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High-performance transparent zinc oxide (ZnO) thin-film transistors (TFTs) with location-controlled lat-
eral-grain growth were fabricated by hydrothermal method. The ZnO active channel was laterally grown
with aluminum-doped ZnO (AZO) seed layer underneath the Ti/Pt film. Compare to the unannealed ZnO
TFTs, the annealed devices reveal the high-quality ZnO layer with the compensated structural defects in
the channel region after oxygen ambient annealing at 400 �C. Therefore, the superior device perfor-
mances (i.e. the excellent filed-effect mobility of 9.07 cm2/V s, positive threshold voltage of 2.25 V, high
on/off current ratio of �106, and low gate leakage current of <1 nA) of hydrothermally grown ZnO TFTs
can be achieved with oxygen ambient annealing.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Lately, zinc oxide (ZnO) has been attracting particular interest
as a result of its remarkably optical and electronic properties. Its
significantly optical transparency combined with an excellent elec-
trical conductivity made ZnO as a promise material for the fabrica-
tion of optoelectronic devices [1–4]. ZnO is an n-type II–VI
compound semiconductor, and it possesses a direct energy wide-
bandgap (i.e. �3.37 eV) at room temperature, a large exciton bind-
ing energy (i.e. �60 meV), good photoelectric and piezoelectric
properties, and high optical transparency for visible light [1]. ZnO
has been investigated as an active channel layer for transparent
thin film transistor (TFT) [2–4] and compared with organic TFTs
[5–7] and amorphous silicon TFTs [8,9]. Essentially, the organic
TFTs may degrade in atmospheric conditions [10,11] and amor-
phous silicon TFTs have been demonstrated for some limitations
of optical applications, such as light sensitivity, light degradation
and opaqueness [12]. On the contrary, ZnO TFTs disclose not only
the high transparency within the visible-light spectra but also
the relatively high field effect mobility, less light sensitivity, and
excellent chemical and thermal stability [13], indicating the poten-
tials of ZnO-based thin films applied in TFTs. The ZnO-based thin
films have been prepared by various vacuum-based deposition
techniques, for instance pulsed laser deposition (PLD) [2], sputter-
ing [3], atomic layer deposition [4], and chemical vapor deposition
(CVD) [14], which usually suffer the issues of expensive facilities,
low throughput, complicated operating conditions and high energy
ll rights reserved.
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consumption. In contrast, a solution-based hydrothermal method
has the advantages of low reaction temperature, low-cost facility,
capabilities of large-area and uniform fabrication, and environ-
mental friendliness [15]. Nevertheless, the low-temperature fabri-
cation of hydrothermal ZnO thin films generally contain enormous
structural defects (i.e. oxygen vacancies, oxygen interstitials, zinc
vacancies, and zinc interstitials) [16]. The structural defects of me-
tal oxide produce potential wells that can trap and affect the move-
ment of carriers, and degrade device performances. Therefore, a
post-annealing in oxygen ambience should be considered for de-
vice fabrication to inhibit the structural defects formed in pro-
cesses [17–19]. In this work, a simple hydrothermal method was
adopted for the ZnO thin film growth. The annealing effects and re-
lated devices performances of hydrothermally grown (HTG) ZnO
TFTs are also addressed.

2. Experimental details

Fig. 1 illustrates the schematic fabrication of HTG ZnO TFTs with
the technique of location-controlled nucleation. A 200 nm-thick
sputtered indium–tin–oxide (ITO) film was sputtered as the gate
electrode on the glass substrate. After cleaning, a 200 nm-thick tet-
raethylorthosilicate silicon dioxide (TEOS-SiO2) layer was depos-
ited as gate dielectric by a plasma-enhanced chemical vapor
deposition (PECVD) at 350 �C. Sputtered aluminum-doped ZnO
(AZO) film (200 nm) and Ti (100 nm)/Pt (50 nm) films were
sequentially deposited at room temperature and patterned by
lift-off process. The sputtered AZO film can act as seed layer for
ZnO growth during hydrothermal method. The samples were
dipped in 0.001 M H3PO4 to under-cut the AZO seed layer and then
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Fig. 1. Schematic illustration for the fabrication of hydrothermal grown (HTG) ZnO TFTs with post-annealing at 400 �C for 1 h in oxygen ambience.
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immersed in the mixed hydrothermal solution to grow the lateral
ZnO film. The growth solution was prepared by mixing with 0.25 M
zinc nitrate hexahydrate (Zn(NO3)2� 6H2O) with 0.25 M hexameth-
ylenetetramine (HMTA) in deionized water at 85 �C for 3 h. Subse-
quently, the samples were thoroughly rinsed with deionized water
in order to eliminate the residual salts and dried in air at room
temperature. Finally, some of the samples were annealed in oxygen
ambience to evaluate the annealing effects. The oxygen ambient
annealing was executed in a tube furnace with the parameters as
oxygen gas flow rate of 60 sccm, process pressure of �1 atm, and
annealing temperature of 400 �C for 1 h duration.

