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In this paper, the supercritical CO2 (SCCO2) fluid technology is successfully applied to improve the electrical
characteristics of sputtered ZnO TFTs at low temperature (150 °C). After the treatment of SCCO2 fluids mixed
with water, the ZnO TFT exhibited superior transfer characteristics and lower threshold voltage. According to
X-ray photoelectron spectroscopy (XPS) analyses, the improvements were attributed to the increase of
binding energies of Zn–O bonds, hydrogen-related donors and the reduction of traps at the grain boundaries
in ZnO thin films. In addition, the crystalline quality and microstructure of ZnO thin films were also
investigated by using X-ray diffraction (XRD) and transmission electron microscopy (TEM). The
transmittance of the ZnO film was measured by an N&K analyzer 1280 (N&K Technology, Inc.), which is a
new type of thin-film measurement system.
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1. Introduction

Thin film transistors (TFTs) that are based on transparent oxide
semiconductors (TOSs) have attracted much attention in the field of
large area electronics due to their excellent uniformity, high transmit-
tance in the visible light regime, and potentially better device
performance and stability than conventional amorphous-Si TFT.
Among several TOSs materials, TFTs that apply zinc oxide (ZnO) as the
active channel layer have been extensively studied. Various growth
methods, including pulsed laser deposition [1,2], chemical vapor
deposition [3,4], spin-coating [5], and magnetron sputtering [6,7] have
been developed to prepare the ZnO films. Magnetron sputtering is a
favorable method for forming ZnO films, offering the advantage of low
temperature growth, high deposition rate, and large area deposition.
However, ZnO thin films deposited at low temperature without doping
probably contain numerous traps and are insulating [8,9]. Therefore,
high-temperature post-deposition-annealing [10] or a high deposition
temperature [8] is required to decrease the number of growth defects of
ZnO films. However, such a high-temperature process cannot be used
for glass with a low glass transition temperature (Tg) or general plastic
substrates. In thiswork, the supercritical CO2 (SCCO2)fluid technology, a
low-temperature method, is proposed to improve the performance of
sputtered ZnOTFTs at 150 °C, avoiding the above-mentioned issues that
are associated with a high-temperature deposition process. The
supercritical fluid exhibits liquid-like properties enabling it to carry
H2Omolecules; it also exhibits gas-like properties, allowing it to diffuse
into nanoscale structures without damage [11,12]. Hence, the SCCO2

fluid can carry the H2O molecules effectively into the ZnO films and
passivate the traps of the deposited film at low temperature. The
effectiveness of an SCCO2 treatment is also discussed with respect to
material analyses and electrical characteristics of the (undoped)
sputtered ZnO films.

2. Experimental

The bottom-gate and bottom-contact type TFTs with the active
channel layer of an undoped ZnO thin film were fabricated by applying
various thin film deposition and patterning processes. The schematic
cross-section view of the undoped ZnO TFTs is shown in Fig. 1. The
channel width (W) and length (L) of the TFTs were 50 μm and 8 μm,
respectively. As the first step of device fabrication, a 300 nm thickMoW
layer was deposited by dc magnetron sputtering at room temperature
on a glass substrate as a gate electrode; this layerwaspatternedbyusing
conventional photolithography. Then, a 300 nm thick silicon nitride
(SiNx) layerwasdepositedbyPECVD(PlasmaEnhancedChemical Vapor
Deposition) at 350 °C as the gate insulator. A 100-nm-thick ITO film
was deposited by rf (13.56 MHz) magnetron sputtering at room
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Fig. 1. Schematic cross-section view of the fabricated ZnO TFT structure.

Fig. 3. X-ray diffraction spectra of ZnO films before and after post-treatments.
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temperature and patterned using photolithography to form the source/
drain electrodes. Finally, a 100-nm-thick undoped ZnO film was
deposited at room temperature by rf magnetron sputtering of a ZnO
target (101.6 mm in diameter, 99.999%). The ZnO target was sputtered
with an rf power of 100Wunder pure Ar ambience. The Ar gasflowwas
30sccm and the pressure was maintained at 0.53 Pa. The active layer
was defined using photolithography and wet etching. Subsequently,
different post-treatmentmethodswere performed on the undoped ZnO
films to improve the electric characteristics. During the treatment,
marked as “H2O vapor treatment”, the sample was placed in a stainless
steel chamber filled with H2O vapor at 150 °C for 1 h. For another
treatment, marked as “heat treatment”, the samplewas annealed under
air atmosphere in the chamber at 150 °C for 1 h. The other sample,
marked as “SCCO2 treatment”, was placed in a supercritical fluid system
at 150 °C for 1 h, where it was injected with a 2.06×107Pa SCCO2 fluid
mixedwith 5 ml pure H2O. In addition, ZnO TFTswithout any treatment
were taken as reference samples marked as “standard.” After these
different treatments, the electrical characteristics of the device were
measured using anAgilent 4156C semiconductor parameter analyzer in
the dark environment at room temperature. The crystalline quality and
crystal orientation of ZnO thin films deposited on Si wafer were
investigated by X-ray diffraction (XRD). In addition, the microstructure
and chemical bonding states of these treated-ZnO films were analyzed
with transmission electron microscopy (TEM) and X-ray photoelectron
spectroscopy (XPS).

