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Performance Optimization of Atomic Layer
Deposited ZnO Thin-Film Transistors
by Vacuum Annealing
Mengfei Wang , Dan Zhan, Xin Wang, Qianlan Hu, Chengru Gu, Xuefei Li , and Yanqing Wu
Abstract — In this letter, high-performance zinc oxide
thin-film transistors (ZnO TFTs) have been fabricated on
Si substrate by atomic layer deposition (ALD) at 190 ◦ C.
The field-effect mobility (µFE ) can be improved from
18.5 cm2 /V·s to a record high 43.2 cm2 /V·s while maintaining
a large Ion /Ioff ratio of 5 × 109 after rapid thermal annealing (RTA) under vacuum at 350 ◦ C. The excellent performance can be attributed to the improvement in the ZnO
channel and the interface. The oxygen vacancy ratio in ZnO
increases from 36.2% to 40.0%. The interface trap density
(Nit ) between silicon oxide (SiO2 ) and ZnO decreases from
5.1 × 1011 eV−1 cm−2 to 1.4 × 1011 eV−1 cm−2 . Furthermore,
the oxide trap density (Not ) of the SiO2 dielectric reduces
from 3.7 × 1019 eV−1 cm−3 to 1.1 × 1019 eV−1 cm−3 . Finally,
we systematically study the electrical performance of the
annealed ZnO device at measurement temperature from
room temperature of 20 ◦ C to a much higher temperature
of 180 ◦ C without device failure.
Index Terms — Atomic layer deposition, ZnO TFTs, interface property, 1/f noise, high temperature.

I. I NTRODUCTION
S A wide bandgap semiconductor, zinc oxide (ZnO)
has attracted increasing research attention due to its
high mobility, high transparency, and low cost for thin-film
transistor applications [1]. Large-area and high-quality ZnO
layer can be deposited at a low temperature using atomic
layer deposition (ALD). Compared with the conventional sputtering method used previous for oxide semiconductors with
high mobility [2], [3], the self-limiting surface reaction-based
ALD technique could precisely control the thickness, material
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composition, and doping of the deposited material. It is essential to optimize the electrical performance in both on-state
and off-state of the ALD ZnO thin-film transistors (TFTs).
Previous work has shown that annealing in hydrogen ambient
can increase the on-state current (Ion ) and mobility of ZnO
TFTs. However, this process typically deteriorates the off-state
current (Ioff ) and electric stability. On the other hand, annealing in oxygen can improve Ioff and stability but reduces Ion
and mobility [4]–[8]. Annealing in nitrogen (N2 ) can improve
mobility and stability but is less effective in boosting Ion
due to shallow acceptor doping [4], [9]–[12]. Post-deposition
annealing in the air has also been carried out, but it is difficult
to accurately optimize the electrical performance due to the
complexity of the air composition [13], [14].
In this work, we fabricated ZnO TFTs on Si substrate using
ALD growth at 190 ◦ C. Then ALD ZnO TFTs were annealed
in vacuum at different temperatures to optimize the electrical
performance. The optimized performance can be found at the
annealing temperature of 350 ◦ C and the related mechanism
was investigated by material characterizations such as xray diffraction (XRD) and x-ray photoelectron spectroscopy
(XPS), as well as electrical characterization of low-frequency
(1/f) noise measurement. Finally, the electrical performance
dependence on measurement temperature from 20 to 180 ◦ C
has been studied for the 350 ◦ C-annealed devices.
II. D EVICE FABRICATION
The top panel of Fig. 1a depicts the cross-section schematic
view of ZnO TFT. The substrate consists of a heavily doped
p-type silicon (100) layer and a 90 nm thick silicon oxide
(SiO2 ) dielectric layer. First, the substrate clean was done by
the standard RCA process followed by ALD growth of 11 nm
thick ZnO at 190 ◦ C. The pulse and purge times of diethylzinc
(DEZ) precursor were 0.2 and 6 s, respectively and those
of water (H2 O) as an oxygen precursor were 0.2 and 20 s,
respectively. Pure N2 (99.999%) at a flow rate of 300 sccm
was used as carrier and purge gases for all precursors. The
channel isolation was defined by lithography and then etched
with diluted hydrochloric acid. After the definition of source
and drain regions by lithography, the substrate was exposed
to a mixture of argon and oxygen to remove the residual
photoresist and reduce contact resistance. A metal stack composed of 20 nm Ni and 60 nm Au was deposited by e-beam
evaporation as the source and drain electrodes. Finally, all
the devices were treated by rapid thermal annealing (RTA)
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Fig. 1. (a) Top: Cross-section schematic view of the ZnO TFT, bottom:
SEM image. Scale bar: 20 µm. (b) AFM images of the device. Scale
bar: 2 µm. (c) XRD spectra of pristine and 350 ◦ C-annealed ZnO films.
(d) XPS spectra of pristine and 350 ◦ C-annealed ZnO films in the O 1s
region.

