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ABSTRACT: This paper addressed the effect of gallium nitrate hydrate
addition on thin film transistor (TFT) performance and positive bias stability of
amorphous zinc tin oxide (ZTO) TFTs by solution processing, Further, the
mechanisms responsible for chemical properties and electronic band structure
are explored. A broad exothermic peak accompanied by weight loss appeared in
the range from about 350 to 570 °C for the ZTO solution; the thermal reaction
of the Ga-ZTO:N solution was completed at 520 °C. This is because the gallium
nitrate hydrate precursor promoted the decomposition and dehydroxylation
reaction for Zn(CH3COO)2·2H2O and/or SnCl2·2H2O precursors. The
concentrations of carbon and chloride in gallium nitrate hydrate added ZTO
films annealed at 400 °C have a lower value (C 0.65, Cl 0.65 at. %) compared
with those of ZTO films (C 3.15, Cl 0.82 at. %). Absorption bands at 416, 1550,
and 1350 cm−1 for GaZTO:N films indicated the presence of ZnGa2O4, N−H,
and NO groups by Fourier transform infrared spectroscopy measurement,
respectively. As a result, an inverted staggered Ga-ZTO:N TFT exhibited a mobility of 4.84 cm2 V−1 s−1 in the saturation region,
a subthreshold swing of 0.35 V/decade, and a threshold gate voltage (Vth) of 0.04 V. In addition, the instability of Vth values of
the ZTO TFTs under positive bias stress conditions was suppressed by adding Ga and N from 13.6 to 3.17 V, which caused a
reduction in the oxygen-related defects located near the conduction band.
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1. INTRODUCTION

Oxide semiconductor (OS) thin film transistors (TFTs) are
promising candidates that can be incorporated in a variety of
electronic applications, including large-area display panels such
as liquid crystal displays (LCDs) and organic light-emitting
diodes (OLEDs).1,2 The major attractive aspects are their high
mobility, excellent uniformity, low processing temperature, and
high transparency. Generally, a vacuum-based deposition
process, i.e., radio frequency magnetron sputtering, has been
used for the preparation of oxide channel layers because it
allows facile control over carrier concentrations by adjusting
operating conditions. However, this technique has the
disadvantage of a high manufacturing cost. During recent
decades, solution-processed OS have been intensively inves-
tigated for realizing low-cost processed electronics (e.g.,
printing technique) for flexible displays and/or flat panel active
matrix displays by continuous-solution processes.3,4 A simple
process, high throughput, and low cost are advantages of
solution-processed OSs.5−7 Nevertheless, a solution-processed
oxide semiconductor still suffers from lower performance;
further, a higher-temperature annealing process than the
vacuum-based method is required in order to obtain high-
quality OSs. For achieving high-performance TFTs, numerous
methods have also been proposed, including development of
novel oxide semiconductor materials using combinatorial
material designs using solution processes.8 For example, the

TFTs using solution-processed oxide semiconductors, such as
InZnO (IZO), InGaZnO (IGZO), and InZnSnO (IZTO), have
been already studied intensively.9−11

Although an indium and gallium element in the active
channel layer are essential for assuring excellent channel
mobility and stability, respectively, their scarcity of resources
and high price are critical issues to apply in mass-produced
electronics. Thus, ZnSnO (ZTO) has been recently attractive
as a promising active layer due to its low cost and elemental
abundance.12

Previous studies have reported that the precursors and
annealing temperature conditions play important roles to
improve electrical properties of the solution-based ZTO
TFTs.13,14 Jeong et al.15 reported the electrical property of
ZTO TFTs using tin acetate [Sn(CH3COO)2] and zinc acetate
dehydrate [Zn(CH3COO)2·2H2O] as the Sn and Zn
precursors, respectively. The TFT performance exhibited a
field-effect mobility (μFE) of 1.1 cm2/(V·s) when the channel
layer was annealed at a high-temperature of 500 °C. Kim et al.13

reported the device properties under various annealing
temperatures, including the photobias instability of ZTO
TFTs fabricated using ZnCl2 and SnCl2 precursors. Up to

