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ZnO thin-film transistor (TFT) grown by rf magnetron sputtering in Ar/O
2
atmosphere shows inferior turn-off characteristics

compared to ZnO TFT grown by other methods. We thought that reactions between Zn and O
2
might produce defects responsible

for the poor turn-off behavior. In order to solve this problem, we studied sputtering growth in Ar/CO
2
atmosphere at 450∘C.During

sputtering growth, we modulated substrate dc bias to control ion supply to the substrate. After growth ZnO was annealed in CO
2

and O
2
gas. With these methods, our bottom-gate ZnO thin-film transistor showed 4.7 cm2/Vsec mobility, 4× 106 on/off ratio, and

–2V threshold voltage.

1. Introduction

ZnO has attracted much attention in applications of display
devices due to many useful properties, such as high mobility,
large exciton binding energy, and good transparency [1]. High
mobility is important for data transmission speed in display
devices, where amorphous silicon thin-film transistor (TFT)
is currently employed. Amorphous InGaZnO

4
(a-IGZO)

TFT grown by sputtering showed better quality compared
to ZnO TFT [2]. However, a-IGZO has a few problems
for industry application, because it requires complicated,
three-component sputtering targets which will increaseman-
ufacturing cost [3]. Simpler fabrication process and lower
production cost make ZnO a strong candidate in display
devices.

Various methods, such as radio-frequency (rf) sputtering
[4, 5], molecular beam epitaxy (MBE) [6], pulsed-laser depo-
sition (PLD) [7], metalorganic chemical vapor deposition
(MOCVD) [8], and spray deposition [9] have been used to
grow ZnO. The advantage of sputtering is that it can deposit
uniform films over a large area. Although much effort has

been paid to improve quality of sputter grown ZnO, it is still
inferior to a-IGZO [10]. Because the same growth method
gives different quality, it is necessary to understand intrinsic
reasons of the lower quality in ZnO.

There have been many reports on native point defects in
ZnO, for example, interstitial zinc, interstitial oxygen, and
oxygen vacancy [11, 12]. These defects can be the reason for
the low quality of ZnO. It is necessary to develop a growth
method which can decrease the native point defects in ZnO.
In this work, we have focused on oxygen-related defects
in ZnO and investigated the effects of growth atmosphere
on ZnO TFT characteristics. Generally, sputtering in Ar/O

2

atmosphere has been used to grow ZnO. However, we found
that drain current in Ar/O

2
grown ZnO TFT is rather low

compared to that grown in Ar/CO
2
atmosphere.

TFT should show good turn-off behavior as well as
high mobility. Mobility always increases as the film thick-
ness increases, but it is difficult to achieve good turn-off
characteristics in a thicker layer TFT. Therefore, there is
an optimum thickness for good TFT characteristics. When
ZnO is grown by sputtering in Ar/O

2
atmosphere, turn-off
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Table 1: Growth conditions of samples.

Sample name Ar flow (sccm) Oxidizer flow (sccm) rf power Substrate bias
A1 10 3 CO2 60W 0V/−70V
A2 12 2 CO2 70W 0V/−70V
B1 8 4 O2 60W 0V/−70V
B2 12 2 O2 70W 0V/−70V
C 12 2 CO2 70W −70V constant

behavior is not good. In order to solve this problem, we
studied two approaches: (1) using CO

2
as an oxidizer and

(2) modulation of substrate dc bias. There have been reports
that carbon is n-type dopants in ZnO [13, 14]. We hoped that
the carbon in CO

2
would increase electron density. Another

advantage of using Ar/CO
2
is that CO

2
may not produce O

2
-

related “dumbbell-like” defects [15]. Erhart et al. showed that
O
2
could be incorporated in the O position of ZnO due to

a strong oxygen-oxygen bond [15]. Carcia et al. have also
reported that higher O

2
partial pressure during sputtering

produced lower quality ZnO, because more oxygen adsorbed
in the grain boundaries trapped free electrons [4].

When CO
2
is used as an oxidizer in sputtering, CO

2

would be dissociated to CO and O, resulting in a mixture of
CO
2
, CO, and O in the chamber. In this case, the density of

O
2
would be negligible, andZnOquality can be improved.We

also expect that CO
2
would have lower probability of creating

defects than O
2
does, because of the larger size and lower

reactivity of CO
2
.

We wanted to grow ZnO at 450∘C, since film quality
would be improved at a high growth temperature due to
surface migration. However, at a high growth temperature
it is more likely that unwanted chemical reactions occur at
the substrate. Therefore, we applied dc substrate voltage to
control source delivery to the substrate. Ionization of CO

2

during sputtering will produce both positive and negative
ions (CO

𝑥

+ and CO
𝑥

−) [16]. The negative substrate voltage
(−70V) will attract positive ions (Ar+, Zn+, CO

𝑥

+, and O+).
The negative voltage will also prevent negative ions (O−,
ZnO−, and CO

𝑥

−) colliding to the surface [17]. It is known
that negative ions from the target are accelerated toward the
substrate, causing radiation damage in the ZnO film. When
−70V is turned off, positive ion supplies would decrease, and
it will give ZnO films rest time to rearrange themselves at the
high growth temperature. Among these various possibilities,
we wanted to study which parameter makes any difference to
the quality of ZnO.