in vacuum at temperatures varying from 200 to 500 ◦ C for
1 minute.
The lower panel of Fig. 1a shows the scanning electron
microscope (SEM) image of the device. The width and length
of the channel are 50 μm and 2 μm, respectively. The AFM
top-view images of the channel edge and surface are shown in
the left and right insets of Fig. 1b, respectively. The thickness
and surface roughness root mean square (RMS) of ZnO film
is 11 nm and 1.2 nm, respectively. Fig. 1c shows the XRD
spectra of pristine and 350 ◦ C-annealed ZnO films in the 2θ
range of 30◦ -36◦. The positive shift of the (002) diffraction
peak after annealing indicates the optimization of the crystalline quality, including the decrease in lattice constant and
the compressive stress release inside the film [4], [10], [15].
Fig. 1d shows the XPS spectra of pristine and
350 ◦ C-annealed ZnO films in the O 1s region. The O
1s peak of each figure can be divided into three peaks
by Gaussian fitting with the elimination of a Shirley-type
background. The three peaks centered at 530.2 eV, 530.7 eV,
and 532 eV, corresponding to O2− ions combined with
Zn2+ ions, oxygen deficiency like VO , and chemisorbed
oxygen-containing impurities on the channel surface like
OH− , respectively [16], [17]. After vacuum annealing by
RTA at 350 ◦ C for 1 minute, the oxygen vacancy ratio of
ZnO film rises from 36.2% to 40%.
Electrical measurements were carried out using an Agilent
semiconductor analyzer B1500A. The threshold voltage (Vth )
was extracted by using the standard method of plotting the
square root of Id versus Vg . The maximum drain current
(Idmax ) was normalized by the channel width and was defined
as the Id at a fixed Vgt (Vgt = Vg −Vth ) of 10 V and Vd = 5 V
in transfer characteristics.
III. R ESULT AND D ISCUSSION
As shown in the transfer and output characteristics in Fig. 2a
and 2b, the unannealed device exhibits an Ion /Ioff ratio of
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Fig. 2. (a) Transfer characteristics as a function of annealing temperature
from 20 to 500 ◦ C. Output characteristics for the device annealed at
(b) 20 ◦ C, (c) 350 ◦ C, and (d) 500 ◦ C, respectively.

Fig. 3. Dependence of (a) µFE , Vth , (b) Idmax , and Rc on the annealing
temperature for 4 devices, respectively. (c) WLSId /I2d as a function of
frequency for unannealed and 350 ◦ C-annealed devices at Id = 41 µA.
The ideal 1/f behavior is added for comparison. (d) Not distribution in the
dielectric.

1.9 × 109 , a Vth of 18.7 V, a μFE of 18.5 cm2 /V·s, an Idmax
of 10.9 μA/μm, and a contact-resistance (Rc ) of 51.8 ·mm.
The output characteristics of the other two key annealing
conditions, 350 ◦ C and 500 ◦ C are shown in Fig. 2c and 2d,
respectively. Compared to the unannealed device, the Id
of 350 ◦ C-annealed device is significantly increased. However,
for the 500 ◦ C-annealed device, the Id is drastically reduced,
and the quality of the interface between the electrode and the
channel deteriorates. Also, due to the self-heating effect [18],
when Vg is greater than 24 V, the negative differential resistance phenomenon that Id decreases as Vd increases after
reaching the maximum value becomes more obvious.
Fig. 3a and 3d show the dependence of μFE , Vth , Idmax , and
Rc on the annealing temperature. As the annealing temperature
increases from 20 to 250 ◦ C, the water molecules absorbed
on the ZnO surface are gradually removed, resulting in a
positive shift in Vth and a decrease in SS [19]. When the
annealing temperature exceeds 250 ◦ C, the oxygen vacancies
start to increase which causes a negative Vth shift, while the
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TABLE I
S UMMARY OF P REVIOUS W ORKS W ITH M OBILITY
M ORE T HAN 20 cm2 /V·s

