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Abstract. We fabricated hydrogenated amorphous Si (a-Si:H) passivation layers on the surfaces of Si
wafers by using triode-type plasma-enhanced chemical vapor deposition with gas-heating, and discussed
high-quality surface passivation for Si heterojunction solar cells. The sample with the a-Si:H layers
corresponding to the highest proportion of SiHx(x=2,3) content in SiHx(x=1–3) content exhibited the minimum
surface recombination velocity (S) after annealing. This suggests that using SiHx(x=2,3)-rich a-Si:H grown at
low-temperature as a passivation layer is advantageous to inhibit an epitaxial growth at the a-Si:H/
crystalline Si interface, and that a structural relaxation of the a-Si:H takes place during post-deposition
annealing, drastically improving passivation quality. Also, the importance to use a low Tsub and to optimize
gas-heating and the triode technique, for obtaining simultaneously higher ﬁlm quality and abrupt interface,
is suggested. Low S obtained for our unoptimized samples implies the potency of this deposition technique.
Nevertheless, further studies are needed to elucidate the impact of gas-heating and the triode technique on
Si surface passivation. Temperature-dependent effective carrier lifetime for our samples might suggest
relatively large electron afﬁnity for an a-Si:H, which might be one possible reason for high-quality surface
passivation.

1 Introduction
Decreasing the thickness of silicon (Si) wafer is an effective
way to reduce material cost in crystalline Si (c-Si) solar
cells, including Si heterojunction (SHJ) solar cells.
Moreover, it is known to increase the open-circuit voltage
of a solar cell [1], which is also advantageous. However, for
a solar cell using a thinner Si wafer, higher-quality of
surface passivation is required [2], other than advanced
light trapping. Among materials for Si surface passivation
layer, hydrogenated amorphous Si (a-Si:H) employed in
SHJ solar cells has been recognized as an excellent
material [3,4].
In this study, aiming to develop further Si surface
passivation technique, we fabricated a-Si:H passivation
layers on the surfaces of Si wafers by using triode-type
plasma-enhanced chemical vapor deposition (PECVD)
with gas-heating system [5], and discussed high-quality
surface passivation for SHJ solar cells. The main features of
the a-Si:H deposition technique are (1) selective transport
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of SiH3 radicals, favorable ﬁlm-precursors, to substrate, (2)
plasma damage-free, and (3) gas-heating effect. The ﬁrst
and the second features are realised by triode technique [6].
In the triode system, separation of plasma away from
substrate is realized by means of a mesh electrode inserted
between cathode and anode. This enables to eliminate
species with short diffusion-length in SiH4 plasma, and
then, SiH3 radicals with long diffusion-length both in SiH4
plasma and on the ﬁlm-growing surface can be selectively
transported to substrate. It is expected to be effective for
high-quality a-Si:H deposition conformally on textured
surfaces [7,8].
Concerning the third feature, the effects of gas-heating
were demonstrated by the results of previous studies [5,9]:
dangling-bond defect density of a-Si:H ﬁlms grown at low
substrate temperature (Tsub) can be reduced with gasheating, while hydrogen content (CH) and bandgap (Eg)
depend on Tsub, not on gas-heating, under conditions with
a ﬁxed Tsub. For Si surface passivation by using a-Si:H,
epitaxial growth at a-Si:H/c-Si interface that occurs
usually at a relatively high Tsub is known to be harmful
[10,11]. That is why low Tsub-deposition of a-Si:H is
advantageous to prevent the epitaxial growth. However,
low Tsub-grown a-Si:H is generally very defective [12].
Then, to obtain high-quality a-Si:H passivation layers at a
low Tsub, we focused on utilizing the triode-type PECVD
technique with gas-heating.
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Fig. 1. Our triode-type PECVD reactor with gas-heating
system.

the sensitivity of the thermometer was high for gas-heating,
but low for heater-heating from below substrate holder,
because of the positioning of the sensor. Therefore, it is
probable that real substrate temperature (Tsub) was
different from the measured Tholder, and that the difference
would depend on conditions, e.g. Tmesh and distance
between the mesh and the substrate.
After the deposition of an a-Si:H passivation layer on
both sides, samples were annealed consecutively in forming
gas (3% H2 in N2) atmosphere for 5 min at annealing
temperatures (Tann) ranging from 200 to 250, 300 or 350 °C.
(Exceptionally for the sample with 6 nm thick a-Si:H layers
prepared with a Tmesh = 400 °C, post-deposition annealing
at 350 °C was performed for 1 min as a test.)
Just after each annealing, the minority carrier effective
lifetime (teff) value of the samples was measured by quasisteady-state photo-conductance (QSSPC) method [13]
with Sinton Consulting WCT-120TS system, and the
effective surface recombination velocity (S) of the samples
was estimated to evaluate the surface passivation quality
by [14]:
1
1
2S
;
¼
þ
t eff t bulk W