Another method we applied is postgrowth annealing.
ZnO TFT characteristics were improved in various annealing
environments, such as oxygen plasma [18], H

2
O plasma

[19], and water vapor [20]. One of the important differences
between ZnO and a-IGZO is that ZnO is polycrystalline
with grain boundaries (GB) [21], while a-IGZO does not
have any grain boundary because it is amorphous. GB in
ZnO decreases current flow because extra voltage is required
to cross the GB. In addition, gas adsorption on GB causes
carrier density change and drift of TFT characteristics. By the
annealing, we wanted to improve quality of ZnO associated

Time (min)
0 1 2 3 4 5 6 7

0V

−70V

(a)

p+ Si

S D
ZnO

Si dioxide

(b)

Figure 1: (a) Substrate-voltage modulation during growth of sam-
ples A and B. −70V was turned on and off at every 1min. (b) A
schematic diagram of ZnO thin-film transistor (channel length =
25 𝜇m, width = 500 𝜇m).

with GB and other defects. Annealing was performed in CO
2

and O
2
flow at 400∘C. At this temperature, we expect that Zn

and O at imperfect configurations would rearrange to make
perfect ZnO.

2. Experimental Details

Our sputtering system (SCIEN Tech, Korea) has a 2-inch
diameter ZnO target, with a 13.56MHz rf power source.
Target-substrate distance was 6 cm, and rf power during
growth was 60W or 70W. High vacuum was achieved by
a diffusion pump. The pressure during growth was 1 Pa, at
12 sccm Ar flow and 2 sccm oxidizer flow. ZnO films were
grown on heavily doped p-type Si substrates (1019 cm−3)
with a thermal oxide of 150 nm thickness. There is no
pretreatment before ZnO growth. The substrate size is 5 ×
5 cm2, and growth temperature was 450∘C. Secondary ion
mass spectroscopy (SIMS) profiles were measured in a time-
of-flight mode using 25 keVGa as an ion source. Five samples
were compared, and details of growth conditions are shown
in Table 1. Samples A1 and A2 were grown with CO

2
oxidizer,

while samples B1 and B2 were grown with O
2
oxidizer. The

effect of substrate voltage modulation was studied in sample
C.

Figure 1(a) is a schematic diagram of the substrate voltage
during growth of samples A and B. −70V was turned on
and off at every 1min, and total growth time was 15min.
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Figure 2: Secondary ion mass spectroscopy (SIMS) profiles measured in samples A2 and B2.

For sample C constant voltage of −70V was applied. After
ZnO growth, CO

2
flow was closed, and O

2
flow of 4 sccm

was introduced during cool-down for complete oxidation of
deposited films.

Thickness of ZnO films measured by X-ray reflectivity
method was between 10 nm and 20 nm. TFTs were fabricated
by evaporating Al through a shadow mask. A tungsten wire
of 25 𝜇m diameter placed on top of ZnO film separated the
evaporated Al to make source and drain contacts. Figure 1(b)
shows a schematic diagram of a bottom-gate TFT structure.
Postannealing was done at 400∘C in gas flows of 5-sccm O

2

and 5-sccm CO
2
, at 20 Pa pressure. Currents were measured

by using Keithley 2400 source meters.

3. Results and Discussions

In Figure 2, we showed secondary ion mass spectroscopy
(SIMS) profiles measured in samples A2 and B2. The carbon
concentration in sample A2 is 10 times higher than that of
sample B2. It is evident that the CO

2
oxidizer used in sample

A2 caused the higher carbon concentration.
Figures 3 and 4 show currents measured in a ZnO TFT

grown with CO
2
oxidizer and substrate voltage modulation

(samples A1, A2). Figure 3(a) is drain currents measured
at 10-V drain-source voltage. Figure 3(b) is drain currents
measured while gate voltage was changed with 10-V steps. In
this figure, sample A1 shows 4.7 cm2/Vsec mobility, 4 × 106
on/off ratio, and −2V threshold voltage. Threshold voltage
was extrapolated from the square root of drain current in
Figure 3(a). Figure 4 shows currents measured in sample A2.
Threshold voltage of sample A2 is more negative, and we
think that it is due to the defects associated with higher gas
flows used for the A2 growth.

In Figures 5 and 6, we compare current characteristics
of ZnO TFT grown with CO

2
and with O

2
. Dashed lines

represent currents measured in CO
2
grown sample (A1),

and solid lines are data of O
2
grown samples (B1, B2). As

shown in the figures, the samples grown in CO
2
atmosphere

exhibit larger drain currents compared to those grown in O
2
.

