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In this study, we successfully achieved a relatively high field-effect mobility of 37.7 cm*/Vs in an
InZnO thin-film transistor (TFT) fabricated by excimer layer annealing (ELA). The ELA process
allowed us to fabricate such a high-performance InZnO TFT at the substrate temperature less than
50°C according to thermal calculation. Our analysis revealed that high-energy irradiation in ELA
produced a mixed phase of InZnO and SiO,, leading to the deterioration of TFT characteristics.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4798519]

Oxide semiconductor films deposited by sputtering have
recently attracted considerable attention in the fields of trans-
parent and flexible electronics for next-generation displays,
in comparison with conventional amorphous silicon-based
materials. In particular, an In,O3-doped ZnO (IZO) thin film
is widely recognized as a suitable oxide semiconductor since
thin-films transistors (TFTs) with that material in the channel
layer yield a higher field-effect mobility than amorphous
InGaZnO (a-IGZO) TFTs.' In the case of the IZO film, the
amorphous phase generally provides a high conductivity of
about 400 Q' ecm ™!, which is much higher than the conduc-
tivity suitable for the TFT’s channel layer.*” The conductiv-
ity of this material can possibly be reduced by a thermal
annealing process.®” In previous reports, thermal annealing
with a relatively high temperature of about 300 °C has been
proposed to produce operative IZO TFTs.*? However, such
a high-temperature process in postannealing limits the choice
for plastic flexible substrates. The excimer laser annealing
(ELA) process with short pulses has been widely utilized to
achieve a low processing temperature to produce a polycrys-
talline silicon thin film on a glass substrate.'” This technique
has also been utilized for oxide-semiconductor materials.
Nakata et al. reported the fabrication of a-IGZO TFTs by
ELA process, which acted as a postannealing process, and
the improvement of the TFTs characteristics by ELA,'" sug-
gesting that the ELA process is also a promising technique
for improving the characteristics of oxide-semiconductor
devices. In this study, we focused on an IZO TFT with a
higher field-effect mobility than an a-IGZO TFT. We
assumed that an ELA process crystallizes IZO with nano-
grains easily since this material has a lower crystallization
temperature than a-IGZ0O'*'? and that an IZO film composed
of nanograins has better characteristics than a noncrystal-
lized IZO TFT since carrier scattering is suppressed in the
disordered film. We considered it is necessary to use a laser
with a wavelength shorter than 400 nm, for the laser to be
absorbed by the IZO film since IZO has a wide band gap
(higher than 3 eV).'* We used an XeCl excimer laser with a
sufficiently short wavelength of 308 nm (photon energy:
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4.02eV)">'¢ and investigated the effects of the ELA process
on the IZO TFT characteristics and film properties.

A thermally oxidized SiO, film of 100 nm thickness was
formed on a highly doped p-type silicon wafer (<0.002 Q cm)
as a gate insulator. IZO films with a thickness of 50 nm were
deposited by RF magnetron sputtering on SiO,/Si wafers with
a gas mixture of argon and oxygen at room temperature. For
the introduced oxygen ratio (F =oxygen flow rate/(oxygen-
+ argon flow rate) x 100%) during RF magnetron sputtering,
we utilized a condition of F'=10%. Source and drain electro-
des, which are 100-nm-thick Mo metal layers, were formed
by RF magnetron sputtering and a lift-off process. The fabri-
cated TFT has a channel length (L) of 90 um and a channel
width (W) of 10 um. The ELA process was carried out by irra-
diation from the top surface of IZO films, which is a back
channel positioned in the TFT structure. The laser conditions
used were as follows: a wavelength of 308 nm, one shot with
a pulse duration of 25 ns at full width at half maximum, and a
spot size of 2.5mm X 1.67 mm. The light with a wavelength
of 308 nm penetrates our IZO film at a depth of 48nm as
shown in Table I, which corresponds to an opportune depth of
17O TFTs with a channel thickness of 50 nm. Therefore, most
of the incident beam is absorbed in the entire IZO film. The
ELA process was carried out in a nitrogen gas flow chamber
at an atmospheric pressure.

After setting the optimal ELA conditions on the basis of
the film crystallinity measured by X-ray diffraction (XRD,
Rigaku RINT-TTRIII/NM), we evaluated TFT transfer char-
acteristics. In addition, we analyzed the changes in oxygen
deficiency and film thicknesses caused by ELA, using X-ray
photoelectron spectroscopy (XPS, Shimadzu, KRATOS

TABLE I. Absorption coefficient and penetration length of InZnO film for
the light with a wavelength of 308nm measured by spectroscopic
ellipsometry.

Absorption coefficient [em™'] Penetration length [nm]

1.74 x 10° 48.0
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AXIS-165) and X-ray refraction (XRR, Rigaku RINT-TTR
III/NM) methods.

