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Changes in electrical and optical properties induced by heat treatment with high-pressure HyO vapor are discussed for
low pressure chemical-vapor deposited amorphous silicon (LPCVD a-Si) and laser-crystallized polycrystalline silicon films.
Heat treatment at 190°C with ~1 x 10%-Pa-H,O vapor reduced the dark conductivity to ~10~H S/cm and increased the
photoconductivity to ~10~7 S/cm. The photoconductivity was also increased for laser-crystallized polycrystalline silicon films.
Optical absorption in the photon energy range lower than 1.5 eV was reduced for the a-Si films. Heat treatment at 190-270°C
resulted in a minimal change in optical band gap, which was 1.50 + 0.02eV for the LPCVD a-Si. The increase in hydrogen
concentration was less than 2 x 1020 cm™3 after the treatment for the amorphous and polycrystalline silicon films. These
results show that the heat treatment with high-pressure HyO vapor can reduce the defect density in the silicon films at low

temperatures.
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1. Introduction

Reduction of defects in silicon films at low temperatures is
important for a variety of applications in many devices, for
example, thin film transistors (TFTs) and thin film solar cells.
For example, hydrogenation using hydrogen plasma or a hy-
drogen radical has been widely investigated for the reduction
of defects and improvement of device characteristics.!~'D We
have proposed simple heat treatment with HoO vapor at ap-
proximately 300°C.1? Heat treatment improves the electrical
characteristics of polycrystalline silicon thin film transistors
(poly-Si TFTs). The threshold voltage is reduced as a result
of the reduction of the densities of trapped states and fixed
oxide charges in Si0» as well as in SiO,/Si interfaces. More-
over, we have recently demonstrated a possibility in the re-
duction in defects in amorphous silicon and polycrystalline
silicon films by applying heat treatment with HyO vapor at
350°C at one atmospheric pressure.!3)

In this paper, we discuss electrical and optical properties
of low- pressure chemical vapor deposited amorphous sili-
con (LPCVD a-Si) and laser-crystallized polycrystalline sili-
con films when they are heated with high-pressure HyO vapor
at low temperatures. Changes in dark conductivity and photo
conductivity of the films caused by heat treatment at from 190
to 270°C shows a reduction in the density of defect states in
silicon films at low temperatures. Changes in optical absorp-
tion spectra between visible and infrared wavelength ranges
are also presented to discuss the optical band gap as well as
the silicon bonding network.

2. Experimental

50-nm-thick amorphous silicon films were formed on
quartz substrates by dissociation of SipHg gas at 430°C us-
ing the LPCVD method. 50-nm-thick polycrystalline silicon
films were fabricated on quartz substrates by crystallization
of the amorphous silicon films by heating with the XeCl ex-
cimer laser at a wavelength of 308 nm, a pulse width of 30 ns
and a pulse energy of 220 mJ/cm? in vacuum at room tem-
perature. The average crystalline grain size was 40 nm. For
infrared transmission spectra measurements, the amorphous
silicon films were formed by LPCVD on a silicon substrate

coated with 100-nm-thick thermally grown SiO, film. Laser
crystallization was also performed on the S1/SiO2/Si samples.
Hydrogenated amorphous silicon films fabricated by plasma
CVD at 300°C were used to compare their optical proper-
ties to that of LPCVD a-Si treated with the present annealing
method.

Samples were placed into a pressure-proof stainless-steel
chamber with a volume of 60cm? using a metal seal.'¥
Pure water was also put into the chamber, which was then
placed on a heater plate to heat samples at 190°C, 230°C
and 270°C. The HyO evaporated during heating and the gas
pressure increased. The heat treatment with HoO vapor at
almost one atmospheric pressure (~10° Pa) was also carried
out for comparison with the high-pressure HoO vapor heat-
ing. The electrical conductivity was measured in the dark
and under an illumination of air-mass 1 (AM-1) with an in-
tensity of 100 mW/cm?. The optical absorption spectra were
measured using an optical spectrometer.!® Infrared absorp-
tion spectra were also measured using Fourier transform in-
frared spectroscopy (FTIR).