Furthermore, samples A1 and A2 have higher on/off ratio
and smaller subthreshold swing value (𝑆-value), compared
to samples B1 and B2. From these results, we suppose that
ZnO grown in O

2
-rich condition has higher defect density or

trap density, which is similar to that discussed in [4]. There
can be many possibilities to explain the difference, such as
increased n-type doping by the carbon or modification of
grain boundary structure. It is also possible that more oxygen
is adsorbed at the grain boundaries of O

2
grown sample.

Sample B2 shows lower currents than sample B1, due to the
higher gas flows used for the growth.

In Figure 7, we compared current characteristics of TFT
grown with the 1min voltage modulation (sample A2) and
with −70V constant voltage (sample C). Both samples
were grown under the same growth conditions, except the
substrate voltage modulation. In the figure, on-current of
sample A2 is larger than that of sample C, while off-currents
show similar behavior. We think that the voltage modulation
contributed to the increase of on-current. Although sample
A2 shows goodmobility, the threshold voltage is −10V, which
can make only depletion-type TFT. Sample A1 in Figure 3
shows more positive threshold voltage, and it can be related
to the lower gas flow and lower rf power used for the growth.

We investigated the thickness of ZnO films by X-ray
reflectivity (XRR).Thickness of sample A2was around 18 nm,
as shown in Figure 8. We suppose that the bad fitting in
the vicinity of low angle comes from the nonuniform film
morphology by high substrate temperature during growth.
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Figure 3: (a) Drain currents (log scale and square root) of ZnO TFT (sample A1) measured at𝑉DS = 10V. (b) Drain currents for gate voltages
of 30 to −10V, with a 10-V step.
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Figure 4: (a) Drain currents of sample A2 measured at 𝑉DS = 10V. (b) Drain currents for gate voltages of 30 to −10V, with a 10-V step.

We also investigated the crystalline structures of sample
A2 by X-ray diffraction (XRD) using out-of-plane configura-
tion. In Figure 9, we compared the as-deposited sample and
the annealed sample, respectively. Both samples exhibited
only hexagonal (002) diffraction around 34.4∘The difference
between two samples was not so large; the full width at half-
maximum value changed from 0.84 to 0.80∘. It is well known
that the 𝑐-axis of the ZnO film tends to grow perpendicularly
to the plane of the substrate. Therefore, hexagonal (002)
diffraction results reflect the film thickness [22]. We expect
that lateral grain size increased by postannealing. We think
that the XRD peaks are weak because the films are too thin

(∼20 nm). Crystal structure improves significantly when the
layer thickness grows beyond a certain thickness. It appears
that our films are thinner than that thickness. Our XRD result
indicates that it is not necessary to have good crystal quality
for good TFT currents.

There is a report that a growth mode transition was
observed from a two-dimensional (2D) continuous mode to
a three-dimensional (3D) island-like mode when the film is
grown beyond a critical thickness [23]. In their explanation,
films grown in a 2D mode are highly strained, and after a
certain thickness, the film relaxes to a 3D configuration of
lower energy. It is possible that the repeated switching of



Journal of Nanomaterials 5

1E − 3

1E − 4

1E − 5

1E − 6

1E − 7

1E − 8

1E − 9

1E − 10

1E − 11
−30 −20 −10 0 10 20 30

I D
(A

)

VGS (V)

Sample B1

Sample A1

(a)

0 3 96 12 15

I D
(m

A
)

0.6

0.4

0.2

0.0

VDS (V)

Sample B1

VGS = 30V

20V

10V

0V

(b)

Figure 5: (a) Drain currents of samples A1 (dashed line) and B1 (solid line), measured at 𝑉DS = 10V. (b) Drain currents of sample B1 as a
function of drain voltage. Sample A1 was grown with CO

2
and sample B1 with O

2
.
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Figure 6: (a) Drain currents of samples A1 (dashed line) and B2 (solid line). Sample B2 was grown with O
2
. (b) Drain currents of sample B2

as a function of drain voltage.

substrate voltage in our sputtering growth could interrupt the
transition into the 3D growth mode. More analysis is needed
to clarify this point.

All of the currents shown in this paper were measured
in air. Storage in air for a few days did not cause any
difference in the currents. Storage in air for a long time (a
few months) caused the threshold voltages shift to negative
voltage. It appears thatwater adsorbed at the grain boundaries
of ZnO increases electron density, and negative voltage shift
is observed [8].

4. Conclusion

Wedemonstrated that Ar/CO
2
atmosphere and substrate bias

modulation during sputtering growth improved characteris-
tics of ZnO TFT. Our results showed that CO

2
can be a good

oxidizer for rf sputtering growth of ZnO. Our results also
showed thatCO

2
improves turn-off characteristics, compared

to the O
2
grown TFT. Substrate bias modulation contributed

to the increase of on-current. We believe that the better TFT
characteristics in CO

2
grown ZnO are related to a lower
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defect density, because O
2
is more likely to produce defects

due to the strong oxygen-oxygen bond.
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