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Oxide-based electronics call for low-cost and stable semiconductors to reduce cost and enable

long-term operations. Transistors based on Sn show high field-effect mobility but generally exhibit

weak stability and difficulty in solution-processed patterning. Here, we report solution-processed

tin-gallium-oxide (SnGaO) thin-film transistors (TFTs) for In- and Zn-free electronics. Different

from tin oxide, the amorphous SnGaO semiconductor features a wide bandgap of 4.6 eV, can be

wet-etched and patterned by photolithography, and exhibits a large on-off ratio and good device

stability in TFTs. The films are deposited via a sol-gel process and, in the photoelectron spectra,

they exhibit typical signals of Sn4þ and Ga3þ, which act as the electron provider and suppresser,

respectively. By varying the elemental ratios, the average field-effect mobility could be well con-

trolled over a wide range from 0.66 to 9.82 cm2/V s, the maximum mobility can reach 12 cm2/V s,

and the on/off ratio is above 106. The devices exhibited good stability for positive and negative

bias stressing as well as with illumination, probably attributed to Ga-O bonds which are stronger

than the weak Zn-O bonds. The presented studies may provide useful information to understand

thin-film devices based on tin oxide and gallium oxide semiconductors. Published by AIP
Publishing. https://doi.org/10.1063/1.5046119

Amorphous metal-oxide semiconductors (AMOSs) have

drawn increasing attention in recent years due to their high

carrier mobility, high transparency to visible light, large-

scale uniformity, good stability, and low processing tempera-

tures.1,2 Based on AMOSs, various thin-film transistors

(TFTs) have been demonstrated and studied, such as indium

gallium zinc oxide (IGZO),3,4 indium zinc oxide (IZO),5,6

indium oxide (In2O3),7 and indium zinc tungsten oxide

(IZWO).8 To reduce the cost of materials, In-free TFTs are

worth studying for both fundamental science and application

considerations, and Sn-based AMOSs have been considered

a promising alternative since Sn and In have similar elec-

tronic configurations Kr½ �ð4dÞ10ð5sÞ0.9

Various TFTs have been demonstrated based on Sn-

based AMOSs including ZnSnO,10,11 ZrZnSnO,12,13

BaZnSnO,14 and MgZnSnO.15 Most of these materials

include Zn, which has been found to probably cause instabil-

ity in TFTs due to the weak Zn-O bonds.16 To replace Zn and

improve device stability, we consider using Ga as a carrier

suppressor with Sn because the oxygen affinity of Ga is higher

than those of Zn and Sn, and Ga2O3 shows a larger formation

energy for oxygen vacancies than ZnO and SnO2.17,18 In addi-

tion, most of the Sn-based and Zn-free oxide TFTs were man-

ufactured by vacuum processes,19–21 which means high cost

and complicated processes. In this paper, we study a SnGaO-

based TFT fabricated by solution processing, and the fabrica-

tion is fully compatible with conventional photolithography.

The SnGaO precursor solutions were prepared by mixing

gallium nitrate hydrate and tin chloride dihydrate in 2-

methoxyethanol solvent with acetylacetone as a solution sta-

bilizer. The total concentration of the metal precursors was

fixed at 0.12 M, with molar ratios of Ga to the total contents

(Ga and Sn) of 41.7%, 45.4%, 45.8%, 50.0%, and 54.2%,

respectively. The spin-coated films were then pre-baked at

180 �C for 10 min to remove residual solvent, followed by

annealing for 2 h at 350 �C to decompose and oxidize the pre-

cursors.22 The films were patterned by photolithography using

hydrochloric acid solution to etch and annealed at 350 �C
afterwards. The chemical bonding in the SnGaO film was ana-

lyzed using XPS spectra (Fig. 1). The typical signals for

Sn3d, O1s, and Ga2p were found at 486.9 eV, 530.7 eV, and

1118.1 eV, respectively. These signals correspond to mainly

Sn4þ and Ga3þ, which are supposed to act as the provider and

suppressor of free electrons, respectively.9 Correspondingly,

the film is mainly composed of SnO2 and Ga2O3, and the ideal

ionic bonding is presented schematically in Fig. 1(a).

