HRTEM image in Fig. 2(h). At 
the same time, scanning TEM (STEM) together with chemical 
mappings of the constituent species are executed on individual 
NWs (Fig. S6 in the ESM). The elements of In, Ga, Zn, and O are 
seen to distribute uniformly within the entire In1.8Ga1.8Zn2.4O7 NW 
(Fig. 2(i)). All these results can clearly indicate the smooth surface, 
excellent crystallinity and reliable composition control of the obtained 
superlattice-structured IGZO NWs.  

In order to explore the electrical properties of IGZO NWs, FET 
devices based on individual NWs are fabricated. Specifically, as 
depicted in Fig. 3(a), a typical In1.8Ga1.8Zn2.4O7 NW is configured as 
the device channel on a degenerately boron doped Si substrate. The 
overgrown 50 nm thick thermal oxide is used as the gate dielectric, 
while 80 nm thick Ni films are employed as the source/drain electrodes 
to achieve a simple NW FET constructed in a global back-gated 
geometry. The corresponding transfer and output characteristics of 
the NW device are first measured in ambient conditions (Figs. S7(a) 
and S7(b) in the ESM). It is observed that there is a significant 
hysteresis associated with the transfer characteristics, which can 
be attributed to the adsorption of surrounding gases onto the 
unpassivated device channel. Subsequently, with the aim to assess 
the fundamental properties of NWs, all the electrical measurement 
are carried out in vacuum (5 × 10−4 Pa) to minimize the interaction 
between device channels and surrounding ambients as well as   
the device hysteresis effect. Based on the transfer characteristics 
presented in Fig. 3(b), the NW device demonstrates a clear n-type 
semiconducting behavior [38]. Under a source bias (VDS) of 1 V, it 
can achieve an on-state current of 1.3 μA at a gate bias (VGS) of 40 V 
and an off-state current of 1.9 pA at a VGS of −5 V. This on/off 
current ratio can be as high as 7 × 105, which is important for practical 
device applications. Besides, the linear relationship displayed in the 
output characteristics in Fig. 3(c) can confirm the ohmic-like contact 
behavior between the NW channel and the electrodes. Importantly, 

the field-effect electron mobility (μFE) of the device can be calculated 
as a function of VGS as shown in Fig. 3(d). In details, the μFE value is 
extracted by the standard square law model of μFE = gm(L2/Cox)(1/VDS), 
where gm is the transconductance and it is determined following the 
relationship of gm=(dIDS)/(dVGS) at a constant VDS. L is the channel 
length and Cox is the gate capacitance, which is calculated from the 
finite element analysis software COMSOL [39, 40]. At first, the gate 
capacitance per a unit length (cox) can be determined for a specific 
nanowire diameter (Fig. S8 in the ESM). Then, the Cox is calculated 
by the equation of Cox = coxL, where L is the length of the nanowire. 
This way, the peak mobility of In1.8Ga1.8Zn2.4O7 NW FET is found 
to be ~ 110 cm2·V−1·s−1 (Fig. 3(d)). Statistical results of the peak 
field-effect electron mobility of more than 40 NW FETs are also 
compiled with the average mobility value of 108 ± 30 cm2·V−1·s−1. 
This relatively narrow mobility variation can be attributed to the 
difference of NW surface roughness, crystallinity, and many other 
factors that can influence the electrical properties of the NW FETs. 

Simultaneously, it is critical to explore the effect of different Ga 
concentration on the electrical properties of IGZO NW devices. In 
specific, the output characteristics of all devices also give the linear 
relationship between IDS and VDS, confirming the ohmic-like contact 
properties of the devices (Fig. S9 in the ESM). Utilizing the same 
device geometry, the FET device based on the individual IZO NW 
can deliver a high on-state current of 4.3 μA (VDS = 1 V) but a very 
poor on/off current ratio of only ~ 30 as compared with those of 
other IGZO NW devices. By first introducing Ga into the NWs, the 
on-state current is found to drop to 1.1 μA (VDS = 1 V), which can 
be related to the smaller NW diameter of In2.4Ga0.3Zn3.3O7 for the 
reduced effective channel width (Fig. S5 in the ESM). When the Ga 
concentration further increases, although the NW diameter stays 
relatively the same, the device on-state current would first slightly 
increased to 1.3 μA for the In1.8Ga1.8Zn2.4O7 NW and then substantially 
decreased to only 0.15 μA for the In0.3Ga3.9Zn1.8O7 NW. The on/off 
current ratio and mobility of all these samples follow the similar but 
the opposite trend. The on/off current ratio and mobility values 
would first increase from ~ 30 and 43 cm2·V−1·s−1 (Zn4In2O7 NW) to 
3 × 105 and 78 cm2·V−1·s−1 (In2.4Ga0.3Zn3.3O7 NW), then to 7 × 105 and 
110 cm2·V−1·s−1 (In1.8Ga1.8Zn2.4O7 NW), and subsequently decrease 
to 2 × 105 and 40 cm2·V−1·s−1 (In0.3Ga3.9Zn1.8O7 NW), respectively. 
Moreover, the device threshold voltage (Vth) can be directly estimated 