Received: March 7, 2014
Accepted: June 3, 2014
Published: June 3, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 9228 dx.doi.org/10.1021/am5013672 | ACS Appl. Mater. Interfaces 2014, 6, 9228−9235

www.acsami.org


600 °C, the annealing process showed a significant improve-
ment of device performance in the ZTO TFTs. Unfortunately,
they used high-temperature annealing methods (up to 500 °C)
to obtain high performance of ZTO TFTs, which are not
compatible with a realization of practical metal-oxide
electronics.
Recently, two studies reported the effect of gallium doping

on IZO TFT performance solution-processed in order to
reduce the process temperature. Jeong et al.6 studied solution-
based amorphous Ga-doped IZO films and found out the
alternative role of Ga lowering the temperature of film
processing. Banger et al.9 also reported that Ga doping is a
route for forming high-performance IZO TFTs at low process
temperatures under 250 °C. However, there is still a lack of
both an understanding of the effect of gallium doping on device
performances of solution-processed ZTO TFTs and informa-
tion to support the variations in electrical and chemical
properties.
In vacuum-based deposited OS TFTs, nitrogen doping has

an effect on TFT performance and stability. Raja et al.16

reported the effect of nitrogen doping on amorphous InGaZnO
thin-film transistors regarding the device performance and
stability. Nitrogen doping can passivate defects and/or dangling
bonds in InGaZnO films, which reduced oxygen vacancies and
charge-trap density. Huang et al.17 addressed an ultrathin
interfacial InGaZnO:N layer to improve the bias stress stability
on a-InGaZnO TFTs. As already mentioned above, the
formation of Ga−N bonds can suppress the concentration of
oxygen vacancies within the layer. Unfortunately, there has
been a lack of information available with regard to nitrogen
doping in solution-processed ZTO TFTs. Therefore, a more
detailed analysis based on chemical and electrical behavior is
necessary to investigate the mechanism governing overall TFT
performance and stability of Ga added ZTO:N TFTs as an
oxide channel layer.

2. EXPERIMENTAL SECTION
Precursor Solution Preparation. The ZTO and GaZTO

solutions were prepared for dissolving tin chloride dihydrate [SnCl2·
2H2O, 98% (Aldrich)], zinc acetate dehydrate [Zn(CH3COO)2·2H2O,
98% (Aldrich)], and gallium nitrate hydrate [Ga(NO3)3·H2O, 99.9%]
in 2-methoxyethanol [CH3OCH2CH2OH, 98% (Aldrich)], with a
concentration of 0.2 M. The molar ratios of ZTO and GaZTO
precursor solutions were 50:50 (Zn:Sn) and 5:47.5:47.5 (Ga:Zn:Sn),
respectively. 2-Methoxyethanol is well-known to be a versatile solvent
due to good solubility and low viscosity, also acting as a stabilizer.18

These clear solutions were stirred using a magnetic bar for 6 h at 60 °C
before spin-coating.
Film Deposition. Each precursor solution was stirred and filtered

by using the previous sequence.14 After preparing the solution, spin-
coating was carried out at a spin speed of 3000 rpm for 30 s. Then, the
coated layer was dried at 150 °C on a hot plate for 15 min. After that,
the heating process was done at 400 °C directly for 1 h in air. The
spin-coated films had a thickness of about 20 nm, as measured by
spectroscopic ellipsometry (SE).
TFT Fabrication. Heavily doped silicon (p-type) substrates with

100 nm thick SiO2 were used as the gate and insulator. The substrates
were treated by oxygen plasma for 1 min at a power of 10 W to
enhance the coating properties before coating the active layer.
After the films (ZTO and GaZTO) were deposited on the treated

insulator layer, indium tin oxide with a thickness of 100 nm was
deposited as the source and drain electrodes (the channel length: 200
μm and the channel width: 800 μm). The indium tin oxide was formed
by radio frequency sputtering through a shadow mask.
Characterization. Thermal properties of the samples were

examined by thermal gravimetric analysis and differential thermal

analyses (TGA−DTA; model SDT Q600, Auto-DSCQ20 system).
The crystallinity of the films (ZTO and GaZTO) was measured by X-
ray diffraction (XRD, D/MAX-2500/PC). The chemical structure of
the films was determined by Fourier transform infrared spectroscopy
(FT-IR, WQF-510A, Shenyang Faith Trading Co.) and X-ray
photoelectron spectroscopy (XPS, Theta Probe, Thermo Fisher
Scientific Co). Auger electron spectroscopy (AES, PHI 680) was
used to obtain elemental compositions of films. The spectroscopy
ellipsometry (SE) was used with an auto retarder in the energy range
of 0.75−6.4 eV with incident angles of 65, 70, and 75°. The
characteristics of the TFTs were evaluated with an HP 4145B in a dark
room at ambient conditions.