2 Experimental
Intrinsic (i) a-Si:H passivation layers with a thickness of 6
or 12 nm were prepared on both sides of Si wafers by using
our triode-type PECVD reactor with gas-heating system,
shown in Figure 1. A novel conﬁguration has been applied
to gas-heating system in our reactor: a stainless steel wire
mesh heated by Joule effect was placed outside of plasma
generation area in order to minimize inﬂuence on plasma
generation, whereas in the previous study [5], the triode
mesh was Joule-heated. Thus, commonly used conditions
for high-quality a-Si:H deposition are applicable in our
system.
The structure of the samples was as follows: i a-Si:H (6
or 12 nm thick)/n-type c-Si (280 mm)/i a-Si:H (6 or 12 nm
thick). Si wafers (ﬂoat-zone (FZ), n-type (phosphorusdoped), <100>-oriented, ∼3.0 V cm, double-side-polished)
with a thickness of 280 mm have been employed in this
study. They were dipped in hydroﬂuoric acid (HF) solution
(2%) for 60 s to remove the native oxide before the
deposition of an a-Si:H passivation layer on both sides. The
just HF-dipped Si wafer was immediately transferred to the
load-lock of the PECVD system.
a-Si:H passivation layers were deposited by very-highfrequency (VHF)-PECVD with a frequency of 60 MHz.
VHF power density was 30 mW/cm2. This was the minimal
power density to maintain stable plasma under our
deposition conditions. Pure monosilane (SiH4) was used
as a source gas. Process gas pressure was 11 Pa. The
distance between the cathode and the triode mesh was
∼20 mm, and that between the heated mesh and the
substrate was ﬁxed at ∼65 mm. The temperature of the
heated mesh (Tmesh) measured by pyrometer was varied
from 340 to 400 °C, and the temperature of the holder of
substrate holder (Tholder) was kept at ∼100 °C. Note that

ð1Þ

where tbulk and W are the bulk lifetime and wafer thickness,
respectively. Here, t bulk was 8.8 ms for all the samples, and
the minority carrier density for calculating the t eff and S
was 1.0  1015 cm3.
Spectroscopic ellipsometry was employed to determine
the thickness and the bandgap (Eg) of the a-Si:H
passivation layers. For observation of a-Si:H/c-Si interface and a-Si:H nanostructure, a high-resolution crosssectional transmission electron microscopy (TEM) micrograph was acquired by a HITACHI High-Technologies H9500 system with an acceleration voltage of 200 kV. The
Si-hydrogen (H) bonding was investigated by Fouriertransform infrared spectroscopy (FT-IR) for ∼12 nm thick
a-Si:H passivation layers deposited on both sides of a Si
wafer. The H contents, CH SiH, CH SiH2, and CH SiH3, of the
a-Si:H were determined from the integrated intensities of
Si–H stretching-mode FT-IR absorption signals which
were decomposed into three Gaussian distribution
functions at around 2000 cm1, 2080 cm1, and 2140
cm1, due to Si–H, Si=H2, and SiH3 bonds in a-Si:H,
respectively. The total bonded H content (CH) was taken
as the sum of CH SiH, CH SiH2, and CH SiH3. The proportionality constants used in this study were 9.0  1019 cm2
for Si-H in a-Si:H and 2.2  1020 cm2 for Si=H2 and
SiH3 in a-Si:H [15].
The temperature-dependence of the t eff was also
measured using a QSSPC system equipped with a substrate
heater (Sinton Consulting WCT-120TS), for two samples
with ∼12 nm thick a-Si:H passivation layers. The samples
had been annealed at 250 °C, then air-exposed for a while,
and annealed again at 250 °C before the measurements of
the temperature-dependence of the teff. The measurement
temperatures ranged from 60 to 180 °C and measurements
were carried out in air. The teff was measured from a high
temperature to minimize the effect of heat history of the
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Fig. 2. Total bonded hydrogen content (CH) and (CH SiH2 +
CH SiH3)/CH versus mesh temperature (Tmesh), where the CH SiH2
and the CH SiH3 are hydrogen contents in Si = H2 and SiH3,
respectively, for as-deposited or 250 °C-annealed samples with
∼12 nm thick a-Si:H layers. The data for an as-deposited sample
with ∼8 nm thick a-Si:H layers prepared without gas-heating is
also shown on the left side of the ﬁgure.