 
Figure 3 Electrical characterization of a typical FET based on a single In1.8Ga1.8Zn2.4O7 NW under vacuum. (a) SEM image and the schematic illustration of the FET 
device. (b) Transfer characteristics of the device (VDS = 1 V). (c) Output characteristics of the device. (d) Field-effect electron mobility assessment for the same device 
presented in (b) and (c) with VDS = 1 V. The inset shows the statistics of field-effect mobility based on 40 devices. 
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from the transfer characteristics (Fig. S10 in the ESM) and the 
corresponding free carrier concentration (n) can as well be determined 
following the analytical equation of n = |(4CoxVth)/(πqd2L)|, where q 
is the charge of an electron and d is the diameter of the NW [41, 42]. 
It seems that increasing the Ga concentration can suppress the 
formation of free carrier concentration of the NW devices. All these 
data trends are as well statistically depicted in Fig. 4 and Fig. S11 in 
the ESM. Obviously, the device performance is maximized with the 
mobility of 110 cm2·V−1·s−1 and on/off current ratio of 7 × 105 for the 
In1.8Ga1.8Zn2.4O7 NW exhibiting the perfect superlattice structure 
among all samples. Further increasing the Ga concentration would 
start to degrade the NW device performance, which is probably due 
to the deteriorated superlattice structure. 

To shed light on the enhancement of the device performance of 
In1.8Ga1.8Zn2.4O7 superlattice-structured NW transistors, thorough 
XPS investigation is performed. Figure S12(a) in the ESM shows 
the survey spectra of all the NW samples. There are not any other 
elemental peaks except for the ones of Zn, In, Ga, O, and C (from the 
atmospheric contamination due to air exposure) observed, further 
confirming the quaternary composition of the NWs. Furthermore, 
Figs. S12(b) and S12(c) in the ESM demonstrate the corresponding  

 
Figure 4 Electrical characterization of typical FET based on different individual 
IGZO and IZO NWs under vacuum. (a) Transfer characteristics of the devices 
(VDS = 1 V). (b) Field-effect electron mobility assessment for the devices presented 
in (a) with VDS = 1 V. (c) Statistics of the peak field-effect electron mobility of the 
devices. In each sample group, 40 different NW devices are evaluated with the 
Gaussian fitting performed. 

high-resolution spectra of Zn 2p3/2 and In 3d, respectively. There 
are slight shifts of the Zn 2p3/2 and In 3d peaks for IGZO NWs as 
compared with those of IZO NWs that can be mainly due to the 
size effect as reported in the literature [43, 44]. Besides, for IGZO 
NWs, by increasing the Ga concentration, the bond energy associated 
with both Zn 2p 3/2 and In 3d peaks exhibit the positive shift, 
which can be attributed to the electron transfer from Zn and In  
to Ga as Ga and O have the stronger electronic interaction than 
those of Zn and In with O [45]. More importantly, when the high- 
resolution O 1s spectra are collected for all the samples, the spectra 
can be deconvoluted into three types of oxygen levels (Fig. 5) [46]. 
Typically, the OI peak at the lower binding energy (~ 529.5 eV) is 
ascribed to the substituted O2− ions in the crystal lattice. The OII peak 
with the medium binding energy (~ 530.8 eV) is corresponded to 
the oxygen related defects (e.g., vacancies) within the structure, while 
the OIII peak at the higher binding energy (~ 532.2 eV) is related to 
the existence of weakly bonded oxygen species on the surface, 
associating with H2O, –CO3 and other chemisorbed species [47, 48]. 
It is noted that the OIII peaks (weakly bonded oxygen species) 
dominate the high-resolution O 1s spectra for the samples with NW 
parallel arrays directly printed onto the surface of Si/SiO2 substrates. 
When XPS is performed on these printed NW arrays, the measured 
signals can be ensured collecting from the NWs, instead of getting 
influenced by the residual particles covered on the top surface of 
growth substrates; however, the Si/SiO2 substrates employed in the 
NW arrayed samples are found to contribute significant OIII peaks 
here (Fig. S13 in the ESM). In this case, the XPS measurement is 
carried out on the NW growth substrates in order to minimize the 
effect of Si/SiO2 substrates. Simultaneously, the area ratio of OI/OII 
has been widely demonstrated to evaluate the relative concentration 
of oxygen vacancies in the crystal [49]. In this work, these ratio 
values are assessed to be 0.88, 0.93, 1.06 and 1.63 for Zn4In2O7, 
In2.4Ga0.3Zn3.3O7, In1.8Ga1.8Zn2.4O7, and In0.3Ga3.9Zn1.8O7 NWs, 
accordingly. In any case, these increasing ratios observed in both 
Fig. 5 and Fig. S13 in the ESM indicate the suppression of the 
number of typical oxygen related defects of IZO and IGZO materials 
(i.e., vacancies) by simply increasing the Ga concentration. The reason 
is that Ga–O bonds (353.5 kJ·mol−1) are stronger as compared with 
the bonds of In–O (320.1 kJ·mol−1) and Zn–O (250 kJ·mol−1) [50]; 
therefore, the optimal Ga concentration can enhance the effectiveness 
of the oxygen bonding with metallic components and decrease the 
concentration of oxygen vacancies. At the same time, these oxygen  

