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We have studied the p-type hydrogenated silicon oxide (SiO,:H) films prepared in the amorphous-to-microcrystalline transition
region as a window layer in a-Si:H/a-Si;_, Ge :H multijunction solar cells. By increasing the H,-to-SiH, flow ratio (Ry,) from 10
to 167, the SiO,:H(p) films remained amorphous and exhibited an increased hydrogen content from 10.2% to 12.2%. Compared
to the amorphous SiO,:H(p) film prepared at low Ry, , the SiO,:H(p) film deposited at Ry, of 167 exhibited a higher bandgap of
2.04 eV and a higher conductivity of 1.15 x 10> S/cm. With the employment of SiO,:H(p) films prepared by increasing Ry, from 10
to 167 in a-Si:H single-junction cell, the FF improved from 65% to 70% and the efficiency increased from 7.4% to 8.7%, owing to the
enhanced optoelectrical properties of SiO,:H(p) and the improved p/i interface. However, the cell that employed SiO,:H(p) film
with Ry, over 175 degraded the p/i interface and degraded the cell performance, which were arising from the onset of crystallization
in the window layer. Compared to the cell using standard a-SiC,:H(p), the a-Si:H/a-Si;_, Ge ,:H tandem cells employing SiO,:H(p)

deposited with Ry of 167 showed an improved efficiency from 9.3% to 10.3%, with V¢ of 1.60V, J5c of 9.3 mA/cm?, and FF of

68.9%.

1. Introduction

Silicon-based thin-film solar cells have the advantages of low
material usage, low temperature process, and capability of
using flexible substrate, which can be produced for large-scale
and low-cost applications [1, 2]. The conversion efficiency of
silicon-based thin-film solar cells is relatively lower which
needs to be further improved. One of the approaches in
terms of obtaining high efficiency is the development of
multijunction solar cells for more efficient utilization of solar
spectrum [3, 4]. It has been shown that the hydrogenated
amorphous silicon germanium (a-Si,_,Ge:H) is a promising
material as low-bandgap absorber in multijunction solar
cells, due to its higher absorption coeflicient compared to
the hydrogenated amorphous silicon (a-Si:H) [5]. Studies
have also reported that the a-Si:H/a-Si,_, Ge,:H tandem cell
offered a high efficiency with broadband absorption, low
absorber thickness, and high production throughput, which
has attracted much attention to be employed in the triple- or
multijunction solar cells [6, 7].

To further achieve high efficiency of a-Si:H/a-Si,_,Ge :-H
solar cells, the employment of an ideal window layer is
required. The window layer can affect both light absorption
and carrier transport in the solar cells [8, 9]. The p-type
hydrogenated amorphous silicon carbide (a-SiC,:H(p)) has
been widely used as window layer in amorphous silicon-
based solar cells due to its wide bandgap [10]. However,
alloying carbon induced defects in the a-Si:H network, which
hindered the carrier collection in solar cells [11]. The p-type
hydrogenated amorphous silicon oxide (a-SiO,:H(p)) has
been reported as an alternative to a-SiC,:H(p) due to its better
electrical property, which was attributed to the less defects
density in a-SiO,:H(p) [12].

To improve the quality of a-SiO,:H(p), an appropriate
hydrogen dilution was needed during the deposition. The
hydrogen radicals during film growth enhanced the passiva-
tion of dangling bonds on the growing surface and promoted
the structural relaxation of the silicon network [13, 14].
On the other hand, abundant hydrogen radicals may also
lead to phase transition from amorphous to microcrystalline



structures, which decreased the bandgap of p-layer and
increased the band offset at p/i interface [15]. It has been
reported that the undoped or p-type a-Si:H prepared in the
transition region resulted in a lower defect density at the p/i
interface and thus reduced the recombination velocity [16].
Moreover, it has also been pointed out that the undoped
SiO,:H in the transition region exhibited higher bandgap
of 1.88 eV, accompanied with an increased photosensitivity
over 2 orders of magnitude by increasing hydrogen gas flow
[15]. However, only few researches studied and focused on
the structural and optoelectrical properties of p-type SiO,:H
prepared in the amorphous-to-microcrystalline transition
region, as well as the corresponding cell performance.