The transmittance of SnGaO films on a quartz substrate

was measured [Fig. 1(c)]; the data show a transmittance of

over 90% from 310 nm to 800 nm, covering the spectral range

from the near ultraviolet to visible light. The optical bandgap

was determined using the absorption spectra of the films. The

optical absorbance ðaÞ and the optical bandgap (Eg) are

related by the following equation:23 ðahmÞ2 ¼ Cðh� � EgÞ.
Here, the parameters h, m, and C are the Planck constant, fre-

quency of the incident photon, and a constant, respectively.

Accordingly, an optical bandgap for the SnGaO films isa)E-mail: liuchuan5@mail.sysu.edu.cn
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4.63 eV for 50.0% Ga [Fig. 1(d)], between the bandgap of

SnO2 (3.6 eV)24 and Ga2O3 (4.8 eV).25 Furthermore, X-ray

diffraction patterns were examined and no crystallization

peaks were observed, which confirms that the SnGaO films

are amorphous. The film was scanned using an Atomic Force

Microscope (AFM) and generally exhibited a continuous,

smooth surface with a measured root mean square (RMS)

roughness of 0.82 nm [Fig. 1(e)], which is small when com-

paring to the film thickness as 15–20 nm. Such a thickness is

similar to those of other previously reported oxide

transistors.26

For TFT fabrication, n-doped Si, 100 nm thick SiO2, and

40 nm thick Al were gate, dielectric, and source/drain elec-

trodes, respectively. The channel width and length of the

devices characterized were 1000 and 250 lm, respectively.

There are 35 devices on a 2� 2 cm substrate. The bottom-

gate, top-contact TFTs with various compositional ratios

(Fig. 2) exhibit different transfer characteristics in the satu-

rated regime at a drain-to-source voltage (VDS) of 40 V. The

SnGaO films were patterned to be narrower than the source-

drain electrodes to avoid current spreading [Fig. 2(c)] and to

ensure a reliable estimation of the field-effect mobility. As

the Ga ratio increased, the on current (Ion) decreased, and the

subthreshold region drifted in the positive direction. Devices

with a Ga ratio of 50.0% fabricated on the same wafer with

different channel lengths (100, 150, 200, 250, 300, and

350 lm) and a fixed channel width (1000 lm) were randomly

selected and measured [Fig. 2(e)], showing generally good

uniformity. A dual scan of the transfer curves and the output

characteristics for TFTs with various compositional ratios

are shown in Fig. 3. In the output curves, ID exhibits a good

linear relation at small values of VDS (from 0 to 5 V), con-

firming good ohmic contact.

The electrical parameters including saturation mobility

(lsat), threshold voltage (Vth), subthreshold slope (SS), and

on-off current ratio (Ion/Ioff) were extracted [Fig. 4(a)]. The

values of saturated mobility lsat in the saturation region (VDS

¼ 40 V) are extracted from Ref. 27 as follows:

IDS ¼ lsatWCi

2L

� �
VGS � Vthð Þ2, where Ci, W, and L are the

capacitance of the gate dielectric per unit area, channel

width, and channel length, respectively. The values of Vth

were extrapolated as the intercept by the linear fitting

between a function H and VGS according to the equation

H VGSð Þ ¼ ðVGS�VthÞ
mþ1

, where H VGSð Þ ¼
Ð VGS

0
IDS VGSð ÞdVGS

IDS
and

IDS ¼ KðVGS � VthÞm (K is a conductance parameter with

units of AV�m and m is an empirical parameter which can be

different from 2).28,29 Here, some of the devices turn on at

negative VGS values and thus we integrate from VGS0, where

the devices start to turn on, instead of zero. With the increas-

ing Ga ratio, lsat decreased from 9.82 to 0.66 cm2/V s (where

FIG. 1. (a) Schematic representations

of the ionic bonding in an ideal SnGaO

system. (b) XPS survey spectrum

showing characteristic peaks for Sn,

Ga, and O. (c) Optical transmittance

spectra for SnGaO films with different

Ga ratios. (d) Plots of ðahmÞ2 vs h�. (e)

AFM scanning image of the film

surface.