3. Results and Discussions

Figure 1 shows changes in the dark conductivity and photo-
conductivity as a function of the duration of the heat treatment
in HyO vapor with a pressure of 8.4 x 10° Pa at 270°C for 50-
nm-thick LPCVD a-Si films. Dark conductivity was reduced
from 108 S/cm (as-fabricated) to approximately 10~ S/cm
by the heat treatment longer than 1h and photoconductivity
was increased to approximately 10~ S/cm. This result shows
that electrical properties of amorphous silicon can change re-
markably by heat treatment ; therefore we set the heating du-
ration to 1h.

Figure 2 shows changes in dark conductivity and photo-
conductivity caused by heat treatment for 1 h at different tem-
peratures of 190°C, 230°C and 270°C as functions of the
H;0 vapor pressure for 50-nm-thick LPCVD a-Si films. For
each heating temperature, the dark conductivity was reduced
to approximately 10~1! S/cm. Although a H,O vapor pres-
sure higher than 1 x 10°Pa was necessary to reduce the
dark conductivity to ~10~!1 S/cm for the treatment at 190°C,
4 % 10° Pa was sufficient to reduce the dark conductivity to
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Fig. 1. Dark and photoelectric conductivities of 50-nm-thick LPCVD a-Si
films as functions of the heat treatment duration. Photoconductivity was
measured under illumination of AM-1 with an intensity of 100 mW/cm?.
Heat treatment was carried out at 270°C with 8.4 x 10° -Pa-H, O vapor.
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Fig. 2. Changes in dark and photo-electrical conductivities of 50-nm-thick
LPCVD a-Si films caused by the heat treatment in HyO vapor for 1h at
190°C, 230°C and 270°C as functions of H,O vapor pressure. Photocon-
ductivity was measured under illumination of AM-1 with an intensity of
100 mW/cm?.

~10711 S/cm for the heat treatment at 230 and 270°C. These
results show possible defect reduction for silicon films even
at the low temperature of 190°C by heat treatment with high
pressure Hy O vapor. The photoconductivity was increased to
approximately 10~7 S/cm for each heating temperature case.
The highest photoconductivity, 2.5x 1077 S/cm, was obtained
by the 270°C treatment.

The heat treatment with HoO vapor at one atmospheric
pressure was also applied to LPCVD a-Si films in order
to compare the heat treatment with high-pressure H,O va-
por. Figure 3 shows that the dark conductivity was reduced
to 2 x 107 S/cm and the photoconductivity increased to
1 x 107 S/cm as the heating temperature increased to 350°C.
Although a high photoconductivity/dark conductivity ratio
was obtained for heating temperatures higher than 300°C, the
dark conductivity was not reduced lower than 10~ S/cm at
any heating temperatures. In contrast, a reduction of the dark
conductivity to ~10~11 S/cm was achieved by the heat treat-
ment at 190°C with high-pressure H,O vapor as shown in
Fig. 2.

Figure 4 shows changes in dark conductivity and photo-
conductivity for the laser-crystallized polycrystalline films
caused by the heat treatment for 1 h at different temperatures
of 190°C, 230°C and 270°C as functions of HyO vapor pres-
sure. For every heating temperature, the dark conductivity
was slightly reduced to 1077=1078 S/cm. The ratio of pho-
toconductivity/dark conductivity was increased by the heat
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Fig. 3. Changes in dark and photo-electrical conductivities of 50-nm-thick
LPCVD a-Si films caused by the heat treatment for 1 h in HyO vapor at
one atmospheric pressure as functions of heating temperature. Photocon-
ductivity was measured under illumination of AM-1 with an intensity of
100 mW/cm?2.
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Fig. 4. Changes in dark and photo-electrical conductivities of 50-nm-thick
laser-crystallized silicon films caused by the heat treatment in HpO vapor
for 1h at 190°C, 230°C and 270°C as functions of HyO vapor pressure.
Photoconductivity was measured under illumination of AM-1 with an in-
tensity of 100 mW/cm?.

treatments. The highest ratio of 3 x 102 was obtained by the
270°C-heat treatment. These results show that reduction in
defect density can be achieved for poly-Si by heat treatment
with high-pressure H,O vapor at temperatures of 190-270°C.