3. RESULTS AND DISCUSSION
Figure 1 shows the thermogravimetric and differential thermal
analyses (TG−DTA) curves of ZTO, GaZTO, and GaOx
precursor solutions measured under a dry air atmosphere
with a heating rate of 3 °C/min up to 600 °C. As shown in

Figure 1. TGA and DSC curves of (a) ZTO, (b) GaZTO, and (c)
GaOx solution under air (heating speed: 3 °C/min).
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Figure 1, there are three stages based on all the solutions by
TG−DSC analyses: decomposition and hydrolysis, dehydrox-
ylation and alloy, and densification. The initial main weight loss
(∼90%) of all the solutions happened in the range of 25−90
°C; during this stage, an endothermic reaction with a peak at
about 60 °C was observed in the heat flow analysis. This
phenomenon happened in all solutions independent of
precursor. This is due to the thermal reaction related to the
decomposition and hydrolyzation of the precursor. In the three
different solutions, Zn(CH3COO)2·2H2O, SnCl2·2H2O, and
Ga(NO3)3·H2O were decomposed and then hydrolyzed to
Zn(OH)2, SnCl2, and Ga(OH)2NO3.

14,19 The evaporation of
the H2O, 2-methoxyethanol, CH3COOH, and HNO3 con-
tributed to the initial weight loss. In stage 2, the exothermic
reactions were observed to be accompanied with a small weight
loss in the temperature range of 90−350 °C. This phenomenon
can be explained by three kinds of formation mechanisms
depending on the precursor. For Zn(OH)2, dehydroxylation
occurred. SnCl2 underwent the sol−gel process, which should
eliminate organic residues after hydrolysis and condensation
reactions. Ga(OH)2NO3 gradually lost N2O5 and, though the
formation of unstable oxy-nitrate, was transformed into gallium
oxide.19 In stage 3, the broad exothermic peak accompanied by
a very small weight loss appeared in the range from 350 to 570
°C for the ZTO solution and from 350 to 520 °C for the Ga-
ZTO:N solution, respectively, which can be an alloy reaction of
M−OH. Futher, the small weight loss was due to the residual
material decomposition after stage 2.
To verify whether phase transformation occurs during

annealing, we analyzed high-resolution X-ray diffraction
patterns of ZTO and GaZTO thin films annealed at
temperatures of 400 °C, shown in Figure 2. The X-ray

diffraction profiles exhibited an amorphous-like broad peak
located at around 34°, and sharp crystalline peaks were
observed at 51.5° and 54.5°. Strong crystalline peaks at 51.5°
and 54.5° originated from the substrate of SiO2 (thickness) 100
nm/Si (100).15 Recently, two studies were reported about the
structure of the ZTO film depending on annealing temperature.
Jeong et al.15 reported that the ZTO films (zinc acetate
dehydrate (Zn(CH3COO)2·2H2O) and tin acetate (Sn(CH3-
COO)2)) annealed at 500 °C were composed of amorphous
materials in which approximately 1−2 nm sized particles were
embedded. Kim et al.13 also reported a locally crystallized
volume portion of 30−40% in the amorphous matrix at 600 °C
(ZTO). They used a ZnCl2 and SnCl2 precursor to synthesize

ZTO films. This peak at around 34°corresponded with a
Zn2SnO4 (311) peak (JCPDS 73-1725) or a GaZnO (or ZnO)
peak (JCPDS 48-0484). Peak positions were very similar, so it
was difficult to determine the main peak position in this result.
Kovacheva et al.20 reported that trigonal-ilmenite ZnSnO3 and
cubic-spinel Zn2SnO4 are formed at relativley low temperatures
(<600 °C) and high temperatures (>1000 °C), respectively.
Thus, the broad peak at around 34° was attributed to the (002)
peak of ZnO or GaZnO, which is the amorphous phase that has
a locally crystallized structure reported previously.21 With Ga
precursor addition, the position of an amorphous-like broad
peak was shifted from 34° to 33.8°. This was thought to result
from Ga−Zn−O texturing because Ga can substitute in Zn
sites, thus reducing the number of defects; this is possible
because the radius of the Ga ion (Ga−O (1.92 Å)) is similar to
that of the Zn ion (Zn−O (1.97 Å)).22