After TFTs formation, an automatic measurement system that
combines IBM PC/AT, semiconductor parameter analyzer (4156C,
Agilent Technologies) and a probe station were used to measure
the I–V characteristics. The surface morphologies were observed
by a field-emission scanning electron microscopy (FE-SEM, Hitachi
S-4700I). The optical emission properties were analyzed by photo-
luminescence (PL) spectra with He–Cd laser (i.e. k = 325 nm) exci-
tation. An analytical field-emission transmission electron
microscopy (JEM-2100FX, JEOL Ltd.) was employed to reveal the
cross-sectional image and microstructure of the HTG ZnO layer in
the channel region of ZnO TFTs. The samples of cross-sectional
TEM were prepared by focused-ion-beam (FIB) technique (Nova
200, FEI Company), which can exactly locate and capture the chan-
nel region of ZnO TFTs.
Gate Oxide 100 nm 3 nm 

Fig. 2. The FE-SEM images show the channel morphology of HTG ZnO TFTs (a)
without or (b) with annealing at 400 �C for 1 h in oxygen ambience (c) cross-
sectional TEM image reveals the vertical gain boundary cross to the channel of HTG
ZnO TFTs. The inset presents the SAED pattern and corresponding HRTEM image for
the selected district in HTG ZnO channel.
3. Results and discussion

Fig. 2a and b gives the FE-SEM images for the channel morphol-
ogy of HTG ZnO TFTs without or with annealing at 400 �C for one
hour in oxygen ambience. The images of unannealed and annealed
HTG ZnO TFTs reveal similar channel morphology. The ZnO growth
only existed between the sputtered Ti/Pt electrodes and no ZnO
thin film is observed on the electrodes. The location-controlled lat-
eral growth started from the edges of AZO seed layer beneath the
Ti/Pt films, and extended toward the middle of the channel from
opposite both sides. The achievable distance of lateral growth
using this hydrothermal method is about half channel length
(�5 lm) while the distance between source and drain is 10 lm.

An analytical TEM technique was also conducted to display the
cross-sectional image and microstructure in the channel region of
annealed HTG ZnO layer, shown in Fig. 2c. The capping oxide layer
was used to protect device structure from the bombardment dam-
age induced by FIB during TEM sample preparation. The growth of
HTG ZnO from opposite sides impinged with each other at the mid-
dle of the channel region above the gate oxide. The thickness of
ZnO layer is not uniform and roughly estimated as 0.15–0.2 lm
in the central channel region after 3 h HTG. The inset presents
the selected area electron diffraction (SAED) pattern and corre-
sponding high-resolution TEM (HRTEM) image for the selected dis-
trict in HTG ZnO channel. Spot pattern of SAED indicates that HTG
ZnO grains in the channel regions were single-crystalline wurtzite
structure. Moreover, HRTEM image clearly reveals a well-resolved
lattice image with an orientation along the [001] direction (c-axis
of ZnO crystal) which is the fastest growth direction of ZnO crys-
tals. It is evident that the location-controlled lateral grains grew
from the opposite direction and collided at the middle of channel,
resulting in nearly a single vertical grain boundary cross to the
channel direction. In brief, the hydrothermally lateral-grain growth
can be artificially controlled in the desired location and the vertical
grain boundary perpendicular to the current flow in the channel
region can be reduced to single one as a result of the proper design
of source/drain structure with under-cut AZO seed layer. The local-
ized potential barriers of grain boundaries could retard the trans-
portation of carriers from grain to grain [20]. The presence of
vertical grain boundary perpendicular to the current flow in the
channel region of ZnO TFTs has a dramatic influence on the electri-
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cal characteristics. Thus, only single vertical grain boundary in
channel region can be expected to make the advanced device per-
formance of ZnO TFTs.