decrease in lattice scattering increases μFE which reaches the
highest value at 350 ◦ C. The simultaneous effect of both
causes the optimization of Idmax and Rc . At the temperature
of 350 ◦ C, the best performance was achieved including an
Ion /Ioff ratio of 5×109, a μFE of 43.2 cm2 /V·s, a Vth of 18.7 V,
an Idmax of 35.4 μA/μm, and an Rc of 2.5 ·mm. When the
temperature was further raised from 350 to 500 ◦ C, source
and drain contacts deteriorate rapidly due to metal wrinkles,
as a result, Ion /Ioff ratio decreases as Ion decreases and Ioff
increases, and other characteristics also deteriorate rapidly.
It can be seen from the XRD and XPS that vacuum
annealing at 350 ◦ C would affect the ZnO layer by increasing
the crystallinity and oxygen vacancies. Here, we performed
1/f noise measurements to investigate the effects of vacuum
annealing on SiO2 and the interface between SiO2 and ZnO.
The measurements were carried out in the linear region with
Vd = 1 V at 300 K for unannealed and 350 ◦ C-annealed
devices.
Fig. 3c shows the normalized noise spectral density
(WLSId /I2d ) of both devices as a function of frequency at
Id = 41 μA. The noise amplitude of the annealed device is
lower than that of the unannealed one. The oxide trap density
(Not ) distribution in SiO2 for the two devices was extracted
2 /kT q 2 , where
in Fig. 3d according to Not = SV g α f W LCox
SVg is the voltage noise spectral density at Vg = Vth , α is the
tunneling constant and has been set as 108 cm−1 , Cox is the
gate capacitance per unit area, q is the element charge, kT is
the thermal energy [20]. The depth (z) of the oxide trap from
the channel was derived using z = −ln (2π f τ0 )/α, where
τ0 is the time constant and has been taken as 10−10 s. The
average Not of the annealed device is 1.1 × 1019 eV−1 cm−3 ,
which is 71% lower than that of 3.7 × 1019 eV−1 cm−3 for the
unannealed device.
The interface trap density (Nit ) was calculated using
2 /g 2 kT q 2 , where S is the current noise
Nit = SI d f W LCox
Id
m
spectral density, gm is the gate transconductance [21]. The
Nit of the device after annealing was reduced from 5.1 ×
1011 eV−1 cm−2 to 1.4×1011 eV−1 cm−2 . These results indicate
that the qualities of SiO2 and interface between SiO2 and ZnO
were improved significantly by vacuum annealing at 350 ◦ C.
Fig. 4a and 4b show the transfer characteristics and output
characteristics of the 350 ◦ C-annealed device as a function of

Fig. 4. (a) Transfer characteristics and (b) output characteristics of
the 350 ◦ C-annealed device as a function of temperature, respectively.
Dependence of (c) µFE , Vth , (d) Idmax , and Ron on the temperature,
respectively.

measurement temperature. As the measurement temperature
increases from 20 to 180 ◦ C with a step of 20 ◦ C, transfer
characteristics shift negatively and Ion /Ioff ratio decreases.
Also, the μFE , Vth , Idmax , and Ron vary monotonically as
shown in Fig. 4c and 4d. Due to the increase in oxygen
vacancies that produce carriers, the Vth shifts negatively
as the temperature increases [28]. Also, for the high-purity
ZnO channel deposited by ALD, lattice phonon scattering
dominates the scattering. Lattice scattering increases as temperature increases which results in the degradation of μFE .
Correspondingly, Idmax decreases and Ron increases gradually.
As shown in the summary of previous works in Table I,
the μFE of 43.2 cm2 /V·s in this work is the highest among
ALD ZnO TFTs [6], [14], [22]–[27].
IV. C ONCLUSION
We fabricated ZnO TFTs on Si substrate using the ALD
technique at 190 ◦ C, and systematically investigated the effect
of vacuum annealing on the electrical performance of the
devices. The highest μFE of 43.2 cm2 /V·s has been achieved
after vacuum annealing at 350 ◦ C for 1 minute. The mechanism of significant performance improvement was investigated
in details by XRD, XPS, and 1/f noise measurement. Electrical
characteristics of the 350 ◦ C-annealed device at different
measurement temperatures varying from 20 to 180 ◦ C have
been analyzed. The results of our work show that the electrical
performance of ZnO TFTs can be greatly improved by vacuum
annealing and can be further optimized with a high-κ dielectric
for high-performance display or logic applications.
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