Figure 5 shows the optical absorption spectra of LPCVD a-
Si films as fabricated and treated for 1h at 190°C, 230°C and
270°C in H,O vapor at pressures of 7.1 x 10°-8.4 x 10’ Pa.
The LPCVD a-Si exhibited a substantial optical absorption in
the photon energy range below 1.5¢V because of large band
tail states. Heat treatment at every temperature reduced the
optical coefficient in the low photon energy range, as shown
in Fig. 5. The optical energy gap was estimated using the rela-
tionship of («hv)® vs hv. The optical band gap was 1.50eV
for as-fabricated films. The optical band gap hardly changed
with a measurement error of £0.02eV when the samples
were heated with the high-pressure H,O vapor at tempera-
tures 190-270°C.

Figure 6 shows the optical absorption spectra of laser-
crystallized silicon films as fabricated and treated for 1h
at 190°C, 230°C and 270°C in H2O vapor at pressures of
7.1x10°-8.4x 10° Pa. The laser-crystallized silicon films had
rather low-optical absorption at a photon energy lower than
2.5eV because of the indirect band structure compared with
those of LPCVD a-Si. The absorption spectra showed nearly
the same photon energy dependence for samples as fabricated
and treated with high-pressure HyO vapor. These results show
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Fig. 5. Optical absorption spectra before and after the heat treatment for
50-nm-thick LPCVD a-Si films. Heat treatments were carried out for 1 h
at 190°C with 7.1 x 10°-Pa-H,O vapor, 230°C with 7.8 x 10%-Pa-H,0
vapor and 270°C with 8.4 x 10° -Pa-H, O vapor, respectively.
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Fig. 6. Optical absorption spectra before and after heat treatment for
50-nm-thick laser-crystallized silicon films. Heat treatments were car-
ried out for 1h at 190°C with 7.1 x 10° -Pa-HyO vapor, 230°C with
7.8 x 10°-Pa-H,O vapor and 270°C with 8.4 x 10%-Pa-H,0 vapor, te-
spectively.

that the present heat treatment does not change the bulk struc-
ture so much in these conditions although the heat treatment
with high-pressure H>O vapor has a high-oxidation effect.!¥)

The electrical and optical results shown in Figs. 1-6 indi-
cate that the heat treatment can reduce localized defect states
in the band gap for the amorphous and polycrystalline silicon
films. The reduction of the optical absorption coefficient in
the low-photon energy region (< 1.5eV) of the LPCVD a-Si
films means that the heat treatment reduced the density of the
band tail states. The weak bonds broke as a result of the re-
action with H,O incorporated into the film. Then the silicon
bonds were terminated by hydrogen atoms or oxygen atoms
provided from the H>O. Although the change in the optical
absorption spectra in a photon energy range lower than 1.2eV
was not measured because of the detection limit, the increase
of photo-electrical conductivity caused by the heat treatment
may suggest that the density of dangling bonds also was re-
duced. The dangling bonds were terminated by hydrogen
atoms or oxygen atoms provided from the H,O incorporated
into the film during annealing. The high-pressure H»O vapor
effectively helped the reaction between weak bonds (or dan-
gling bonds) and H,O at the low temperature of 190°C so that
very low dark conductivity ~10~1! S/cm was achieved, al-
though the reaction between weak bonds (or dangling bonds)
and H;O can occurs in the case of heat treatment in H>O va-
por at one atmospheric pressure at higher temperatures.!

