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A new preparing technology, very high frequency plasma assisted reactive thermal chemical vapour deposition

(VHFPA-RTCVD), is introduced to prepare SiGe:H thin films on substrate kept at a lower temperature. In the previous

work, reactive thermal chemical vapour deposition (RTCVD) technology was successfully used to prepare SiGe:H thin

films, but the temperature of the substrate needed to exceed 400°C. In this work, very high frequency plasma method

is used to assist RTCVD technology in reducing the temperature of substrate by largely enhancing the temperature

of reacting gases on the surface of the substrate. The growth rate, structural properties, surface morphology, photo-

conductivity and dark-conductivity of SiGe:H thin films prepared by this new technology are investigated for films with

different germanium concentrations, and the experimental results are discussed.
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1. Introduction

Hydrogenated amorphous or microcrystalline
silicon—germanium alloys have been widely investi-
gated since these materials can be utilized as mid-
dle or bottom cell active layer materials in multi-band
gap thin film solar cells.' =3 The main reason is that
the optical bandgap of silicon—germanium alloys can
be widened from 1.7¢V to 1.0eV by increasing ger-
manium concentration (abbreviated GC) in the al-
loys, which can extend the spectral range to longer
wavelengths and consequently achieve higher collec-
tion efficiency.

At present, plasma enhanced chemical vapour de-
position (PECVDP-%)) remains the major technique
for the fabrication of SiGe:H films.["=% Some al-
ternative methods, such as electron—cyclotron reso-
nance (ECR) plasma deposition['! and hot wire (HW)

(11]

deposition, have also produced promising results.

But the growth rates of the films prepared by these
methods are always low and plenty of dangling bonds
are formed with increasing GC. Zhang et al['?! made a
TFT device by using reactive thermal chemical vapour
deposition (RTCVD) which exhibited a good promise
to solving these problems. However, a high substrate
temperature exceeding 400°C is needed for this tech-
nology, which limits the use of many flexible or low
cost substrates.

In this work, very high frequency plasma method
is used to assist the RTCVD technology. The main ad-
vantage of this method is that it can greatly enhance
the temperature of reacting gases on the surface of the
substrate so as to reduce the need of high substrate
temperature. Some properties of SiGe:H thin films
prepared by VHFPA-RTCVD technology under vary-
ing reaction gas flows were investigated. The growth
rate of thin films was measured using optical multi-
centre analyser. The crystallization and phase transi-
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tion of thin films were observed using Raman spec-
trum and atomic force microscopy (AFM), respec-
tively. Photo- and dark-conductivities were investi-
gated employing the coplanar contact configuration.
At the end of this paper, the experimental results are
discussed and some conclusions are drawn.

2. Experimental details

SiGe:H thin films are prepared by VHFPA-
RTCVD on the Corning Eagle2k glass. The temper-
ature of the substrate is 200°C. The feedstock gases
are Hy, SioHg and GeF4. The plasma excitation fre-
quency is 60 MHz. The electrode size is 50 cm?. The
pressure and power are 100Pa, 20 W and 66.66 Pa,
10 W, respectively.

In the total gas flow, the concentration of silicon
germanium in the reaction gas flow varies from 1%-—

5%, which is denoted by  (S+ G)C

= ([SIQHG} X 2+[G8F4])/([H2} + [SIQHG] X2
+ [G€F4])

The increase of (S + G)C means Hj dilution decreases.
Germanium concentration in the reaction gas flow
varies from 2%-40%, which is denoted by GC =

[GeF4]/([Sle6] X 2+[G6F4D.

The thickness of the films is in the range of 400 and
600 nm, which is measured by optical multi-centre an-
alyzer. The structural properties of the SiGe:H films
are characterized by Raman spectra using an incident
Ar laser beam at 514.5nm. The surface morphol-
ogy is observed by atomic force microscopy (AFM,
NanoScope 1V), and the photo-conductivity (using
AM1.5) and dark-conductivity measurements employ
the coplanar contact configuration.

3. Results

3.1. Growth rate

It is meaningful to investigate the growth rate of
thin films because it reflects the density of growth
precursors in the plasma. Here, growth rates of
the SiGe:H thin films are investigated under differ-
ent (S+G)Cs and GCs. Figure 1 shows the change
of growth rates of SiGe:H deposited with different

(S+G)Cs at GC of 10.5% and 15.0%, respectively.
The growth rates show a strong increasing trend with
the increase of (S + G)C, and which are similar to GCs
of 10.5% and 15.0%.

0-8 L) L] L] LJ L]
A A
[ ]
0.6 1
Q :
g
E 0.4 1
~
o
~ -
GC
021 15.0% |
2 m 15.0%
1 A 10.5% 1
0 Y Y Y Y r
1 2 3 4 5
(S+G)C/%

Fig.1. Growth rates of SiGe:H deposited at GC of 10.5%
and 15.0% and different (S+ G)Cs.