FIG. 2. (a) A schematic representation of the cross-sectional view of SnGaO TFTs. (b) Optical micrograph of the fabricated TFTs. (c) A zoomed-in image of a

device. (d) Transfer characteristics in the saturated regime (VDS ¼ 40 V) for SnGaO TFTs with different compositional ratios. (e) The transfer characteristics

of 25 randomly selected devices with different channel lengths (100, 150, 200, 250, 300, or 350 lm) and the same channel width (1000 lm) on a sample with

the Ga ratio of 50.0% in the film. (f) The drain current in (e) was normalized by multiplying W/L.
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lsat is the average mobility in the range of VGS�Vth

¼ 33–35 V), Vth positively shifted from �28.25 to 4.93 V,

the on current decreased from 2.5� 10�3 to 2.8� 10�5 A,

Ioff decreased from 1.7� 10�8 to 5.3� 10�11 A, and the SS
decreased from 2.52 to 0.65 V/dec. These evolutions are similar

to those obtained for Ga-doped indium oxide TFTs30 and

IGZO TFTs,31 which is attributed to the fact that Ga suppresses

oxygen vacancies and reduces the carrier concentration.

The transfer curves in the linear region (VDS ¼ 0.1 V)

can be used to reveal the electron transport properties by

plotting the differential field-effect mobility as a function of

(VGS � Vth)32 [Fig. 4(b)]. Generally, the curves almost fol-

low the power law l� VGS � Vthð Þc, and it indicates the exis-

tence of localized states below the conduction band edge,

following the typical trap-limited and percolation transport

observed in InGaZnO TFTs.33 Considering that the vacuum-

processed SnGaO TFTs exhibited a high mobility of

25.6 cm2/V s (Ref. 21), such an observation may imply that

the device performance can be further enhanced by optimiz-

ing the processing, such as using high-k dielectrics composed

of oxide materials,34 doping carrier suppressors like Hf, Y,

Zr, and Al with a lower standard electrode potential (SEP),35

fabrication via combustion processing,36 and UV irradiation

assisted annealing.37

Moreover, the SS values are related to the total trap density

(Nt), which includes the bulk trap density in the active layer

and the interface trap density at the semiconductor-dielectric

interface during scanning.38 That is:12 Nt ¼ q�SS�logðeÞ
kT � 1

h i
Ci

q .

Here, k, T, and q are the Boltzmann constant, absolute tempera-

ture, and electron charge, respectively. The SnGaO TFT with

50.0% Ga exhibits the smallest SS of 0.60 V/decade and a low

trap density (1.95� 1012 cm�2), whereas the device with the

smallest Ga ratio (41.7%) exhibits the largest SS (2.52 V/dec)

corresponding to a high trap density (8.91� 1012 cm�2), proba-

bly related to the presence of more oxygen vacancies with a

lower Ga content.

The evolution of the oxygen vacancies was further

investigated by XPS analysis (Fig. 5), and the asymmetric

peak of the O1s spectrum can be deconvoluted into three

peaks:39 (1) The low binding energy (OI) side at 530.6 eV is

attributed to O2� ions combined with Ga or Sn ions; (2) The

peak at the medium binding energy OII is assigned to O2�

ions in the oxygen-deficient regions; (3) The high binding

energy component OIII is related to loosely bound oxygen,

such as chemisorbed surface hydroxyl, -CO3, absorbed H2O,

or absorbed O2.40,41 In particular, the area under the OII peak

is proportional to the concentration of oxygen vacancies

(VO), which act as carrier sources.42 As the Ga content

increases, the ratio of the OII peak area to that of the total

oxygen region decreases from 30.46% to 17.52%, manifest-

ing that Ga suppresses oxygen vacancies and reduces the

FIG. 3. The measured transfer and out-

put characteristics in the saturation

region (VDS ¼ 40 V) of SnGaO TFTs

with different Ga ratios: (a) and (b)

41.7%, (c) and (d) 45.4%, (e) and (f)

45.8%, (g) and (h) 50.0%, and (i) and

(j) 54.2%.

FIG. 4. (a) The effect of the Ga ratios on the electrical properties in the satu-

ration region (VDS ¼ 40 V) of SnGaO TFTs. (b) Mobility as a function of

(VGS � Vth) in the linear region (VDS ¼ 0.1 V) for the devices made from the

films with the Ga ratio of 41.7%, 45.4%, 45.8%, 50.0%, and 54.2%.

FIG. 5. The XPS spectrum for the O1s peaks and their deconvolution results

for SnGaO films with different Ga ratios: (a) 41.7% and OII/Ototal ¼ 30.46%,

(b) 45.8% and OII/Ototal ¼ 28.47%, (c) 50.0% and OII/Ototal ¼ 25.00%, and

(d) 54.2% and OII/Ototal ¼ 17.52%.
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carrier concentration. The smaller ratio for the OII peak area

to the total oxygen region is usually attributed to fewer

donor-like states that release free carriers to the conduction

levels.43 According to the typical models for trap-limited

and percolation transport, more free carriers result in a

higher ratio of mobile carriers to total carriers (including

mobile states above the conduction level and immobile states

below it) and thus a higher field-effect mobility under gate

tuning.