3. Results and discussion

Fig. 2 plots the transfer characteristics of the TFTs that have undergone
room temperature deposition and subsequent post-treatment under
different conditions. The threshold voltage (VT) was defined as the gate
voltage at which the drain current reaches 10−10A. A standard TFT does
Fig. 2. Transfer characteristics of undoped ZnO TFTs in as-deposited state and after post-
treatments.
not have acceptable transistor characteristics with a threshold voltage of
65.81 V, the subthreshold swing of 8.29 V/decade, and the mobility of
2.82×10−5. The drain current, subthreshold swing and mobility of the
ZnO device treated with H2O vapor slightly improved to 4.9×10−8A,
4.93 V/decade, and 1.01×10−3, respectively. However, the threshold
voltage (60.01 V) remained large. Additionally, the electrical properties of
the heat treatment TFTs show a similar behavior to the H2O vapor
treatment TFTs. It is also indicated that the temperature at 150 °Cwas not
high enough to improve the film quality. Clearly, the SCCO2 treatment
TFTs have a significantly improved performance compared to the above
devices, as shown by threshold voltage of 27.92 V, subthreshold swing of
3.93 V/decade, mobility of 2.6×10−2, and on/off current ratio of
approximately 106. The experimental results show that the SCCO2 fluid
is appropriate to improve the properties of the device due to its high
diffusion ability.

The electrical properties of the film are determined by its structure,
especially the growth defects and crystal imperfections. Fig. 3
presents the XRD spectra of the ZnO films before and after post-
treatment. As can be seen, all samples exhibit a similar peak at about
34°, corresponding to the (002) plane with the crystallized phase of
the wurtzite structure, indicating a preferred orientation with the c-
axis perpendicular to the surface of the substrate [13]. Fig. 4 shows the
cross-sectional TEM images of the ZnO films under various treatment
conditions (a) standard, (b) treated with H2O vapor and (c) treated
with SCCO2 fluid. The thicknesses are 107 nm, 110 nm, and 100 nm,
respectively. The inset in Fig. 4(a)–(c) displays electron diffraction
patterns taken from a region of a ZnO thin film. The ring pattern
indicates that the ZnO films are polycrystalline wurtzite structures,
containing many crystalline grains [14]. Even after post-treatment,
the grain size, crystallized phase and orientation are approximately
the same as those of the standard sample. Therefore, the improve-
ment in device characteristics is not associatedwith the film structure,
but perhaps with passivation of the dangling bonds (or traps).

Since there are many ZnO grains in the as-deposited ZnO film, the
traps at the grain boundaries may establish a potential barrier when
the device is operated, producing a low drain current and a high
threshold voltage. Although H2O vapor treatment increases the
current, a large threshold voltage still existed, suggesting that only
some of the traps were passivated. Therefore, most of the traps at the
grain boundaries were passivated by SCCO2 treatment, substantially
improving the characteristics of the device.

XPS measurements were made to determine the qualitative and
quantitative compositionof the ZnOfilms after post-treatments, and the
binding energies were calibrated by taking the carbon C 1s peak
(285.0 eV) as a reference. Fig. 5 shows the (a) Zn 2p3/2 and (b) O 1s of
theXPS spectra of ZnOfilms after various treatments. The Zn 2p3/2 peak
of the standard sample centered at about 1021.6 eV corresponds to Zn–
O bonds [15]. After post-treatment, the peaks shifted to higher binding



Fig. 4. Cross-sectional TEM images and diffraction patterns (inset) of the ZnO thin films
after various treatment conditions, including (a) standard, (b) H2O vapor, (c) SCCO2.

Fig. 5. The (a) Zn 2p3/2 (b) O 1s XPS spectra of ZnO thin films after various treatment
conditions.

Table 1
Ratios of O–Zn and O–H calculated from XPS O 1s signal of the ZnO films after various
treatment conditions.

