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Transparent high-performance ZnO TFTs have been fabricated via low-temperature hydrothermal method.
The dip of H3PO4 solution prior to the hydrothermal process can form the under-cut AZO seed layer and ben-
efit for the control of ZnO growth. While the use of under-cut AZO seed layer with proper design of channel
length, the lateral ZnO growth can be artificially controlled in the desired location to make a continuous
active-layer and nearly single one vertical grain boundary cross to the current flow in the channel region.
ZnO TFTs indicate the behavior of n-channel enhancement-mode devices. The optimum design of channel
length (i.e. L=10 μm) can provide enough space for the lateral growth of large ZnO grains with less channel
defects and bring about the advanced device characteristics (i.e. the positive threshold voltage of 3.0 V, mo-
bility of 9.03 cm2/V·s, on/off current ratio >106, gate leakage of b1 nA with less fluctuation, and extremely
high drain current >500 μA).

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) has been investigated for various applications in-
cluding ultraviolet photodetector [1], gas sensors [2], solar cells [3],
light emitting diodes (LED) [4], and transparent electrodes [5] due
to the properties of a direct energy wide-bandgap (i.e., ~3.37 eV), a
large exciton binding energy (i.e., ~60 meV), good photoelectric and
piezoelectric properties, and high optical transparency for visible
light [6]. Recently, ZnO as an active channel layer has been investigat-
ed for transparent thin-film transistor (TFT) [7,8]. 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 [9], indicating the poten-
tials of ZnO-based thin-films applied in TFTs. However, the tradition-
ally sputtered ZnO TFTs request expensive vacuum facilities and
suffer degraded device characteristics owing to a large number of
grain boundaries and many small grains of ZnO film formed at room
temperature [10,11]. The grain boundaries produce potential wells
that can trap and impede the movement of carriers and retard the
transportation of carriers from grain to grain [12]. The existence of
grain boundaries in the channel region of poly-ZnO TFT's has a dra-
matic influence on the electrical characteristics. For realizing the
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high-performance ZnO TFTs, it is essential not only to require larger
ZnO grains but also to control the location, number, and direction of
grain boundaries in ZnO active-layer. In this work, a simple hydro-
thermal method was considered for the ZnO thin-film growth be-
cause of the advantages of low-cost facility, capabilities of large-area
and uniform fabrication, and environmental friendliness. A technique
of nucleation at the selected region will be proposed, and the related
device performances of ZnO TFTs are also addressed.

2. Experimental details

A commercial indium-tin-oxide (ITO) film sputtered on the glass
substrate was used as the gate electrode with the thickness of
200 nm and resistivity of ~0.014Ω-cm. The ITO/glass substrate was
cut with the size of ~2 cm×2 cm for device fabrication. After cleaning,
a 200 nm-thick tetraethylorthosilicate silicon dioxide (TEOS-SiO2)
layer was deposited as gate dielectric by a plasma-enhanced chemical
vapor deposition (PECVD) at 350 °C. Sputtered aluminum-doped ZnO
(AZO), Ti, and Pt films were sequentially deposited at room tempera-
ture and patterned by lift-off process. The Pt (50 nm)/Ti (100 nm)
films structure the electrodes of source/drain with the deposition pa-
rameters: DC process powers of 40 W/100 W, and deposition rates of
~0.1 Å/s/0.5 Å/s, correspondingly, under a fixed pressure of ~8 mTorr.
The intermediate Ti film plays as an adhesion layer between Pt and
AZO films. The AZO film was sputtered with an AZO ceramic target,
RF process power of 150 W, deposition rate of ~0.5 Å/s, and
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controlled pressure of ~4 mTorr. The function of AZO film is a seed
layer for ZnO nucleation and growth during hydrothermal method
[13]. Some of the samples were dipped in 0.001 M H3PO4 to under-
cut the AZO seed layer, and the others were not. Then, each sample
was 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 hexamethy-
lenetetramine (HMTA) in deionized water at 85 °C. Subsequently,
the samples were thoroughly rinsed with deionized water in order
to eliminate the residual salts and dried in air at room temperature.
As the reported investigation [14], the crystallinity of hydrothermal
ZnO nanostructures can be evidently enhanced after 400 °C-oxygen
ambient annealing. Therefore, all of the samples were annealed at
400 °C in oxygen ambience for 1 h. Some technologies of material
analysis were applied to characterize the physical properties of hy-
drothermal ZnO films. The surface morphologies were observed by a
field-emission scanning electron microscopy (FE-SEM, Hitachi S-
4700I). The surface roughness of films was inspected by an atomic
force microscope (AFM, Digital Instruments Nano-Scope III). The crys-
tal structure of prepared devices was examined by X-ray diffraction
(XRD) with a diffractometer (M18XHF, MAC Science) with the inci-
dent radiation of Cu Kα (i.e. λ=0.154 nm). The optical emission
properties were analyzed by photoluminescence (PL) spectra with
He-Cd laser (i.e. λ=325 nm) excitation. After ZnO TFT fabrication,
an automatic measurement system that combines IBM PC/AT, semi-
conductor parameter analyzer (4156C, Agilent Technologies) and a
probe station were used to measure the I–V characteristics.