c-Si wafer. The experimental details for the temperaturedependence of the t eff measurement are written elsewhere
[16].

3 Results and discussion
3.1 Passivation quality and structural properties of the
a-Si:H passivation layers
The total bonded H content (CH) and the proportion of
(CH SiH2 + CH SiH3) in CH, (CH SiH2 + CH SiH3)/CH, are shown
in Figure 2 as a function of Tmesh, where the CH SiH2 and the
CH SiH3 are H contents in Si=H2 and SiH3 bonds,
respectively, for as-deposited or 250 °C-annealed samples
with ∼12 nm thick a-Si:H passivation layers. The data for an
as-deposited sample with ∼8 nm thick a-Si:H layers prepared
without gas-heating is also shown on the left side of the ﬁgure.
The CH increases with increasing Tmesh from 340 to 400 °C. It
was reported that the CH depends on Tsub, not on gas-heating
[5]. Hence, the reason for the increase in CH with Tmesh is most
probably that real Tsub would decrease with increasing
Tmesh, even though the Tholder was ﬁxed at 100 °C for all
the samples. Real Tsub for the sample prepared without
gas-heating would be the highest. It should be owing to
bad positioning of the thermo-sensor, as mentioned in
Section 2.
The surface recombination velocity (S) for samples with
6 or 12 nm thick a-Si:H passivation layers prepared
with different Tmesh is shown in Figure 3 as a function of
post-deposition annealing temperature (Tann). The S for

3

Fig. 3. Surface recombination velocity (S) versus post-deposition annealing temperature (Tann) for samples with 6 or 12 nm
thick a-Si:H passivation layers prepared with different mesh
temperature (Tmesh). Note that the thickness of the sample
prepared without gas-heating was exceptionally ∼8 nm.

as-deposited samples which is plotted tentatively at a Tann
of 20 °C increases with Tmesh. This would reﬂect a decrease
in real Tsub with increasing Tmesh. For the samples with 6 or
12 nm thick a-Si:H layers prepared with gas-heating, the S
was very high before post-deposition annealing, and then
decreased exponentially with increasing Tann to 300 °C.
The maximum Tann for the samples with 12 nm thick a-Si:H
layers prepared with a Tmesh of 340 or 370 °C was 250 °C,
thus the S might be reduced further if they had been
annealed at 300 °C. On the other hand, for the sample with
∼8 nm thick a-Si:H layers prepared without gas-heating,
the S before annealing was lower than that obtained for the
samples with a-Si:H layers prepared with gas-heating, and
decreased exponentially with a looser slope when increasing
the Tann to 250 °C. The relation between the S and the Tann
for the samples prepared with or without gas-heating, or
rather with different real Tsub is in accordance with the
results reported previously for samples prepared with
different Tsub [11].
As a result, relatively low S values of 1.15 and 2.64 cm/s
have been obtained for the samples with 12 and 6 nm thick
a-Si:H layers, respectively, prepared with a Tmesh of 370 °C.
This Tmesh coincides with the Tmesh corresponding to the
maximum (CH SiH2 + CH SiH3)/CH in Figure 2. This is
consistent with the previous studies [17,18] which argue
that use of underdense i a-Si:H with high CH SiH2/CH SiH
ratio as a passivation layer is advantageous, because a
highly disordered microstructure of the material inhibits an
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Fig. 4. TEM cross-sectional image for the sample with ∼12 nm
thick a-Si:H layers prepared with a mesh temperature (Tmesh) of
370 °C.