Some transfer curves of the TFTs with and without ELA
are shown in Fig. 1. The ELA was carried out with energy
densities of 30 mJ/cm” and 97.5mJ/cm”. In IZO TFTs with-
out ELA, it was difficult to ensure the OFF region, but the
TFT with ELA using the lower energy density of 30 mJ Jem?
showed a distinguished ON/OFF switching. We achieved a
high field-effect mobility (upg) of 37.7cm?/Vs and good
switching characteristics with a subthreshold swing of
0.18 V/dec, and an ON/OFF ratio of more than 107 in the
1ZO TFTs, as shown in Fig. 1. However, IZO TFTs with
higher-energy-density of 97.5 mJ/cm? irradiation exhibited
degraded characteristics. We evaluated the crystallinity of
1Z0 films with ELA by XRD measurement (data not shown).
The IZO films with ELA with energy densities of 97.5 and
30 mJ/cm” showed some peaks that corresponded to the crys-
tal planes of In,O3, and the maximum crystallite diameter
was calculated to be approximately 22nm from the full
width half maximum for each peak. Note that the intensity of
each peak was increased with increasing the laser energy.
From the XRD pattern, we also confirmed a broad peak, indi-
cating that the IZO film had a mixture of nanocrystal and
amorphous phases. This suggests that ELA is suitable for
realizing good uniformity in device characteristics even
when a large substrate is used since a channel layer with
large grains of micron order size usually deteriorates the
yield of device production. It is noted that the IZO film with
30 mJ/cm? irradiation also exhibited an XRD pattern show-
ing nanocrystal and amorphous phases although the sharp-
ness of its peaks was much broader than that of the IZO film
with 95 mJ/cm? irradiation. These results indicate that ELA
with the energy density of 97.5 mJ/cm” negatively affected
the performance of IZO TFTs. In contrast, ELA with the
energy density of 30 mJ/cm? effectively improved the per-
formances of the IZO TFTs. Although our fabrication condi-
tions have not been optimized yet, we found that this method
provided a relatively high .

I N I N I I I N I
E F=10% 2 3
10" ° 97.5 mJem”_ ]
3 WIL = 90/10 um §
6 [ V. =01V ]
107 F without e 1
_ ;- ELA Laser dlatlon ;
< 8 f 3
s SO
i 1
107"° r 30 mJ/cm? ..
3 M. = 37.7 cm’/Vs 3
1 3
\ S=0.18 V/dec.
10-12 /L WY N AU IR IR NN |

20 10 0 10 20 30
Ve (V)

gs

FIG. 1. Transfer curves of IZO TFTs without and with ELA (30 mJ/cm? and
97.5 mJ/cmz). The F for IZO film deposition was 10%.
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To fabricate a TFT on a plastic substrate, it is necessary
to examine the behavior of thermal diffusion in the substrate
induced by ELA. We calculated the thermal diffusion from
an IZO film surface to a Si substrate surface in a stacked struc-
ture of IZO 50nm/SiO, 100nm/Si substrate using COMSOL
Multiphysics engineering simulation software (COMSOL,
Inc.)."” The optical constants of the IZO film introduced in
this calculation were obtained by ellipsometry spectroscopy
(M-2000, J. A. Woollam Co., Inc.). The reported physical val-
ues of 2W/mK, 0.39J/gK, and 6.7 g/cm® were used as the
thermal conductivity, specific heat, and mass density of IZO
film, respectively.”'® The calculated temperatures at 25 ns af-
ter laser irradiation on the IZO film surface, at the IZ0/SiO,
interface, and on the Si substrate surface are plotted against
laser energy density in Fig. 2. The broken line shows the limit
of the stable temperature of the IZO composition. This tem-
perature corresponds with a temperature of sublimation of
In,O5 contained in the IZO film since In,O5 has a lower subli-
mation temperature (850 °C) than that of ZnO (1725°C). The
laser energy density of 97.5mJ/cm” provided a temperature
near the In,O5 sublimation temperature for the IZO surface.
However, at the laser energy density of 30 mJ/cm?, the tem-
perature was calculated to be 216.9 °C, 130.7°C, and 46.9 °C
for the IZO film surface, IZO/SiO, interface, and Si substrate
surface, respectively, indicating that the temperature became
much lower than the sublimation temperature. From this cal-
culation, we found that IZO TFTs with a relatively high uzr
of approximately 40 cm*/Vs can be realized with no apparent
thermal damage on the substrate, suggesting that the ELA pro-
cess provides high-performance TFTs on plastic substrates
with a low deformation temperature, such as polyethylene
terephthalate.