In this work, we have developed the p-type SiO,:H from
amorphous phase to microcrystalline phase by optimizing
the deposition conditions including H,-to-SiH, flow ratio
(Ry,). The effects of Ry on structural analysis, chemical
composition, and optoelectrical properties of SiO,:H(p)
films were systematically studied. Furthermore, the effect of
SiO,:H(p) films deposited at different Ry; as window layer
in a-Si:H single-junction cells was analyzed in detail. The
characteristics of the optimized SiO,:H(p) substituted for
the conventional a-SiC,:H(p) as window layer in a-Si:H/a-
Sij_,Ge,:H tandem solar cells, which were designed for
multijunction solar cells, were also presented.

2. Experimental Details

Silicon-based thin films were prepared in a 2712 MHz
single-chamber plasma-enhanced chemical vapor deposition
(PECVD) system with a load-lock transfer chamber. Gas
mixtures of SiH,, CO,, GeH,, B,H,, PH;, and H, were
used as source gases. The p-type SiO,:H films were prepared
at different Ry on Corning EAGLE XG glass substrate at

approximately 190°C. The oxygen content ([O]) of SiO,:H(p)
films was examined by X-ray photoelectron spectroscopy
(XPS). The hydrogen content (Cy) of SiO,:H(p) films was
calculated by the integrated strength of the rocking-wagging-
rolling vibration at 640 cm™', which was characterized by
Fourier transform infrared spectroscopy (FTIR). The trans-
mittance and reflectance of films were measured by an
ultraviolet-visible near-infrared spectrophotometer for cal-
culating the absorption coefficient. The value of bandgap
(E,) of a-SiO:H(p) was determined by using Tauc’s formula
[17]. The Raman spectrum of SiO,:H(p) was deconvoluted
to four Gaussian peaks centered at 430, 480, 510, and
520 cm™", which corresponded to the longitudinal optical
(LO) mode of a-Si:H, the transverse optical (TO) mode
of a-Si:H, the intermediate fraction mode of c-Si, and the
TO mode of c-Si, respectively [18]. The crystalline volume
fraction (Xs) of uc-SiO,:H(p) was calculated from the
ratio of the integrated intensities of deconvoluted TO mode
peaks centered at 480, 510, and 520cm™' from Raman
spectroscopy with a probe laser of 488 nm excitation. The
dark conductivity (g4) of SiO,:H(p) films was measured with
coplanar Ag electrodes at room temperature. The activation
energy (E,) of SiO,:H(p) films was calculated from temper-
ature dependence of dark conductivity using the Arrhenius
Plot.
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The a-Si:H single-junction solar cells were deposited
in a superstrate configuration on textured SnO,:F glass
substrate. The structure of a-Si:H single-junction solar cells
was glass/SnO,:F/SiO,:H(p)/a-Si:H(i)/pc-SiO, :H(n)/Ag with
12nm thick SiO,:H(p) window layer and 300 nm thick a-
Si:H absorber. The thicknesses of the absorbers of a-Si:H/a-
Si;_,Ge,:H tandem cells were 130 nm and 240 nm, respec-
tively. The current density-voltage (J-V') characteristics of a-
Si:H single-junction and a-Si:H/a-Si;_,Ge,:H tandem cells
were obtained under a single lamp solar simulator with
an Ag electrode area of 0.25cm’ defined by the shadow
mask. The external quantum efficiency (EQE) was acquired
under short-circuit condition, and the obtained short-circuit
current density (Jg) was used for the calculation of the cell
performances.