undesirable epitaxial growth at the a-Si:H/c-Si interface.
Figure 4 shows TEM cross-sectional image for the sample
with ∼12 nm thick a-Si:H layers prepared with a Tmesh of
370 °C which gave the minimum S of 1.15 cm/s after postdeposition annealing at 250 °C. No epitaxial growth is likely
to be observed in the image.
It is well known that CH SiH2, CH SiH3, and CH as well as
defect density increase with decreasing Tsub, for a-Si:H
prepared at a Tsub below ∼250 °C [12,19] and that a-Si:H
containing SiHx(x= 2,3) bonding is void-rich [20]. Such a low
Tsub-grown a-Si:H ought to inhibit an epitaxial growth at
the a-Si:H/c-Si interface, and then, structural relaxation of
the a-Si:H is taking place during post-deposition annealing
[11], leading to reduced defect density [19,21]. That results
in high-quality surface passivation. The a-Si:H passivation
layers of the sample corresponding to the maximum
(CH SiH2 + CH SiH3)/CH and to the minimum S should be
such a low Tsub-grown underdense material, and thus the
importance to inhibit an epitaxial growth at the a-Si:H/
c-Si interface is suggested in this study, as well.
Incidentally, the (CH SiH2 + CH SiH3)/CH is not the
highest for the sample prepared with a Tmesh of 400 °C
which would correspond to the lowest Tsub. This can be
attributed to the effect of gas-heating [5,9]. Also, the
triode technique is known to be effective for reducing
the CH SiH2/CH [22]. That is to say, the technique employed
in this study is not favorable to obtain a high (CH SiH2 +
CH SiH3)/CH value. This might indicate that this technique
can be utilized alternatively to form an a-Si:H bilayer
passivation structure [18,23] consisting of an underdense
interfacial layer and a denser overlaying layer: the
interfacial layer prepared by conventional method or the
triode technique, and the overlaying layer prepared using
gas-heating and the triode technique. However, the
relatively low S values obtained for our unoptimized
samples imply the potency of this deposition technique for
Si surface passivation using an a-Si:H single layer
passivation structure. That should be owing to the effects
of gas-heating and the triode technique.
Hence, for Si surface passivation using this deposition
technique, inhibition of an epitaxial growth by using a low

Fig. 5. Temperature-dependence of the minority carrier effective
lifetime (t eff) for Sample (1) prepared with gas-heating turned on
before deposition starts and for Sample (2) prepared with gasheating turned on after deposition starts.

Tsub is necessary, and further, optimization of gas-heating
and the triode technique together with the Tsub for
obtaining simultaneously higher ﬁlm quality and abrupt
interface is important. For inhibition of an epitaxial
growth, in addition, a very small fraction of H atoms
reaching the ﬁlm-growing surface, which is realized in the
triode system due to the following gas phase reaction:
SiH4 + H ! SiH3 + H2, may be beneﬁcial. Further
optimization should improve the passivation quality by
using this technique. Nevertheless, further studies, with
precise monitoring and controlling of Tsub, are needed to
elucidate the impact of gas-heating and the triode
technique on Si surface passivation.
Note that the ﬁlm growth rate depends on Tmesh or the
electric current applied to the mesh (Imesh): it increases
from 0.007 to 0.010 nm/s with increasing Imesh from 0 to
55 A. It is conﬁrmed that there was no deposition without
plasma generation, even with an Imesh of 55 A. The same
tendency was also observed previously for samples
deposited on glass substrates. In our system, the Jouleheated mesh possibly gives a positive bias effect to the
triode mesh, and then, the plasma conﬁned between the
cathode and the triode mesh might become spread toward
the heated mesh. Although the growth rate of ∼0.01 nm/s
is low, this disadvantage is less serious compared to the case
of a-Si:H thin ﬁlm solar cells, because a very small thickness
of approximately 4 nm is required for an a-Si:H passivation
layer in order not to increase series resistance as well as
parasitic light absorption. Still, higher growth rate will be
preferred for industrial fabrication, and it should be
realized by optimization of the process conditions.
3.2 Temperature-dependence of minority carrier
lifetime (t eff)
Figure 5 shows temperature-dependence of the minority
carrier effective lifetime (teff) for Sample (1) prepared with
gas-heating turned on before deposition starts and for
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Table 1. Comparison of Sample (1) and Sample (2).
Sample (1)
Tmesh (°C)
CH (at.%)*
Eg (eV)*
DEv (eV)

340
28
1.67
(1.71 for as-deposited sample)
Larger

Sample (2)
300–340
23
1.62
Smaller

*

The values were obtained after post-deposition annealing at
250 °C.