3. Results and discussion

Fig. 1(a) gives the XRD pattern of hydrothermal ZnO films. The dif-
fraction peaks of (100), (002), and (101) indicate that the ZnO film
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Fig. 1. (a) XRD diffraction pattern, and (b) room-temperature PL emission spectra of
hydrothermal ZnO film.
has hexagonal wurtzite-structure. The Pt (111) peak is related to
the Pt film. Fig. 1(b) gives the PL emission spectra of hydrothermal
ZnO film. The PL emission spectra can be distinguished as UV emis-
sion owing to the near band-edge emission (NBE) [15], and deep
level emission (DLE) in the visible region due to the existence of
structural defects [16,17]. Thus, the weak DLE and strong NBE inten-
sities of hydrothermal ZnO film reflected the well crystal quality
and few structural defects [16].

As the prior study [13], hydrothermal ZnO grains can nucleate
around the edges of the sputtered ZnO seed layer. Therefore, the re-
gion and distribution of AZO seed layer can affect the nucleation of
hydrothermal ZnO grains. To investigate the control of hydrothermal
ZnO nucleation at the selected region, some samples were dipped in
H3PO4 solution to under-cut the AZO seed layer prior to the ZnO
growth, and the others were not. The FE-SEM image for the samples
dipped with H3PO4 solution is shown in Fig. 2(a), which confirms
that the ZnO grain growth can not occur on the sputtered Pt/Ti elec-
trodes. The ZnO grains grew from the edges of seed layer beneath
the under layered Pt/Ti films. Near the Pt/Ti electrodes, a lot of
small ZnO grains crowded and competed to grow. Then, the small
ZnO grains merged and laterally extended toward the middle of the
channel. The laterally hydrothermal growth can achieve a length of
~6 μm in the immersion duration of 5 h. On the contrary, Fig. 2(b)
presents broken Pt/Ti electrodes for the samples without the dip of
H3PO4 solution. The growth direction was not laterally restricted
and the grains staggered. The growth rate is almost doubled (i.e.
~10 μm/5 h), compared to that of the samples dipped with H3PO4 so-
lution. The rapid growth may bring huge stress among the
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Fig. 2. FE-SEM images indicate the lateral growth of hydrothermal ZnO films (a) with,
and (b) without the dip of H3PO4 solution. The immersion time was controlled as 5 h
for hydrothermal growth.
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hydrothermal ZnO grains and Pt/Ti electrodes, resulting in the broken
Pt/Ti electrodes and the contact issue for electrical measurement. It
recommends that the dip of H3PO4 solution prior to hydrothermal
process can form under-cut AZO seed layer beneath Pt/Ti films and
limit the growth direction and rate, which can be connected to the
control of ZnO nucleation at the selected region. Thus, the dip of
H3PO4 solution was adopted for the samples, addressed afterward.