Figure 2 shows the relationship between GCs and
growth rates of SiGe:H deposited at (S+ G)C of 2%
and 5%. Under (S+ G)C=2% (high H, dilution), the
growth rates of SiGe:H thin films are nearly the same
at different pressures and powers (100 Pa and 20 W is
denoted by solid squares, and 66.66 Pa and 10 W is
denoted by solid stars). While under (S+ G)C=5%
(low Hy dilution) the growth rates decrease with the
increase of GC.
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Fig.2. Growth rates of SiGe:H deposited at (S+ G)C of
2% with different GCs.

As illustrated in Fig.1, the deposition rate shows
a strong dependence on the concentration of total re-
action gases (S+ G)C, namely the Hy dilution. But
in Fig.2, the deposition rate shows a weak dependence
on the GC in the reaction gas flow under the high Ho
dilution but a strong dependence on the GC under the
low Hy dilution.
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3.2. Structural properties

As we know, different growth rates may lead to
different structures of SiGe:H thin films. Raman spec-
tra is used to investigate the influence of (S+ G)C and
GC on the structure of SiGe:H alloys. uc-SiGe:H al-
loys have three characteristic spectral'® and their rel-
atively features are: the feature at ~290cm™! is due
to Ge-Ge vibrations; the feature at ~403cm™! is due
to Si—Ge vibrations; and the ~ 510 cm ™! feature is due
to Si—Si vibrations.

Figure 3 shows the Raman spectra of SiGe:H de-
posited at GC of 10.5% and different (S + G)Cs. With
the increase of (S+ G)C, the crystal volume fraction
deceases. Similar results are found for the structure
of the series prepared with GC =10.5% and 7.5%. For
each series the Raman spectrum shows a transition re-
gion between microcrystalline and amorphous growth,

3.0 1 GC=10.5% |

2.5 1

2.0 1

1.5 1

1.0 1

Intensity/arb. units

0.5 1

100 200 300 400 500 600 700

Raman shift/cm ™!

Fig.3. Raman spectra of SiGe:H deposited at GC of 10.5%
and different (S+ G)C of 2-5%.

(S+ G)C varies from 5.5% for GC=15.0% to 4.5%
and 3.5% for GC=10.5% and 7.5%, respectively. Fig-
ure 4 shows the Raman spectra of SiGe:H films de-
posited at (S+G)C=5% at different GCs. The
three relative Raman shifts at located at ~290 cm™!,

~400cm ™! and ~480/508/512cm ™!, are due to the
Ge—Ge, Si—Ge and Si—Si bond vibrations, respectively.
With the decrease of GC the line width of the peak
of Si—Si bond vibration is broadened, which reflects
the gradual increase of amorphous fraction in SiGe:H
thin films. And when GC equals to 10.5%, SiGe:H has
transited to amorphous phase.
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Fig.4. Raman spectra of SiGe:H films deposited at
(S+ G)C of 5% for GC = 10.5, 15.0 and 20.0%.

As illustrated in Fig.4, when (S+ G)C=5%, the
crystal volume fraction of SiGe:H thin films increase
with GC. It means that the phase transition from mi-
crocrystalline to amorphous growth in SiGe:H thin
films happens easily at a lower GC.

3.3. Surface morphology

Thin film alloys are always supposed to have a
higher volume fraction when germanium fraction is
enhanced. Atomic force microscopy (AFM) is used
to investigate the microstructures of thin films with
different germanium fractions. Figures 5(a) and 5(b)
show the atom force microscope images of SiGe:H al-
loys deposited at (S+ G) of 3% for GC=15.0% and
20.0%, respectively. On the surface of the two alloys,

Fig.5. AFM of SiGe:H films deposited at (S+ G) of 3% for GC=15.0% (a) and 20.0% (b).
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crystal grains assemble slightly at GC = 15.0% but are
stacked up distinctly at 20.0%. It indicates that plenty
of clusters, holes and cracks are formed in the thin film
with the increase of germanium fraction.

3.4. Photo- and dark-conductivity

Figure 6 shows the photo- and dark-conductivities
and photosensitivity of SiGe:H films deposited at GC
of 10.5% with varying (S+ G)Cs. In the figure, the
solid squares denote the photoconductivity, the solid
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Fig.6. Photo- and dark-conductivities and photosensi-
tivity of SiGe:H films deposited at GC of 10.5% for
(S+G)C=1-5%.

circles denote the dark-conductivity, and the solid
triangles denote the photosensitivity. With the in-
crease of (S+ G)C, photo-conductivity and dark-
conductivity show a similar decreasing trend. Cor-
respondingly, the photosensitivity increases all along,
and when (S+ G)C=5% the photo-sensitivity in-
creases steeply to 10* due to the phase transition of
SiGe:H thin film from microcrystalline to amorphous
phase, as shown in Fig.3. Figure 7 shows the changes
of photo- and dark-conductivities and photosensitivity
of SiGe:H films deposited at (S+ G)C of 2% with
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Fig.7. Photo- and dark-conductivities and photosensitiv-
ity of SiGe:H films deposited at (S+ G)C of 2% and dif-
ferent GCs.

