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Abstract The effect of annealing under argon atmosphere on hydrogenated amorphous silicon (a-Si:H) thin
films deposited at room temperature and 300 °C using Radio Frequency (RF) magnetron sputtering has been
investigated. For the films deposited at room temperature, there was not any increase in hydrogen content and
optical band gap of the films, and as a result, quality of the films was not improved under any annealing
conditions. For the films deposited at 300 °C, on the other hand, significant increases in hydrogen content and
optical band gap were observed, whereas values of microstructure parameter and dark conductivity were
decreased upon annealing below 300 °C. In this study, it was proposed that the Si-Hx bonding strength is
closely related to deposition temperature. Also, the improvement in optical, electrical and structural properties
of the films deposited at 300 °C was originated from thermally activated hydrogen bubbles, which were initially

trapped at microvoids in the films.
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1. Introduction

Recently, hydrogenated amorphous silicon (a-Si:H) thin
films have attracted noticeable attention because of a
large number of applications including photovoltaic solar
and thin film 3

Particularly, a-Si:H makes it possible to fabricate solar

cells,” photo diodes,” transistors.
cells of only a few hundred nanometers thick due to its
high absorption coefficient, therefore reducing production
cost compared to single crystalline silicon solar cells. In
order to increase energy conversion efficiency of a-Si:H
solar cells, it is required to make high quality absorber
layers. In general, there are numerous defects in a-Si:H
films, such as dangling bonds compared to single
crystalline silicon which forms defect levels in the
forbidden gap. This results in high dark conductivity by
the thermal excitation of carriers at room temperature.

For a-Si:H films having many defect levels in the
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forbidden gap, it is difficult to obtain an absorber layer
having high photosensitivity. At the same time, photo-
generated electron-hole pairs cannot be separated and
collected efficiently due to recombination at these defect
sites. At the moment, these problems have been minimized
by incorporation of hydrogen into amorphous silicon
films as a means of passivating dangling bonds during
deposition. Another common approach used to improve
material properties is to increase the amount of hydrogen
in a-Si:H by hydrogen plasma treatment after
deposition.”
In this

atmosphere on optical, electrical, and structural properties

study, effects of annealing under argon

of a-Si:H thin films grown by Radio Frequency (RF)
magnetron sputtering were investigated.

2. Experimental procedure
The a-Si:H thin films were prepared by RF (13.56 MHz)

magnetron sputtering method using silicon target
(99.999% purity), hydrogen gas (99.999% purity) and
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argon gas (99.999% purity). The as-deposited films
having thickness of 200 nm were deposited on both glass
and silicon substrates, whose temperature was kept
constant at room temperature and 300 °C, respectively.
(r5=Pr/

(PiotPar) and working pressure were also kept constant

During deposition, hydrogen flow ratio
at 0.1 and 2mTorr respectively. After deposition process,
an annealing was carried out under argon atmosphere in
the temperature range of 200 - 500 °C for 1 hour and the
heating rate was 5 °C/min. Thickness of the samples was
measured by a stylus type instrument, alpha step (Alpha
step 500, KLA-Tencor). For transmittance and reflectance
measurements, UV/Vis spectrometer (V-750, Jasco) was
used. Absorption coefficient was calculated from the
values of transmittance and reflectance, from which the
optical band gap was deduced using the method
established by Tauc et al.”

Using FT-IR spectrometer (FT-IR 300E, Jasco), we
confirmed the changes in hydrogen content in the films
and the bonding configuration of the films annealed at
various temperatures. Infrared spectra of a-Si:H consist of
three absorption regions — wagging, doublet and stretching
mode.*® The films have major peaks at 615cm™, 640cm™,
2000cm™

mode, Si-H wagging mode, Si-H stretching mode, and

and 2100cm™ which indicate Si-Si phonon

Si-H, stretching mode, respectively. Hydrogen atomic
concentration, Cy, was calculated from the integrated
intensity of the ~640 cm™ wagging band infrared peak.”
Also, bonding configuration of the samples has been
estimated from the relation

R = 15100 / (I2000 * L2100), (M
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where R is the microstructure parameter.”

The dark conductivity and photoconductivity was
measured on the films deposited on glass substrate using
I-V measurement system (HP4145B) with Al coplanar
electrodes at room temperature.