Sample (2) prepared with gas-heating turned on after
deposition starts. The Tmesh, the H content (CH), the
bandgap (Eg), and the valence band offset (DEv) for the
two samples are summarized in Table 1. The higher CH and
Eg suggest lower Tsub for Sample (1). Since the thermometer was more sensitive for gas-heating than for heaterheating from below substrate holder because of the
positioning of the sensor, as mentioned in Section 2, the
real Tsub would be lower for Sample (1). The Eg values of
the a-Si:H in Table 1 are relatively narrow for an a-Si:H.
This would lead to more parasitic absorption loss compared
to ﬁlms deposited with conventional PECVD when
integrated into SHJ solar cells.
It was demonstrated by the results from previous study,
DEv affects teff and temperature-dependence of teff,
according to surface recombination model [16]. The
behavior of teff for different DEv shown in Figure 5 is
qualitatively in good agreement with the result of the
simulation in the previous study [16]. Although the effect of
DEv on the temperature-dependence of t eff is similar to the
result of the previous report, the temperatures corresponding to the maximum teff, T(tmax), are different. In the
previous report, T(tmax) decreases with decreasing the Eg
of the passivation layer and T(tmax) for the Eg of 1.76 eV is
smaller than 60 °C. On the other hand, our experimental
results showed that T(tmax) for the Eg of 1.67 eV and
1.62 eV are 100 °C and 70 °C, respectively. This difference
between our results and the results shown in the previous
report can be explained by the following two possible
reasons.
The ﬁrst possible reason is the difference of interface
defect density. As reported in the previous report, the
temperature-dependence of teff is strongly inﬂuenced by
interface defect density when DEv is small. Higher
interface defect density leads to higher T(tmax). The teff
of our sample is smaller than that of the sample shown in
the previous report, suggesting that interface defect
density of our sample is higher than that of the sample
shown in the previous reports, probably due to the
difference of the thickness of the passivation layer, other
than the difference in t bulk. The fact that our samples had
been slightly degraded due to air exposure before the
measurement of the temperature-dependence of t eff should
also be one reason: the degraded t eff values recovered
incompletely by annealing, thus the teff decreased by
25–35% from the initial values due to air exposure. This
effect is a possible explanation for why our experimental
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results show higher T(tmax). The other possible explanation is that electron afﬁnity of our passivation layer and
the passivation layer reported in the previous report is
different. If the electron afﬁnity of the passivation layer is
larger by 0.15 eV for our samples, T(t max) of our samples
are quantitatively in good agreement with the previous
report. This is due to the increase of the DEv by increasing
the electron afﬁnity. The electron afﬁnity of a-Si:H
estimated experimentally is 3.93 ± 0.07 eV [24], and the
conduction band offset reported previously is
0.15 ± 0.07 eV [25], then, electron afﬁnity of a-Si:H may
vary in this range. Thus, the difference of the electron
afﬁnity could also be one possible explanation for why our
experimental results show higher T(tmax), and it might be
one possible reason for high-quality surface passivation, as
well.

4 Conclusion
We fabricated a-Si:H passivation layers on the surfaces of
Si wafers by using triode-type PECVD with gas-heating
system [5], for SHJ solar cell application. The sample
corresponding to the maximum (CH SiH2 + CH SiH3)/CH
exhibits the highest passivation quality among the samples
prepared with different Tmesh and/or Tsub. This suggests
that using SiHx(x=2,3)-rich a-Si:H grown at low Tsub as a
passivation layer is advantageous to inhibit an undesirable
epitaxial growth at the a-Si:H/c-Si interface, consistently
with the previous studies [17,18].
The (CH SiH2+CH SiH3)/CH of a-Si:H was found to be
reduced with gas-heating as well as the triode technique.
Thus, the importance to use a low Tsub and to optimize gasheating and the triode technique, for obtaining simultaneously higher ﬁlm quality and abrupt interface, is
suggested. Low S values obtained for our unoptimized
samples imply the potency of this deposition technique.
Nevertheless, further studies, with precise monitoring and
controlling of Tsub, are needed to elucidate the impact of
gas-heating and the triode technique on Si surface
passivation.
Besides, temperature-dependent teff for our samples
might suggest large DEv resulted from relatively large
electron afﬁnity for an a-Si:H, which might be one possible
reason for high-quality surface passivation.
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