Fig. 3 shows the PL emission spectra of the unannealed and an-
nealed HTG ZnO TFTs. The PL emission spectra are distinguished
into two components: one is the UV emission owing to the near
band-edge emission (NBE) [21], and the other is the deep level
emission (DLE) in the visible region due to the existence of struc-
tural defects (i.e. oxygen vacancies, oxygen interstitials, zinc
vacancies, and zinc interstitials) [22–24]. It is observed that the
DLE intensity decreased and quenched after the annealing in oxy-
gen ambience. The zinc interstitials can be rearranged and its num-
ber will be reduced by annealing process [17]. The oxygen
vacancies also can be inhibited and compensated with oxygen
ambience in thermal process [18]. As well, the increased NBE
intensity can associate to the reduced structural defects. Hence,
the relative PL intensity ratio of NBE intensity to DLE intensity
(INBE/IDLE) was extracted to evaluate the structural defects and
structural quality of HTG ZnO layers [23]. The values of INBE/IDLE

were calculated as 0.8 and 5.03 according to the unannealed and
annealed samples. The higher INBE/IDLE of annealed ZnO TFTs re-
flected the fewer structural defects [22,23], which usually links
to the better crystal quality. As the reported study [24], the crystal-
linity of hydrothermal ZnO nanostructures was evidently enhanced
after 400 �C oxygen ambient annealing. Therefore, the weaker DLE
and stronger NBE intensities recommend the fewer structural de-
fects and better crystal quality in annealed ZnO TFTs, which may
lead to an improved electric characteristics.

Fig. 4 depicts the drain current vs. gate voltage (the plots of IDS

vs. VGS and I1=2
DS vs. VGS) of transfer characteristics and gate leakage

current (IGS) for the unannealed and annealed HTG ZnO TFTs with
channel width (W) of 250 lm and channel length (L) of 10 lm at
the drain voltage (VDS) of 20 V. The threshold voltage (VTH) and
field-effect mobility (lFE) were calculated with a line fitting of
the square root of drain current vs. gate voltage, defined by the cur-
rent formula of saturated regions [25]:

IDS;SAT ¼
lWCOX

2L
ðVGS � VTHÞ2; ð1Þ

where IDS,SAT is the saturated drain current, and COX is the capaci-
tance per unit area of gate insulator, respectively. The unaneled
HTG ZnO TFTs indicate the VTH and on/off current ratio as �0.55 V
and 1.32 � 103, respectively. The calculated lFE is about hundreds
of cm2/V s and shows meaningless due to the extremely huge IDS,
while the unaneled ZnO film loses its semiconductor behaviors
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Fig. 3. Room-temperature PL emission spectra of the unannealed and annealed
HTG ZnO TFTs.
and presents approximately conductive property. Contrarily, the
annealed ZnO TFTs reveal the distributions of VTH and lFE in the
ranges of 1.25–3 V and 6–12 cm2/V s with the measurement of
twenty annealed devices. The extracted superior device perfor-
mances of annealed ZnO TFTs from the IDS�VGS and I1=2

DS � VGS curves,
the excellent lFE of 9.07 cm2/V s, positive VTH of 2.25 V, and high on/
off current ratio (i.e. above 106), which can be linked to the high-
quality ZnO layer with the compensated structural defects in the
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Fig. 5. Output characteristics (IDS�VDS) of the (a) unannealed and (b) annealed HTG
ZnO TFTs under the gate voltage (VGS) of 0–20 V with the step of 5 V.



Table 1
Comparisons of electrical characteristics for the annealed HTG ZnO TFTs in this work and the other solution-based ZnO TFTs in literatures.