3. Result and discussion

Fig. 1 (a) shows the IR absorption spectra of the films
deposited at room temperature as a function of annealing
temperature. It can be seen that IR absorption intensity
begins to decrease as annealing temperature increases.
Such a behavior is closely related to broken Si-Hyx bonds
caused by thermal energy which is greater than the
binding energy of Si-Hx bonds. This result is in good
agreement with the literature on the relationship between
hydrogen concentration and annealing temperature, which
presented evolution of hydrogen in the films with
increasing temperature, thereby decreasing hydrogen
concentration in the films.'” Therefore, the decrease in
IR absorption intensity can be explained by the fact that
a number of Si-Hx bonds in the films were broken
because of such a high annealing temperature, thereby
decreasing significantly the bonding vibration intensity of
these bonds detected by FT-IR spectrometer. On the other
hand, as shown in Fig. 1 (b), IR absorption intensity of
the films deposited at 300 °C tends to increase until the
annealing temperature reaches over 300 °C. The increase
in IR absorption intensity indicates that there was an
increase in the content of bonded hydrogen in the films.

Fig. 2 (a) and (b) present the variation of Si-H
wagging mode by annealing for the films deposited at
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Fig. 1. IR absorption spectra of the films deposited at (a) room temperature and (b) 300 °C as a function of annealing temperatures.
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Fig. 2. Variations in IR absorption spectra of rocking-wagging mode in the films fabricated at (a) room temperature and (b) 300 °C
upon annealing treatment. Hydrogen content of the films deposited at (c) room temperature and (d) 300 °C, obtained by numerical

integration of the Si-H rocking-wagging mode at 640 cm™.

room temperature and 300 °C, respectively. For the films
deposited at room temperature, it is observed that the
quantity of Si-Hx bonds decrease as annealing temperature
exceeds 300 °C. However, there is no significant decrease
in IR absorption intensity when annealing temperature is
below 300 °C. This result can be regarded as the two
reasons. First, there are not any changes in bonding
structures at relatively low annealing temperature of
under 300 °C. Second, the broken Si-Hx bonds by
thermal energy counterbalance the newly generated Si-Hy
bonds by thermally activated hydrogen bubbles which
were initially trapped at microvoids in the films. In Fig.
2 (b), there is significant enhancement of Si-H wagging
mode by annealing at temperature below 300 °C although
annealing was performed under argon atmosphere, which
means that there was no source of hydrogen to be
Using BCC method,
variations in bonded hydrogen contents were calculated

incorporated into the films.

and presented in Fig. 2 (c¢) and (d) for the films deposited

at room temperature and 300 °C, respectively. It might be
hard to understand that there is an increase in the content
of bonded hydrogen in the films deposited at 300 °C.
Regarding the fact that we have calculated the content of
bonded hydrogen in the films using Si-Hyx vibration
mode excluding H, vibration mode, one can conclude
that the source of incorporated hydrogen in the films
existed in the film itself. It is well known that a-Si:H
films have a number of microvoids, where hydrogen
could be trapped without forming bonds, which is called
hydrogen bubbles.'” The hydrogen atoms, which are not
bonded with silicon atoms, are not detected by FT-IR
spectrometer at 640 cm™ from which the content of
bonded hydrogen is calculated. However, they are only
detected when bonded with silicon atoms. Therefore, it
can be estimated that hydrogen bubbles trapped at
microvoids were activated by annealing and these
hydrogen bubbles began to move through the crevices
caused by activation of atomic oscillation due to thermal
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Fig. 3. Variations in IR absorption spectra of stretching mode in the films fabricated at (a) room temperature and (b) 300 °C upon
annealing treatment. Changes in microstructure parameter of the films deposited at (¢) room temperature and (d) 300 °C depending

on annealing temperature.

energy. Then, these begin to passivate the broken bonds
as hydrogen atoms meet with dangling bonds, thereby
increasing the content of bonded hydrogen detected by
FT-IR spectrometer. From this point of view, it is
appropriate to conclude that increase in the content of
bonded hydrogen originates from thermally activated
hydrogen bubbles trapped at microvoids. It is also
observed that the content of bonded hydrogen in the
films decreases as annealing temperature increases over
300°C for all the prepared films deposited at room
temperature and 300 °C because Si-Hx bonds were
broken rather than form stable bonds at such a high
annealing temperature.

In Fig. 3 (a) and (c), it can be seen that there is a little
change in the values of microstructure parameter for the
samples deposited at room temperature so it is appropriate
to conclude that there were changes in bonding
structures. Considering Fig. 2 (a) and (c), this result
supports the fact that the constant hydrogen concentration
in the films was based on equilibrium between the
broken Si-Hx bonds and the newly generated Si-Hy

bonds. Fig. 3 (b) and (d) presents the changes in
microstructure parameter and IR absorption intensity for
the samples deposited at 300 °C. The IR absorption
intensity at 2000 cm™ was enhanced in contrast to
2100 cm™ until the annealing temperature reaches over
300 °C. This result shows that newly generated bonding
configuration in the films as a consequence of annealing
was mainly Si-H rather than Si-H,.