To confirm the residual material after thermal reaction at 400
°C annealing, a locally crystallized phase was detected by XRD
analysis. FT-IR absorption spectra for ZTO and Ga-ZTO films
between 400 and 4000 cm−1 are shown in Figure 3a. All the

spectra were similar in the range of 400−4000 cm−1. The bands
located at 3500−4000 cm−1 are attributed to the hydroxyl free
−OH group of the solvent adsorbed on the surface of films.23

The bands located around 1600 cm−1 corresponded to the
stretching mode of the C−N. Further, the band centered at
1550 and 1350 cm−1 corresponds to the bending mode of N−
H and NO groups.24−26 As shown in FT-IR analysis,
nitrogen would be attributed to the bonding of unstable oxy-
nitrate from the Ga(NO3)3·H2O precursor. In the 800−400
cm−1 spectral range, as shown in Figure 3b, ZTO and GaZTO

Figure 2. XRD results of the ZTO and GaZTO thin films annealed at
400 °C.

Figure 3. FT-IR spectroscopy of the ZTO and GaZTO:N films over
(a) 4000−400 cm−1 and (b) 800−400 cm−1.
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samples revealed several peaks. Thus, Ga-ZTO films can be
denoted as GaZTO:N by FT-IR analysis. For the ZTO and Ga-
ZTO:N initial mixture, the typical absorption band of the SnO2
lattice was at 667 cm−1 and those of the Zn−O bond around
530−490 cm−1 were noticed. However, relevant changes in the
FT-IR spectrum of the Ga-ZTO film can be seen by the
appearance of new absorption bands at 416 cm−1 assigned to
ZnGa2O4, which was consistent with results obtained by XRD
measurements.
With various Zn/Sn ratios and residue material from the

precursor, ZTO films exhibited different device performances.15

To quantitatively analyze cation composition and residue such
as carbon, chloride, and nitrogen even after thermal annealing
in both the ZTO and GaZTO:N films, XPS analysis was
performed. Figure 4a−f shows the XPS spectra of the Zn 2p, Sn
3d, Ga 2p, C 1s, Cl 2p, and N 1s core levels, respectively. The
binding energy (BE) of the Ga 2p3/2 level from Ga2O3 typically
showed at 1116.7 eV, and that of the Zn 2p3/2 level from ZnO
showed at 1022 eV. The BE of the Sn 3d3/2 level was present
around 485 eV, which can be assigned to SnO. The BEs of C
1s, Cl 2p, and N 1s are shown at 284.5, 197.1, and 394.5 eV,
respectively.27 From the XPS results, the atomic percentages of
Zn, Sn, Ga, C, Cl, and O atoms were derived and are shown in
Table 1. The few chlorine atoms originated from the SnCl2

precursor. The BE of N 1s overlapped that of the Auger peak of
Ga 2p by XPS using an Al source. To avoid this argument, the
N concentration was measured for the ZTO and Ga-ZTO:N
films by AES. As a result, the N concentration of the GaZTO:N
films was 1.6 at. %, wherein the N atoms in GaZTO:N

originated from unstable oxy-nitrate from the Ga(NO3)3·H2O
precursor.
Figure 5 exhibits the transfer characteristics of ZTO and

GaZTO:N annealed at 400 °C. The μFE in the saturation region

(drain-to-source voltage, VDS = 20 V) and subthreshold swing
(SS) values were extracted, according to the expression for a
field-effect transistor.28 The extracted device parameters are
summarized in Table 2. The ZTO device exhibited a μFE, SS
value, and Vth of 3.61 cm2/(V·s), 0.45 V/decade, and −0.09 V,
respectively. On the other hand, improved performance was
observed in the GaZTO:N device with a μFE, SS value, and Vth
of 4.84 cm2/(V·s), 0.35 V/decade, and 0.04 V, respectively. The
SS value is generally related to the total trap density of a given
TFT device, including the semiconductor−insulator interfacial
traps (Dit) and bulk (NSS), by the following equation29