Fig. 3 presents the top-view FE-SEM images to show the channel
morphology of hydrothermal ZnO TFTs with different channel
lengths. The immersion duration of hydrothermal ZnO growth was
restricted as 3 h. The images of samples with the channel length (L)
of 5 μm and 10 μm demonstrate similar channel morphology. The
ZnO grain growth only existed between the sputtered Pt/Ti electrodes
and no ZnO film is observed on the electrodes. The hydrothermally
Length = 5 µm

Length = 10 µm

Length = 25 µm

(a)

ZnOPt Pt

(b)

ZnOPt Pt

(c)

ZnO

Pt Pt

SiO2

Fig. 3. Top-view FE-SEM images show the channel morphology of hydrothermal ZnO
TFTs with the channel lengths (L) of (a) 5 μm, (b) 10 μm, and (c) 25 μm, accordingly.
The immersion time was restricted as 3 h for hydrothermal growth.
lateral growth started from the edges of AZO seed layer beneath the
Pt/Ti electrodes, and extended toward the middle of the channel.
The lateral grains grew from the opposite direction and collided at
the middle of channel. However, the hydrothermal growth distance
was limited and can not shape a continuous active-layer while the
channel is too long (i.e. L=25 μm).

Fig. 4(a) displays the AFM images for ZnO active-layer to perform
the surface roughness of hydrothermal ZnO active-layer in channel
region (while L=10 μm). It indicates a rough surface. The ups and
downs of surface interlace resemble laterally parallel valleys and de-
pendent on the lateral growth of hydrothermal ZnO film. Moreover,
Fig. 4(b) presents the cross-sectional FE-SEM image for the lateral
ZnO growth in the channel region. The laterally grown ZnO grains im-
pinged with each other and were artificially controlled to collide in
the middle of the channel region above the gate oxide. The laterally
collided ZnO grains result in only a single grain boundary perpendic-
ular to the channel direction, which is consistent with the inspections
of top-view FE-SEM and AFM.
1 µm

Grain Boundary
Vertical to Channel

ZnO (Area 1) ZnO (Area 2)

(b)

unit: µm

Boundary Cross to Channel(a)

Fig. 4. (a) AFM image reveals the surface roughness of hydrothermal ZnO active-layer
in channel region. (b) Cross-sectional FE-SEM image demonstrates that the lateral ZnO
growth collided at the middle of channel. The channel length of the samples is
designed as 10 μm.
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Fig. 6. Transfer characteristics (IDS–VGS and IDS1/2–VGS) and gate leakage current (IGS) of
the hydrothermal ZnO TFTs with (a) W/L=250 μm/5 μm, and (b) W/L=250 μm/
10 μm at the drain voltage (VDS) of 20 V.
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The physical observations can be summarized as a schematic illus-
tration for the lateral growth of hydrothermal ZnO active-layer,
shown in Fig. 5. The ZnO grains grew from the edges of AZO seed
layer beneath the under the Pt/Ti electrodes, and formed many
small crowded ZnO grains near the electrodes. The small ZnO grains
competed to grow and then merged to appear large grains which lat-
erally extended toward the middle of the channel from opposite both
sides. While the use of under-cut AZO seed layer with proper design
of source/drain distance (channel length), the lateral ZnO growth
can be artificially controlled in the desired location to make a contin-
uous active-layer and the vertical grain boundary cross to the current
flow in the channel region can be reduced to nearly single one. The lo-
calized potential barriers of grain boundaries could retard the trans-
portation of carriers among grains [12]. The reduced vertical grain
boundary (i.e. the nearly single one vertical grain boundary) in chan-
nel region is expected to make the improved device performance of
hydrothermal ZnO TFTs.

Fig. 6 describes the drain current versus gate voltage (IDS vs. VGS

and IDS1/2 vs. VGS) of transfer characteristics and gate leakage current
(IGS) for the hydrothermal ZnO TFTs with the drain voltage (VDS) of
20 V. The channel width (W) was fixed as 250 μm, and the channel
length (L) was designed as 5 or 10 μm. The threshold voltage (VTH)
and field-effect mobility (μFE) were calculated with a line fitting of
the square root of drain current versus gate voltage, defined by the
drain current in saturation region [18]:

IDS;SAT ¼ WμFECOX

2L
VGS−VTHð Þ2 ð1Þ

where IDS,SAT is the saturated drain current, and COX is the capacitance
per unit area of gate insulator, respectively. The VTH, μFE, and on/off
current ratio are extracted from Fig. 6(a) as 6.3 V, 3.89 cm2/V·s, and
1.3×106, respectively, for the ZnO TFTs with W/L=250 μm/5 μm.
On the contrast, Fig. 6(b) indicates the values of VTH, μFE, and on/off
current ratio as 3.0 V, 9.03 cm2/V·s, and 1.1×106, accordingly, for
the ZnO TFTs with W/L=250 μm/10 μm. ZnO TFTs require a positive
gate voltage to turn-on, suggesting the behavior of n-channel
enhancement-mode devices. The long-channel TFTs (i.e. L=10 μm)
exhibit the lower VTH and higher μFE than short-channel devices (i.e.
L=5 μm), which violates the common experience and may be attrib-
uted to the laterally larger ZnO grains in the channel region of long-
channel TFTs. The laterally larger ZnO grains suppose the fewer de-
fects in the channel region, resulting in the easy turn-on (i.e. low
VTH) and profit on a carrier movement (i.e. high μFE). Furthermore,
both the two W/L designs of TFTs expose the high on/off current
Fig. 5. Schematic illustration for the lateral growth of hydrothermal (HTG) ZnO active-
layer.
ratio (over 6 orders) and low gate leakage current (~or b1 nA). The
long-channel TFTs indicate the lower IGS with less fluctuation, which
suggests the stable device property.

Fig. 7 demonstrates the drain current-drain voltage (IDS vs. VDS) of
hydrothermal ZnO TFTs under VGS=0–20 V with the step of 5 V. The
drain current of ZnO TFTs increased linearly with drain voltage at low
values, and the saturation behavior was observed at high drain volt-
ages due to the pinch-off effect by accumulation layer. In Fig. 7(a),
the short-channel ZnO TFTs show the higher driving current than
that of long-channel ZnO devices under the same bias conditions,
which is associated with the higher lateral electrical field (i.e. VDS/L)
in the channel. The IDS curves of short-channel ZnO TFTs tie together
while the operation in the linear region. It discloses the current satu-
ration at high gate voltages and the presence of current crowding at
low gate voltages, which may be attributed to the extra defects
owing to the more small crowded grains in the channel. Contrarily,
the samples with L=10 μm express the typical IDS–VDS curves. An ex-
tremely high IDS of 500 μA could be achieved with VDS below 14 V
(while VGS=20 V). Consequently, the optimum design of channel
length (i.e. L=10 μm) can provide the enough space for the laterally
hydrothermal growth of larger ZnO grains with less channel defects
and bring about the advanced device characteristics (i.e. the lower
positive VTH, higher μFE, high on/off current ratio, lower IGS with less
fluctuation, and high IDS).

4. Conclusion

The transparent zinc oxide (ZnO) TFTs have been fabricated via
hydrothermal method on the glass substrates at 85 °C. The hydrother-
mal ZnO films indicated the hexagonal wurtzite-structure with well
crystal quality. The dip of H3PO4 solution prior to the hydrothermal
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Fig. 7. Output characteristics (IDS–VDS) of the hydrothermal ZnO TFTs with (a) W/
L=250 μm/5 μm, and (b) W/L=250 μm/10 μm under the gate voltage (VGS) of 0–
20 V with the step of 5 V.
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process can form the under-cut aluminum-doped ZnO (AZO) seed
layer, which limited the nucleation of ZnO grains at the selected re-
gion. The growth of ZnO films started from the edges of AZO seed
layer beneath the Pt/Ti films, and laterally extended toward the middle
of channel from the opposite directions. Many small crowded ZnO
grains appeared near the Pt/Ti electrodes, and then merged to form
large lateral grains. While the use of under-cut AZO seed layer with
proper design of channel length, the lateral ZnOgrowth can be artificial-
ly controlled in the desired location to make a continuous active-layer
and nearly single one vertical grain boundary cross to the current flow
in the channel region. ZnO TFTs require positive gate voltage to turn-
on, suggesting the behavior of n-channel enhancement-mode devices.
The optimum design of channel length (i.e. L=10 μm) can provide
enough space for the laterally hydrothermal growth of larger ZnOgrains
with less channel defects and bring about the advanced device charac-
teristics (i.e. the low positive threshold voltage of 3.0 V, high mobility
of 9.03 cm2/V·s, high on/off current ratio >106, low gate leakage of
b1 nA with less fluctuation, and high drain current >500 μA).
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