With the increase of GC, the photo-
conductivity decreases slowly and then increases when
GC exceeds 20%.
gradual rise up to 107! S/cm. As a result, the photo-

varying GCs.
The dark-conductivity shows a

sensitivity decreases all along until up to 10°.

4. Discussion

We see from Figs.1 and 2 that the average growth
rates of SiGe:H thin films are mainly determined by
(S+ G)C and subordinately influenced by GC. Under
high hydrogen dilution ((S+ G)C< 3%), the change
of GC in the reaction gas flow only has a little in-
fluence on the growth rates even when GC increases
up to 40%. It is because that the SiGe:H thin films
under a high hydrogen dilution are almost completely
crystallized, and the proportions of SiH* or GeH* to
H* in the plasma of different GCs are nearly identi-
cal. Correspondingly, the growth rates of SiGe:H thin
films under a high hydrogen dilution are nearly iden-
tical. On the contrary, under a low hydrogen dilution
((S+G)C> 4%), the growth rates are strongly influ-
enced by the change of GC in the reaction gas flow,
as for (S+ G)C=5% shown in Fig.2. It can be seen
from Fig.4 that the amorphous phase fraction in thin
films varies greatly with different GCs and decreases
with the increasing GC under a low hydrogen condi-
tion. As a result, the growth rates have a decrease for
higher GC. Namely, growth rates are correlated with
the growth precursors in the plasma.

Raman spectra of different GC series under con-
stant (S+ G)C indicate that under a high hydrogen
dilution the increasing of GC has a little influence on
crystal volume fraction. But as shown in Fig.4, under
a small hydrogen dilution the incorporation of more
GC can obviously enhance the crystal volume fraction.
This is because the incorporation of germanium pro-
motes the formation of crystal grains in the films.['?
As shown in Fig.5, the surface morphology varies with
different GCs, which is relevant to the growth of al-
loys. It is due to that the growth precursors of ger-
manium have higher generation rate and surface re-

activity than those of silicon.[!

Moreover, the alloys
show a strong crystallizing ability when GC is 20%.
It indicates that, thin films of high GC will prefer to
crystallization, and thin films of low GC are easier to
promote the phase transition from microcrystalline to
amorphous growth than that of high GC under low

hydrogen dilution. This is just contrary to Krause’s
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experimental result,® and it may be due to the differ-
ence in the reaction gases. As we know, the bond dis-
sociation energy of GeFy is larger than that of GeHy
used in Krause’s. So, under the same power density
Ge— bond of GeFy is less likely to dissociate than that
of GeHy, and this may lead to more passivated Ge-
bond in our plasma. In a word, GeFy can promote
the crystalline growth in the growth stage.

With the increase of GC, optoelectronic proper-
ties present both favourable and unfavourable aspects
to active material of solar cells. When GC increases,
the mobility edge shifts to lower energies due to the
shrinking of the bandgap, which can extend the spec-
tra response. However, when GC increases, the pho-
tosensitivity decreases due to a significant increase of
defect states. As shown in Fig.7, the photoconduc-
tivity decreases when GC is lower than 20%, and the
possible reason is that plenty of photo-carriers are lost
when abundant Ge is incorporated into the alloys. At
the same time, dark-conductivities keep an increas-
ing tendency with the increase of GC and there may
be two reasons: one is that a great deal of deficiency
states are produced due to redundant GeFy; the other
is that plenty of clusters (show in Fig.5(b)) emerge and
a significant number of holes and cracks are formed in
the film, which may lead to the formation of 0%~ va-
cancies. When GC is larger than 20.0%, the Ge frac-

tions in thin films have a soaring, and consequently,
the photo-conductivity has a steep rise for a higher
absorption of germanium.['*) But further increase of
dark conductivity results in the deterioration of pho-
tosensitivity right down to 10°.

5. Conclusions

In this work, very high frequency plasma as-
sisted reactive thermal chemical vapour deposition
(VHFPA-RTCVD) is used to prepare SiGe:H thin
films on substrates at a temperature as low as 200°C.
We have observed that the growth rates of SiGe:H thin
films depend both on (S+ G)C and GC under a low
hydrogen dilution, but depend mainly on (S+ G)C
under a high hydrogen dilution. We have observed
that the phase transition in SiGe:H alloys from micro-
crystalline to amorphous growth happens easier for
the lower GC than the higher GC. And we have also
observed both of photo- and dark-conductivities are
influenced by the rising in defect states with the in-
crease of germanium incorporation. From this work,
we conclude that very high frequency plasma assisted
method is a useful way to reduce the need of high tem-
perature substrate. We also conclude that GeFy4 can
promote the crystalline growth in the growth stage.
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