O–Zn/O (%) O–H/O (%)

Standard 66.38 33.62
H2O vapor 58.08 41.92
SCCO2 38.13 61.87
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energies, at 1021.9 and 1022.1 eV, respectively. The increases of binding
energy indicated that Zn atoms in ZnO film have been oxidized more
completely with surrounding oxygen atoms. It also confirms that the
H2Omolecules excellently oxidize Zn atoms, and that the SCCO2 fluid is
more efficient than H2O vapor in transporting H2O molecules into the
ZnO film. As shown in Fig. 5(b), the O 1s peak can be fitted by two
nearly Gaussian distributions, centered at 530.0 eV and 531.6 eV
corresponding to O–Zn and O–H bonds, respectively. The O–H bonding
is caused by the adsorption of H2O molecules on the ZnO film [16].
However, the standard sample without any post-treatment also
contains O–H bonds, because ZnO films are exposed to air, causing the
H2O to be adsorbed on the surface. Additionally, the H2Omolecules that
were absorbed in ZnO thin films dissociated into H and OH groups,
which rapidly diffused into the ZnO film [17].

As previous studies reported, the hydrogen atoms can be incorpo-
rated into ZnO to form hydrogen-related donors, such as the
substitutional hydrogen bound to zinc atoms and the interstitial
hydrogen bound to oxygen atoms, and improve the electrical
conductivity of ZnO films [18–21]. On the other hand, Zn–OH bonds
can also be formedby the passivation of the dangling bonds (or traps) in
the grain boundaries by OH. Therefore, the potential barrier that is
induced by the dangling bonds can be suppressed.

To compare the ratios of the components of O–Zn and O–H, the
individual peak areas were integrated with the effect of sensitivity
factors, as shown in Table 1. The percentages of O–H bonding for the
standard sample, the ZnO film after treatment with H2O vapor and



Fig. 6. Transmittance of ZnO films on a glass substrate under various treatments.
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SCCO2 treatment are 15.02%, 16.36% and 46.13%, respectively. These
results demonstrate that H2O molecules were effectively carried into
the ZnO film by the highly-diffusing SCCO2 fluid, passivating the traps.
In future work, secondary ion mass spectroscopy (SIMS) will be
performed to analyze the hydrogen distribution in the ZnO films as a
further evidence for our proposed model.

To investigate the effect of various treatments on the transmittance
of ZnO films and prevent the influence of Si substrates, the ZnO films
were deposited on glass substrates under the same deposition
conditions. Fig. 6 shows the transmittance spectra of the ZnO films
after post-treatments. Clearly, the transmittance values for all samples
are almost the same: the high transmittance exceeds 80% in the
wavelength range from 430 nm to 700 nm.

To test the electrical stability of the ZnOTFTs after SCCO2 treatment, a
prolonged gate bias stress was applied to investigate the degradation of
the current. The devicewas stressed at VGS=20 V+VT for 1000 s while
the source and drain were grounded. Fig. 7 shows the shifts of the
transfer characteristic after the gate bias stress and the recovery
characteristic (measured after standing for 1000 s). Evidently, the
threshold voltage after stress is shifted in the positive direction, but the
shape of the transfer curve is nearly unchanged compared to the initial
curve. Since the subthreshold swing is not varied, the degradation is
attributed mainly to charge trapping in the bulk dielectric layers or at
the channel/dielectric interface [22,23]. Furthermore, the stressed
transfer characteristic recovered rapidly within 1000 s to the initial
characteristic due to chargede-trapping. Thus, thedegradation is caused
by transient charge trapping.
Fig. 7. Comparison of the transfer curves of the ZnO TFTs after SCCO2 treatment measure
before bias stress (t=0 s), after bias stress (t=1000 s) and after relaxation (t=2000 s).
4. Conclusions

The effects of low-temperature SCCO2 treatments on the ZnO films
have been demonstrated experimentally. The preliminary improve-
ment is obtained by H2O vapor treatment attributed to the H2O
absorbed in ZnO thin films, and the hydrogen atoms can be
incorporated into ZnO to form hydrogen-related donors. Besides,
the dangling bonds (or traps) in the grain boundaries can be
passivated by OH and form Zn–OH bonds. A further investigation
verifies that traps passivation efficiency can be optimized by the
SCCO2 treatment, because the SCCO2 fluid could more effectively
transport H2O molecules into ZnO films. Therefore, a lower potential
barrier at grain boundaries results in the significantly improved
device characteristics. From XRD and TEM, the grain size and crystal
orientation are approximately unchanged which means SCCO2 fluids
can diffuse into the nanoscale structures without damage. Moreover,
the treated ZnO films still exhibit high transmittance above 80%
within the visible light range. The changes of threshold voltage under
gate bias stress do not require any thermal/bias annealing for the
devices to recover their initial state, which is caused by the effect of a
transient charge trapping in the bulk dielectric or at the channel/
dielectric interface.
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