In Fig. 4 (a), optical band gap of the films prepared at
room temperature decreases linearly with increasing
annealing temperature. It is well known that reduction of
hydrogen concentration in a-Si:H thin films leads a
decrease in optical band gap. Changes in optical band
gap of the films prepared at 300 °C as a function of
annealing temperatures are shown in Fig. 4 (b). It is
clearly seen that optical band gap of the films deposited
at 300 °C tends to decrease when annealed at temperatures
above 300 °C like those of the films deposited at room
temperature. On the contrary, optical band gap of the
films annealed at below 300 °C increases as temperature
increases. The linear region in this figure, which is
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Fig. 5. Changes in dark conductivity for the films deposited at (a) room temperature and (b) 300 °C with different annealing

temperatures.

generally called the Tauc region, is attributed to the
optical electron transition between the extended valence
band and the conduction band. Increase in the optical
band gap can be interpreted as the following. First, the
optical band gap increases with increasing contents of
bonded hydrogen in the films.'>" This behavior can be
explained by the partial replacement of Si-Si bonds with
Si-H bonds of greater binding energy. The presence of
hydrogen causes the valence-band edge to move towards
the lower energy side by removing the Si-Si bonding
orbitals in the neighborhood of the valence band edge.
Consequently, the optical band gap is expanded as the
content of bonded hydrogen increases.'” Second, removal
of mechanical compressive strain induces the increase in
the energy band gap and band tails of the materials.''®
In conjunction with FT-IR results, it is appropriate to

conclude that the increase in the optical band gap of the
films, which is deposited and annealed at 300 °C, is
attributed by the increase in content of bonded hydrogen
in the films.

When a number of defects exist in a-Si:H films, such
as dangling bonds, which form defect levels in the
forbidden gap high dark conductivity is induced by the
thermal excitation of carriers at room temperature. In this
context, dark conductivity measurement is widely
employed to estimate defect density of a-Si:H thin films.
In Fig. 5 (a), dark conductivity of the films deposited at
room temperature is shown with different annealing
temperature. An increase in dark conductivity as
annealing temperature increases can be clearly explained
by the evolution of hydrogen in the films, which remains

dangling bonds. Dark conductivity of the films deposited
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at 300°C is presented as a function of annealing
temperature in Fig. 5 (b). Samples show the lowest dark
conductivity of 3.1 X 10®S/cm upon annealing at
300 °C. Above this temperature, dark conductivity of the
films began to increase due to hydrogen evolution, which
means that more dangling bonds were created in the
films. As already shown above, optical band gap and
contents of bonded hydrogen were increased by thermally
bubbles,
microstructure parameter were decreased in the films

activated  hydrogen whereas  values of
upon annealing below 300 °C, from which it can be
inferred that dangling bonds of the films were efficiently
passivated. Thus, dark conductivity of the films annealed
below 300 °C was minimized due to improvement in the
quality of the films. In conjunction with all of the
experimental results in this study, increase in dark
conductivity of the films annealed above 300 °C is due to

the thermally induced broken bonds.
4. Conclusion

The effect of annealing on optical, electrical and
structural properties of the a-Si:H films deposited at
room temperature and 300 °C using RF magnetron
sputtering were investigated. It was estimated that silicon
and hydrogen atoms of the films prepared at room
temperature were weakly bonded compared to those of
the films prepared at 300 °C, which indicates that
bonding strength of Si-Hy in the films was quite affected
by deposition temperature. So, there was not any increase
in the content of bonded hydrogen in the films deposited
at room temperature during annealing process.

For the films deposited at 300 °C, hydrogen bubbles
trapped in microviods were activated by thermal energy
with annealing at below 300 °C. As a result, they began
to passivate the dangling bonds in the films. Therefore,
the optical band gap and content of bonded hydrogen in
the films were increased and, thus, the quality of the
films was improved. In this study, we propose that the
increase in the content of bonded hydrogen induced the
increase in the optical band gap. Also, values of
microstructure parameter were decreased because the
newly induced bonding configuration of the films was

mainly Si-H. The decrease in dark conductivity also
supports the explanations in this study.

For all the prepared films, hydrogen atoms bonded to
silicon atoms begin to break and hydrogen in the films
are evolved upon annealing at temperatures of above
300 °C,, remaining as dangling bonds rather than forming
stable bonds. As a result, optical, electrical and structural
properties of the films were deteriorated continuously as
annealing temperature increased above 300 °C.
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