3. Results and Discussion

3.1 Structural, Optical, and Electrical Properties of p-Type
SiO,:H Thin Films. The Raman spectra of SiO,:H(p) as
a functlon of Ry, are demonstrated in Figure 1 As Ry,
increased from 10 to 167, the LO mode and the TO
mode of a-Si:H were observed, which indicated that the
film network was amorphous. Furthermore, the peak posi-
tion of the TO mode of a-Si:H was shifted from 466
to 480cm™" with increasing Ry, from 10 to 167 Studies
have reported that the a-Si:H TO mode exhibiting a blue-
shifted peak position correlated to the decreased bond
angle distortion in the film network [19, 20]. It is pointed
out that the decreased bond angle distortion can improve
the stability of solar cell against light-induced degradation
[21].

With increasing Ry, from 167 to 175, the intermediate
fraction mode of c-Si around 510 cm™" was observed, sug-
gesting the formation of microcrystalline structures. This led
to the enhancement in the crystalline volume fraction (X)
of §iO,:H(p) from 0 to 25%. Further increasing Ry from
175 to 300, the peak of the TO mode of c-Si appeared. This
can be attributed to the fact that the excess hydrogen radicals
enhanced the etching effect, which increased the relaxation of
the disordered structures and the construction of Si-Si bond
[22]. The increased pc-Si:H phase accompanied with the
decreased a-Si:H phase further increased X of uc-SiO,:H(p)
from 25 to 48%. In our case, the crystallite formation in
the SiO,:H(p) film in the amorphous-to-microcrystalline
transition region was observed as Ry, was over 167.

In order to clarify the correlation between the structural
change and the chemical composition of SiO,:H(p) films,
the oxygen and hydrogen contents were characterized. Fig-
ure 2(a) shows the oxygen content ([O]) of SiO,:H(p) films
as a function of Ry . As Ry was increased from 10 to 300,
[O] was slightly increased from 16 to 20 at. %. This was
likely due to the hydrogen atoms assisting the dissociation of
CO, into CO + OH, which resulted in the increased oxygen
incorporation in film [23]. In addition, [O] of SiO,:H(p)
films was increased linearly from purely amorphous phase
to microcrystalline phase. [O] seemed not to be affected by
the formation of microcrystalline phase. This was due to
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FIGURE 1: Raman spectrum and crystalline volume fraction for p-
type SiO,:H deposited at different H,-to-SiH, flow ratio (Ry, ).

the mixed-phase nature of pc-SiO,:H(p) films whose optical
property was mainly affected by a-SiO,:H phase where the
oxygen was incorporated [24].

Cy of SiO,:H(p) films as a function of Ry is shown in
Figure 2(b). With increasing Ry from 10 to 117, there is no
significant change on Cy. This suggested that the network
of a-5i0,:H did not change obviously with increasing the
hydrogen dilution. With increasing Ry, from 117 to 167,
Cy was increased from 10.2 to 12.2%. The increased Cy
seemed to correlate with the blue-shifted position of the
TO mode of a-Si:H as shown in Figure 1. This suggested
that small crystallites, which were not discerned by Raman
spectroscopy, may exist in the network of SiO :H(p) [21].
The hydrogen passivated the dangling bonds around the
crystallites where the structural defects may exist, leading to
the improved network, less interface defects, and increased
Cy of SiO,:H(p) film [25]. Further increasing Ry from
167 to 300, Cy; was decreased from 12.2 to 5.4%. As illus-
trated in Figure 1, the microcrystalline phase was formed
as Ry, was over 167. The decreased Cy; was thus likely due
to the formation of ordered structure where the dangling
bond was substantially reduced and thus less hydrogen was

incorporated for passivation. In our case, we found that Ry
increased from 117 to 167, which was also before the onset
of crystallization, which could increase Cy of SiO,:H(p) and
improve the film quality of SiO,.:H(p).