=
+qk T N t D

C e
SS

( )
log( )i

B SS ch it

where q, kB, T, and tch are the electron charge, Boltzmann’s
constant, the absolute temperature, and channel layer thickness,

Figure 4. XPS spectra of the (a) Zn 2p, (b) Sn 3d, (c) Ga 2p, (d) C 1s, (e) Cl 2p, and (f) N 1s core-level line for ZTO and GaZTO:N films.

Table 1. Summary of Elemental Compositions in ZTO and
GaZTO:N Films (at. %)

Zn Sn Ga O C Cl N

ZTO 25.92 26.76 0 3.15 3.15 0.82 0
GaZTO:N 21.58 23.53 6.68 2.89 0.65 0.65 2.08

Figure 5. Representative transfer curves of ZTO and GaZTO:N TFTs
under forward and reverse bias.
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respectively. The calculated NSS and Dit values are also included
in Table 1. For example, the NSS and Dit values for the ZTO
device were 8.8 × 1017 eV−1 cm−3 and 1.59 × 1012 eV−1 cm−2,
respectively, and these values decreased to 6.8 × 1017 eV−1

cm−3 and 1.24 × 1012 eV−1 cm−2, respectively, for a GaZTO:N
device. Therefore, the improvement in TFT performance for
GaZTO:N devices can be attributed to the reduced NSS and/or
Dit because electron charge trapping is linearly increased with

the total number of available trap sites at the GaZTO:N
interface and/or bulk region.29 This suggests that the charge-
trapping defects are reduced by the addition of Ga precursor. In
addition, the transfer curve in a reverse VGS sweep from 30 to
−30 V was positively displaced compared to that in a forward
VGS sweep from −30 to 30 V. The hysteresis of Ga-ZTO:N
TFTs is described by the red dotted line, whereas the black
dotted line in Figure 5 shows the larger hysteresis of the ZTO

Table 2. Electrical Characteristics of the ZTO and GaZTO:N Channel Layers Annealed at 400°C in Air for 1 h

Ntotal

Vth (V) mobility (cm2/(V·s)) SS (V/decade) NSS (10
18/eV cm3) Dit (10

12/eV cm2)

ZTO −0.09 3.61 0.45 0.88 1.59
GaZTO:N 0.04 4.84 0.35 0.68 1.24

Figure 6. Transfer characteristics of (a) ZTO and (b) GaZTO:N TFTs with positive threshold voltage shift and (c) threshold voltage shift (ΔVth) as
a function of stress time.

Figure 7. XPS spectra of the O 1s core-level line for the (a) ZTO and (b) GaZTO:N films.
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TFT. However, there was no significant hysteresis in
GaZTO:N TFTs. Thus, the enhanced mobility of GaZTO:N
TFTs would originate from decreasing charge trap densities
due to the addition of Ga element.
The effects of Ga precursor addition in ZTO on the positive

bias stress (PBS) instability were investigated in Figure 6. The
TFTs were stressed by the following conditions: Applying with
VGS = −20 V and VDS = 20 V at room temperature for 3000 s.
As the stress time passed by, the Vth values of ZTO and
GaZTO:N TFTs systematically increased to the positive
direction, without any meaningful changes of μFE and SS
values. For the ZTO device, a large positive Vth shift of 13.6 V
with increasing PBS time was observed (see Figure 6a).
Interestingly, the device for the GaZTO:N exhibited a
significantly smaller Vth shift of 3.17 V under identical PBS
conditions.
To understand the origin of the above improvements, we

may mainly consider the chemical bonding states and electronic
structure (the Fermi-level band alignment). First, XPS was