For gate bias stress stability testing, we focused on

SnGaO TFT devices showing an on-voltage close to zero,

i.e., the device with a Ga ratio of 50.0% (Fig. 6). The device

stability was tested under stress in air after coating a layer of

polymer CYTOP for simple encapsulation. The evolution of

parameters including the shift in Vth (DVth), Ion, and lsat in

the saturation region (VDS ¼ 40 V) is shown under positive

gate bias stress (PGBS), negative gate bias stress (NGBS),

and negative gate bias stress with illumination (NBIS),

where the on current and saturated mobility were normalized

to the original peak values (t¼ 0 s) for comparison. The val-

ues of Vth were also extracted as stated above and the gate

bias is 20 V and �20 V for PGBS and NGBS, respectively.

The NBIS is measured by applying a negative bias (�20 V)

under white light. Ion drops slightly from 1.76� 10�4 A to

1.47� 10�4 A under PGBS, rises negligibly under NGBS,

and rises from 1.76� 10�4 A to 2.03� 10�4 A under NBIS.

The shift in Vth is 2.36 V, �0.72 V, and �1.32 V for PGBS,

NGBS, and NBIS, respectively, with no obvious change in

the mobility. Also, we measured the gate bias stress stability

of the SnGaO TFTs without CYTOP encapsulation, which

shows a shift of 3.94 V, �1.03 V, and �5.24 V in Vth for

PGBS, NGBS, and NBIS, respectively. The encapsulation

layers improve the long-term stability in stressing due to pre-

venting water or oxygen adsorption, but they did not reduce

the hysteresis in dual scanning, which is probably related

to electron trapping at the semiconductor-insulator inter-

face.44,45 For comparison, the stability test results obtained

for the sol-gel-based InGaZnO TFTs fabricated at the same

conditions exhibit a DVth of 6.36 V and �6.67 V under

PGBS and NGBS, respectively. The SnGaO TFT shows a

smaller change in the trend for Ion and lsat under gate bias

stress, exhibiting a better stability that is most likely due to

the elimination of the weaker Zn-O bonds. For a reference,

solution-processed ZnSnO TFT showed a DVth of 5.82 V

under PGBS.11 The NBIS results show little change com-

pared to the NGBS results, suggesting that the SnGaO has

low response to white light, probably owing to the large

bandgap. The Vth shifts under the gate bias stress can be

attributed to the formation of deep defect traps that capture

charges at the interface between the channel and the dielec-

tric and the absorption of O2 from the ambient atmosphere

onto the back-channel surface.46 Apparently, Ga ion is an

efficient oxygen binder for the SnGaO system, which may

prevent the creation of oxygen vacancy defects that are

active toward the gate bias stress.

Compared with other Sn-based oxide semiconductor

TFTs,14,15,19–21 which are mostly quaternary compounds

including element Zn or fabricated by the high-cost vacuum

process, the demonstrated SnGaO is a Zn-free ternary com-

pound and fabricated by the solution process and also shows

a good stability, which may merit considerations for simple

fabrication of oxide transistors.

In summary, we investigated the dependence of the

SnGaO TFT characteristics on the compositional ratio along

with the information of oxygen vacancies. As the Ga ratio

increased, the on current for the SnGaO TFTs decreased,

which was mainly related to the drop in the carrier concen-

tration. The average field-effect mobility of the SnGaO TFTs

could be tuned from 0.67 to 9.82 cm2/V s and the on-off ratio

is more than 106 with good stability in different bias-

stressing conditions, probably due to the strong Ga-O bonds.

The introduction of Ga allows fine tuning of electrical per-

formance and the capability of solution-processed patterning

by selective etching, which may provide new opportunities

FIG. 6. The transfer characteristics and

the evolution of the characteristic

parameters as a function of stressing

time in the saturation region (VDS

¼ 40 V) for SnGaO TFTs with a Ga

ratio of 50.0%: (a) and (b) under PGBS,

(c) and (d) under NGBS, and (e) and (f)

under NBIS. The parameters include

Ion_T/Ion_0, DVth, and lT/l0, where

subscripts T and 0 denote the final and

initial states, respectively.
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and understandings for solution-based and transparent tin-

oxide and gallium-oxide electronics.
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