Figure 3 shows the absorption coefficient of the SiO,:H(p)
as a function of Ry . The absorption coefficient of our
standard a-SiC,:H(p) film was shown as a reference. Com-
pared to a-SiO,:H(p) deposited at Ry of 10, the a-SiC,:H(p)
deposited at the same Ry exhibited Tower absorptlon coef-
ficient, which was due to the higher bandgap (E,) of a-
SiC,:H(p) (2.03eV) than that of a-SiO,:H(p) (1.96 eV) As
Ry, was increased from 10 to 167, the blue—shifted absorption
coefficient of a-SiO,:H(p) was due to the increased oxygen
incorporation in a-SiO,:H phase [26]. This increased E,
from 1.96 to 2.04 eV. We also found that the uc-SiO,:H(p)
deposited at Ry above 167 exhibited lower absorption
coeflicient than a-SiO,:H(p). This can be attributed to the
indirect bandgap property of pc-Si:H phase in uc-SiO,:H(p)
films. In addition, the absorption coefficient of pc-SiO,:H(p)
would depend on X¢. As Ry, increased from 175 to 300,
the increased crystalline phase resulted in the decreased
absorption coefficient.

Figure 4 shows the dependence of Ry, on dark con-
ductivity (04) and activation energy (E a) of SiO,:H(p).
Our standard a-SiC,:H(p) was also shown as a reference
Compared to a-SiO,:H(p) with Ry, of 10, the a-SiC,:H(p)
deposited at the same Ry exhibited lower o4 of 2.37 x
107 S/cm and higher E, of 0.62eV. Similar results were
found by Fujikake et al. [27]. This improvement in o4 and
E, of a-Si0,:H(p) was ascribed to the higher mobility and
the lower defect density than a-SiC,:H(p) [27]. In the case
of SiO,:H(p), with increasing Ry from 10 to 167, o4 was

increased from 4.44 x 107 to L15 x 107> S/cm. This was
because the increase in hydrogen radicals assisted etching
the disorder configurations, providing energy for structural
relaxation and passivating the dangling bonds in network,
leading to reduced defect density and enhanced o4 [25].
Further increasing Ry, from 167 to 300, o4 was significantly

increased from 115 x 107> S/cm to 2.01 x 107" S/cm. This
could be due to the formation of crystalline structure as
illustrated in Figure 1. The increased pc-Si:H phase and the
enhanced X could assist the carrier transport in film, thus
increasing o4 of uc-SiO,:H(p). In addition, with increasing
Ry, from 10 to 300, E, was substantially decreased from 0.61
to 0.07 eV. This was due to the fact that the doping efficiency
was higher in crystalline phase than that in amorphous phase
[28]. In consequence, Ry, should be carefully controlled to
prepare SiO,:H(p) possessing the appropriate optoelectrical
properties that are suitable for the cell application.

3.2. Application of p-Type SiO,:H as Window Layer in a-
Si:H Single-Junction Cells. The performance of a-Si:H single-
junction solar cells employing SiO,.:H(p) deposited at differ-
ent Ry is demonstrated in Figure 5. As shown in Figure 5(a),
with increasing Ry, from 10 to 167, the open-circuit voltage
(Voc) was increased from 0.89 to 0.91V, which was due to
the increased E, of SiO,:H(p) from 1.96 to 2.04 eV. Further
increasing Ry, from 167 to 300, V5 was decreased from 0.91



Amorphous-to-microcrystalline transition region
25

N8
S

Oxygen content, [O] (at. %)
s

$i0,:H(p)

oL /....

0 50 100 150 200 250 300
H,-to-SiH, flow ratio (Ry,)

()

International Journal of Photoenergy

Amorphous-to-microcrystalline transition region

y (]
15 / !
. |
B |
< “
et | v I
© 10 4 |
£ |
E 1
o ]
Q 1
g
g 5 !
o ]
>~
1
1
O " 1 " 1 ///:. 1 N 1

0 50 100 150 200 250 300
H,-to-SiH, flow ratio (Ry,)

()

FIGURE 2: Effect of Ry, on (a) oxygen content and (b) hydrogen content of SiO,:H(p) films.
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FIGURE 3: Effect of Ry, on absorption coefficient of $i0,:H(p) films.

to 0.83 V. The decreased V5 can be ascribed to the structural
defects at the p/i interface because of the interfacial lattice
mismatch between pc-SiO,:H(p) and a-Si:H(i). This led to
the increased shunt leakage current and thus decreased V¢
[29].