Preparation method This study [26] [27] [28] [29]
Hydrothermal
method

Sol–gel
method

Chemical bath
method

Sol–gel and chemical bath
deposition combined method

Facile sonochemical
method

Max. process temperature (�C) 400 500 100 230 525
Threshold voltage (V) 2.25 16.1 �18 6 11.7
Mobility (cm2/V s) 9.07 1.16 0.248 0.67 0.7
On/off current ratio 1.75 � 106 8.1 � 107 105 107 3.2 � 105
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channel region after oxygen ambient annealing. The positive gate
voltage was applied to turn-on TFTs, suggesting the behavior of n-
channel enhancement-mode devices. Furthermore, the gate leakage
current (IGS) of annealed ZnO TFTs is less than 1 nA and far lower
than that of unannealed ones. Therefore, the superior device perfor-
mances (i.e. the excellent lFE, high on/off current ratio, and low gate
leakage current) of HTG ZnO TFTs can be made with oxygen ambi-
ent annealing.

Fig. 5 shows the drain current–drain voltage (IDS vs. VDS) plot of
output characteristics for unannealed and annealed HTG ZnO TFTs
under the gate voltage (VGS) of 0–20 V with the step of 5 V. It is
demonstrates that annealed ZnO TFTs exhibit the higher driving
current than that of unannealed ZnO TFTs under the same bias con-
dition, which is related to the high field effect mobility. The drain
current of annealed ZnO TFTs increased linearly with drain voltage
at lower values and saturation behavior was observed at high drain
voltages due to pinch-off effect by accumulation layer. On the con-
trast, it obviously indicates the non-saturated curves of IDS�VDS for
unannealed devices. Additionally, the major electrical characteris-
tics of the annealed HTG ZnO TFTs in this work can be comparable
to those of the other solution-based ZnO TFTs in literatures [26–
29], listed in Table 1. This experimental result recommends that
the proposed HTG ZnO TFTs with oxygen ambient annealing at
400 �C can achieve the superior electrical characteristics (i.e. the
relatively smaller threshold voltage and higher mobility) than
those of the other solution-based ZnO TFTs prepared at higher tem-
peratures. The relatively lower field effect mobilities of the re-
ported solution-based ZnO TFTs may be connected to the result
of more grain boundaries, poorer crystallinity, and film porosity.
The results suggest that the hydrothermally grown ZnO TFTs with
oxygen ambient annealing can contribute excellent device perfor-
mances (i.e. the excellent lFE, small positive VTH, high on/off cur-
rent ratio, and low gate leakage current).

Fig. 6 points out the optical transmission spectra vs. wavelength
for the ITO/glass substrate and entire structure of annealed HTG
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Fig. 6. Optical transmission spectra for the ITO/glass substrate and entire structure
of HTG ZnO TFTs.
ZnO TFTs. The optical transmittances in the visible portion for
the ITO/glass substrate and entire structure of HTG ZnO TFTs are
85–90% and 53–71%, separately. The reduced transmission of the
entire structure is considered with the reflection of Ti/Pt electrodes
and absorption coming from gate oxide/HTG ZnO layers owing to
the existence of structural defects. The use of smaller Ti/Pt elec-
trodes and superior crystal quality of ZnO layer can further im-
prove the transparency.
4. Conclusion

The hydrothermally grown (HTG) transparent ZnO TFTs has
been fabricated on the glass substrates at 85 �C. The location-con-
trolled lateral-grain growth started from the edges of aluminum-
doped ZnO (AZO) seed layer beneath the Ti/Pt films, and extended
toward the middle of channel from the opposite directions, result-
ing in only single grain boundary perpendicular to the channel
direction. The few vertical grain boundaries in channel region
can be expected to make the advanced device performance of
ZnO TFTs. After oxygen ambient annealing at 400 �C, the weaker
deep level emission (DLE) and stronger band-edge emission
(NBE) intensities of annealed ZnO TFTs reflected the better crystal
quality and fewer structural defects compared to the unannealed
devices. The positive gate voltage was applied to turn-on TFTs, sug-
gesting the behavior of n-channel enhancement-mode devices.
Consequently, the superior device performances (i.e. the excellent
filed-effect mobility of 9.07 cm2/V s, positive threshold voltage of
2.25 V, high on/off current ratio of �106, and low gate leakage cur-
rent of <1 nA) of HTG transparent ZnO TFTs can be made with an
oxygen post-annealing.
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