In order to determine the concentration of the hydrogen
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Fig. 7. Infrared absorption spectra before and after heat treatment for (a)
LPCVD a-Si film and (b) laser-crystallized silicon films. Heat treatment
was carried out for 1h at 270°C with 2.1 x 106~Pa-H20 vapor. Experi-
mental error bars are presented in the figures.

atoms in the LPCVD a-Si and laser-crystallized films, opti-
cal absorption spectra were measured around 2000 cm™! us-
ing FTIR. As-deposited LPCVD a-Si had a small absorption
peak associated with Si-H stretching vibration modes with a
hydrogen concentration of 1.5 at. %. The film treated with
2.1 x 10%-Pa-H,O vapor at 270°C for 1 h had almost the same
absorption spectrum as that of as-fabricated film within the
measurement limit, as shown in Fig. 7(a). The measurement
limit gave an increment of the hydrogen concentration of less
than ~0.4 at.% (~2x 102 cm™>). The fact that the LPCVD a-
Si films maintained a low optical band gap after the treatment
of the present annealing method also indicates incorporation
of a low amount of hydrogen and oxygen atoms, !> although
the oxygen concentration could not be measured because of
the intermediate SiO, layer. Hydrogen or oxygen atoms dis-
sociated from H,O would only have the role of terminating
the dangling bonds. The as-fabricated laser-crystallized films
had no Si—H absorption. There was no increase in the Si—H
absorption peak within the detection limit after heat treatment
at 270°C, as shown in Fig. 7(b). No increase of Si—H absorp-
tion was also observed after the heat treatment at 190°C and
230°C for samples of LPCVD a-Si and laser-crystallized sili-
con films. The 2.1 x 10%-Pa-H,O vapor heating at 270°C for
1h was applied to hydrogenated amorphous silicon thin films
deposited by plasma CVD in order to investigate the influ-
ence of heating with high-pressure H,O vapor to the silicon-
hydrogen alloying system with a high concentration of hydro-
gen by measuring changes in optical absorption spectrum, as
shown in Fig. 8. Although the absorption coefficient was re-
duced by the heat treatment at a low photon energy region, it
was not substantially changed at photon energy higher than
1.7eV. No change in the optical band gap, 1.67 eV, was ob-
served. These results indicate that the heat treatment under
conditions presented in this paper may incorporate hydrogen
or oxygen with a small amount (at most ~2 x 1020 cm™3) re-
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Fig. 8. Optical absorption spectra before and after heat treatment for
75-nm-thick hydrogenated amorphous silicon films. Heat treatments were
carried out for 1 h at 270°C with 2.1 x 106—Pa—H20 vapor.

not seriously change the silicon bonding structure or the Si—-H
bonding structure. The results obtained in this paper suggest
that the present simple heat treatment with high pressure HyO
vapor may be attractive for defect reduction of silicon films
with various optical band gaps, which are useful as photo-
voltaic materials. It would be also useful for the reduction
of the defect density in the silicon films for TFT fabrication
processing at low temperatures.

4. Summary

Heat treatment with high-pressure H>O vapor at temper-
atures 190-270°C for 1h was applied to LPCVD a-Si and
laser-crystallized silicon films. The dark conductivity of
the LPCVD a-Si films was reduced to 107! S/cm for heat-
ing temperatures ranging from 190 to 270°C. Photoconduc-
tivity induced by AM-1 illumination with the intensity of
100 mW/cm? increased to ~10~7 S/cm. The heat treatment
also increased the photoconductivity of the laser-crystallized
silicon films to ~107> S/cm maximum. The ratio of photo-
conductivity/dark conductivity was increased to 3 x 10° as
the heating temperature was increased to 270°C. The opti-
cal absorption coefficient was reduced in the photon energy
range lower than 1.5 eV by the heat treatment for LPCVD a-Si
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films. The optical energy gap was not changed from the initial
value of 1.50eV within the measurement limit of +0.02eV
by the heat treatment at the temperatures from 190 to 270°C
for the LPCVD a-Si films. The heat treatment slightly re-
duced the dark conductivity of the laser-crystallized Si films
to 10771078 S/cm and increased the photoconductivity to
~1073 S/cm. FTIR measurement revealed that the increase of
hydrogen concentration was less than 2 x 10%9 cm™3 after the
treatment of the amorphous and polycrystalline films. These
results show that heat treatment with high-pressure HyO va-
por reduces the defect densities in the silicon films at the low
temperatures ~190°C and does not seriously change Si-Si
bonding networks.
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