A discussion on the effect of device performances on an
oxygen-deficient region cannot be avoided in the study of
devices with oxide semiconductors. Figure 3 shows the O 1s
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FIG. 2. Temperature calculated using thermal diffusion simulator of 1ZO/
SiO,/Si stacked samples plotted against laser energy density. The square,
circle, and triangle show the temperatures on the IZO surface, at the IZO/
SiO, interface, and on the Si substrate surface, when IZO was deposited at
F =10%. The broken line indicates the limit of the stable temperature of the
1Z0 film composition.
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FIG. 3. 1s spectra measured by XPS (a) without ELA and (b) with ELA at
(b) 97.5 mJ/em?.

spectra measured by XPS (a) without ELA and (b) with laser
irradiation at the energy density of 97.5mJ/cm”. The main
peak was observed at binding energies of 530.2 =0.1eV,
and an additional peak was observed at 532.0 = 0.2eV. The
main and additional peaks correspond to oxygen in oxide lat-
tices without oxygen deficiency (M-O) and with oxygen defi-
ciency (Odef).lg’20 The solid line with open circles represents
the measured spectrum. The ratios of the Oy area to the
total peak area (O,y) are Ogei/O. =47.7% and 41.3% in
Figs. 3(a) and 3(b), respectively. These figures clearly show
that the Og4.r peak intensity was reduced by ELA, suggesting
that ELA can also reduce the amount of the oxygen defi-
ciency region in the IZO film. It is well known that a low
amount of oxygen deficiency leads to the reduction in carrier
density, resulting in a low conductivity as an electrical prop-
erty. However, our results show that a low-Ogi/O,y film,
which was produced with the laser energy density of
97.5 mJ/cm?, yielded a highly conductive layer and produced
poor TFT characteristics. To resolve the discrepancy, we an-
alyzed the structural differences or damage at the IZO/SiO,
interface caused by ELA in detail. We performed fitting
analysis using the XRR spectra of the samples with and with-
out ELA for an IZO/SiO, stacked film on a Si substrate. The
film thickness calculated by model fitting in XRR is shown
in Fig. 4. The stacked film structure used in this fitting was a
low-density-1ZO/IZO/mixed layer of IZO and SiO,/SiO,/Si
as shown on the right side of Fig. 4. The model absenting
any layer provided a large fitting error, suggesting the uti-
lized fitting model represents a presumable structure.

The low-density IZO film with a density <20% and that
of a conventional IZO film showed only moderate changes.
This means that the IZO film surface was not damaged by
ELA. It is notable that the thicknesses of the SiO, and 1ZO
films decreased with increasing laser energy owing to the
increase in film density. At the same time, an increase in the
thickness of the mixed layer of IZO and SiO, was also
observed. Note that the mixed layer did not appear at the
energy density of 30 mJ/cm?. This result implies the diffusion
of Si or (In, Zn) to the opposite layer, resulting in the forma-
tion of the mixed layer of IZO and SiO,. It is known that the
IZO film shows a compositional deviation over 300°C.'?
There is no research of observing a Si doping for IZO or In
and Zn doping for SiO, film using laser irradiation technique,
but Aoki et al. and Hatanaka et al. achieved the phosphorous
doping to ZnO layer by excimer laser irradiation with 20 ns
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FIG. 4. Film thickness calculated using XRR plotted against laser energy
density. The stacked structure used in this model fitting is shown on the right
side.

pulse duration time,>"** presuming that the pulse duration
time of 25 ns is enough time for occurrence of a diffusion phe-
nomenon, consequently making the mixed layer. This phe-
nomenon was clearly observed under the irradiation condition
of 97.5mJ/cm?, which is in good agreement with the thermal
simulation results shown in Fig. 2. In addition, the existence
of the IZO-SiO, mixed layer at the interface of the gate insula-
tor considerably affects the electron behavior. Minami et al.
reported that Si-doped ZnO shows a high conductivity.?
Although Nakata et al. suggested that the reason of the carrier
density increasing in a-IGZO film by irradiation of high
energy in ELA process would come from the increasing of the
amount of oxygen deficiency,'! we obtained lower Oy by the
irradiation of high laser energy of 97.7 mJ/cm? compared with
the Oger of no-ELA process, as shown in Fig. 3. Therefore we
presume that the high-conductivity mixed layer in the electron
mobile region in the channel layer diminished the off state.
Owing to this effect, we successfully achieved a high-mobility
IZO-TFT with a substrate temperature less than 50 °C under
moderate ELA conditions that do not produce a highly con-
ductive mixed layer.

In conclusion, we discussed the effect of ELA on the
characteristics of IZO TFTs to achieve a high-performance
TFT with a low-temperature fabrication process. ELA enabled
us to fabricate high-mobility IZO TFTs (37.7 cm?/Vs) without
thermal damage to the substrate used. Our results could be
attributed to the fact that ELA decreased the amount of oxy-
gen deficiency. The main cause of IZO TFT degradation
under the high-laser-energy irradiation of 97.5 mJ/cm? was the
production of a highly conductive mixed layer of IZO and
SiO,.
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