measured to find out the changes in chemical bonding states on
the ZTO films due to addition of Ga precursor. Figure 7a,b
displays the O 1s spectra for the ZTO and GaZTO:N films.
Before collecting XPS spectra of both films, the Ne ions
sputtering (at 500 eV) was treated on the films to remove the
surface contamination such as OH, C, H2O, etc. The O 1s
peaks were split by using a Gaussian profile, which exhibited an
intense peak at around 530.7 ± 0.1 eV along with a broad
shoulder peak at 531.3 ± 0.2 and 532.4 ± 0.2 eV. The O 1s
peaks at 530.7, 531.3, and 532.4 eV are correlated with metal−
oxygen bonding states (no oxygen deficiency), oxygen deficient
states of the ZTO system, and the hydroxyl groups on the
surfaces, respectively.30 It is noted that the relative area of the
oxygen vacancy-related peak decreased from 34% (ZTO) to
30% (GaZTO:N). This implies that Ga precursor addition is
more effective to reduce the oxygen deficiencies than ZTO,
which can be attributed to suppression of oxygen vacancy
generation in GaZTO films.21 In addition, N doping in GaZTO
films controls the trap density by suppressing defect-related

Figure 8. (a) Near valence band edge peak (XPS spectra), (b) optical band gap (SE measurement), and (c) schematic band-alignment energy
diagram indicating the relative energy position of the EF (Fermi level), CBM (conduction band minimum), and VBM (valence band maximum).
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oxygen vacancies, as in the case of a-IGZO:N films.16

Therefore, the GaZTO:N films have much smaller oxygen-
related defects such as oxygen-deficient bonding states, which
can explain the superior transport properties of the resulting
TFTs.
In order to understand the subgab states below the

conduction band, the absorption coefficient spectra were
extracted through SE analysis on the ZTO and GaZTO:N
films. In Figure 8a,b, it is clearly shown that the absorption via
subgap states below the band gap (Eg) was considerably
reduced by addition of Ga precursor. Taking the ZTO films as a
reference, the relative ratio of subgap states decreased from 1.27
(ZTO films) to 1 (GaZTO:N), which can be attributed to the
decrease in oxygen vacancy concentration.
Next, using the extrapolation method, the valence band

spectra and Eg were extracted by XPS and SE, respectively, and
the schematic energy band diagram for ZTO and GaZTO:N
films31 is shown in Figure 8c. The corresponding values of Eg
and the relative energy difference between the Fermi level (EF)
and valence band maximum (ΔEVB), and between EF and the
conduction band minimum (ΔECB), are indicated below the
diagram. The extracted Eg increased from 3.83 eV (ZTO) to
3.90 eV (GaZTO:N), while the valence band offset (ΔEVB)
decreased from 2.27 eV (ZTO) to 2.09 eV (GaZTO:N). As a
result, the relative position of the Fermi level (ΔECB) moved
from 1.56 eV (ZTO) to 1.81 eV (GaZTO:N). This can result
in a decrease of carrier concentration in the GaZTO:N
semiconductor. Generally, it has been reported that higher
carrier concentration may lead to higher mobility in oxide
TFTs due to the percolation theory.32 However, considering
the enhancement of device performances (GaZTO), it may
originate from the suppression and passivation of oxygen-
related defects due to the addition of Ga and N. The addition
of Ga and N in ZTO may play important roles to improve
mobility and bias stability, although the ΔECB is larger in the
GaZTO semiconductor.

4. CONCLUSION

In summary, this study examined the effect of gallium nitrate
hydrate addition on the thermal reaction, chemical properties,
TFT performance, and positive bias instability of ZTO TFTs.
Gallium nitrate hydrate added ZTO films annealed at 400 °C
have lower chloride and carbon concentrations compare to
those of ZTO films. On the other hand, N atoms originating
from unstable oxy-nitrate from gallium nitrate hydrate served as
additional dopants in addition to Ga atoms. For these reasons,
it was demonstrated that GaZTO:N exhibited significantly
improved PBS-induced instability compared to those of ZTO
TFTs. This is due to the strong oxidation power of Ga atoms
and consequent effective reduction of oxygen-related defects,
which act as electron traps and are located at subgap states
within the band gap. Therefore, the enhanced stability against
PBS for GaZTO:N was attributed to the reduction in VO defect
density in the ZTO film, which strongly supports the instability
mechanism involving charge trapping related to oxygen defects.
We suggest that the combined approach of Ga and N would be
a promising method for high-performance and highly stable
ZTO TFT fabrication in next-generation displays
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