 
Figure 5 XPS studies of NW samples grown with the increasing mass of Ga 
precursor. High-resolution XPS spectra of the O 1s peak of the (a) Zn4In2O7,  
(b) In2.4Ga0.3Zn3.3O7, (c) In1.8Ga1.8Zn2.4O7, and (d) In0.3Ga3.9Zn1.8O7 NWs. 
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vacancies generate free carriers and act as scattering centers to degrade 
the carrier mobility of the materials [42, 51, 52]. In this case, the  
reduction of oxygen vacancies by introducing Ga can yield the 
diminished carrier scattering for the enhanced electron mobility as 
well as the lessened free electron concentration for the improved 
on/off current ratio (i.e., gate coupling) of the NW devices. Since 
the too high Ga concentration would lead to the deteriorated NW 
crystallinity for the degraded device characteristics, combined with 
the superlattice-structured IGZO NW, there exists an optimal Ga 
concentration for the efficient modulation of carrier concentration 
together with the suppression of oxygen vacancy formation and 
minimization of grain-boundary potential barriers for the superior 
NW device performance.  

In addition to understand their superior device performance   
of individual NW FETs, it is extremely important to assess their 
integrability for large-scale device applications, such as TFT devices. 
This way, the well-established NW contact printing method [53–55] 
is employed to fabricate the In1.8Ga1.8Zn2.4O7 NW parallel array FET. 
This particular NW composition is chosen here because of its 
best device characteristics in the above studies. All the electrical 
characterization are then carried out in ambient conditions in order 
to mimic the practical utilizations of these devices. Figure 6(a) 
shows the SEM image and device schematic of a typical NW 
parallel array FET, while Fig. 6(b) gives the corresponding transfer 
characteristics, exhibiting a typical n-type semiconducting behavior. 
When the VDS is 1 V, the device can deliver a saturation current  
of 0.23 mA with a decent current density of 1.15 μA·μm−1 and a 
respectable on/off current ratio of ~ 105. Also, the linear relationship 
of the device output characteristics in Fig. 6(c) confirms the 
ohmic-like contact properties between electrodes and NW parallel 
arrays. The corresponding field-effect electron mobility can as well 
be evaluated a function of gate bias voltage as in Fig. 6(d). Similar 
to the individual NW device, this mobility value can be calculated 
based on the standard square law model, where the device capacitance 
is determined by multiplying the capacitance of every single NW 
with the estimated number of NWs in the channel [56]. The peak 
mobility is then extracted to be ~ 40 cm2·V−1·s−1, which is comparable 
or even better than many state-of-the-art IGZO TFT devices shown 
in Fig. S14 in the ESM. This enhanced mobility can be attributed to 
the utilization of crystalline NW arrays as device channels over the 

amorphous or polycrystalline channels of conventional TFTs. Notably, 
as compared with the single NW FET, the average output current of 
each NW gets slightly reduced in the NW parallel array device. 
This current reduction can be resulted by the increased parasitic  
capacitance owing to the misaligned or broken NW segments in the 
channel. In the future, optimizing the NW print density, reducing 
the channel length, and using the top-gated device structure with 
high-k dielectrics can be utilized to further improve the device 
performance. In any case, all these results evidently suggest the 
promising potency of the crystalline superlattice-structured IGZO 
NWs for high-performance TFT devices. 

4 Conclusions 
In summary, crystalline superlattice-structured IGZO NWs with 
different amount of Ga are successfully synthesized by an enhanced 
CVD method and subsequently configured into NW parallel array 
TFT devices. It has been shown that the Ga species play an 
important role in the formation of superlattice structures of IGZO, 
significantly affecting the electrical properties of NWs. In specific, 
the Ga incorporation can induce the decrease of oxygen vacancies 
due to the higher binding energy of Ga with oxygen, where   
this reduced oxygen vacancies can minimize the free electron 
concentration for the improved on/off current ratio as well as lessen 
the carrier scattering for the superior electron mobility of NW 
devices. However, the excessive Ga concentration can lead to the 
deteriorated lattice structure that can degrade the corresponding 
device electron mobility. More importantly, these NWs can also be 
integrated into parallel arrays for TFT devices, in which respectable 
device performance is achieved. All these results can demonstrate 
the promise of these crystalline superlattice-structured IGZO NWs 
for the practical realization of next-generation metal-oxide TFT 
device technologies. 
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