The effect of Ry, of SiO,:H(p) on external quantum effi-
ciency (EQE) of a-Si:H single-junction solar cells is illustrated
in Figure 6. As Ry, was increased from 10 to 167, the EQE
of short-wavelength region was enhanced gradually, which
led to the increase in short-circuit current (Jg) from 13.0 to
13.7 mA/cm?® as shown in Figure 5(b). This was due to the
reduced parasitic absorption loss arising from the increased
E, of a-§i0,:H(p). As Ry, was further increased from 167
to 300, the continuously enhanced EQE in short-wavelength
region was observed, which was attributed to the reduction

10° 0.8
p-type SiO,:H

a-SiC,:H(p) W

Dark conductivity, o4 (S/cm)
Activation energy, E, (eV)

a-SiC,:H(p)

108 L ) 0.0
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FIGURE 4: Effect of Ry, on dark conductivity and activation energy
of SiO,:H(p) films.

of optical loss by using pc-SiO,:H(p). However, the slight
reduction in EQE of long-wavelength region from 600 to
750 nm suggested that the defects presented at p/i interface
hindered the carrier transport, which resulted from the
heterogeneous nature between microcrystalline SiO,:H p-
layer and amorphous silicon absorber. J5- was thus decreased
from 13.7 to 13.3 mA/cm? with increasing Ry; from 167 to 300.

The dependence of series resistance (R,) and shunt
resistance (Ry,) of a-Si:H cells on Ry, of SiO,:H(p) layer is
illustrated in Figure 7. With increasing Ry, from 10 to 167,

R, was significantly decreased from 11.7 to 5.2 ohm-cm?. This
was due to the enhanced o4 of a-SiO,:H(p) resulting from
the reduced defect density. This could support the notion that
the increased Cy of a-SiO,:H(p) (Figure 2(b)) was due to
improved passivation of dangling bonds by hydrogen atoms.
The quality of p/i interface was improved, leading to an
increment in Ry, from 1005 to 1739 ohm-cm?. Therefore, with
increasing Ry from 10 to 167, the decreased R; and the
increased Ry, could enhance the FF from 65 to 70%, as shown
in Figure 5(c). As Ry, further increased from 167 to 300, R,
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FIGURE 5: Performance of a-Si:H single-junction solar cells with SiO,:H(p) of different Ry, .

was decreased from 5.2 to 4.5 ohm-cm?, which was likely due
to the increased o4 resulting from the increased X of pc-
SiO,:H(p). However, as Ry was increased from 167 to 300,

Ry, was decreased from 1739 to 1160 ohm-cm?. This was due
to the interfacial lattice mismatch between pc-SiO,:H(p) and
a-Si:H(i) where defects were induced and thus increased the
shuntleakage current. The decreased R, counterbalanced the
increased R; in this case, leading to a reduction of FF from
70 to 64%. As a result, the optimal a-Si:H cell performance
that employed SiO,:H(p) deposited at Ry, of 167 as window
layer exhibited an efficiency of 8.7%, with V5 of 0.91V, Jg¢
of 13.7mA/cm?, and FF of 70%.

3.3. Comparison of SiO:H(p) and a-SiC,:H(p) as Window
Layers in a-Si:H/a-Si;_,Ge,:H Tandem Cells. Figure 8 illus-
trated the spectral response of a-Si:H/a-Si;_,Ge :H tandem
cells with SiO,:H(p) and a-SiC,:H(p) as window layers.
The SiO,:H(p) was prepared using Ry of 167 while the a-
SiC,:H(p) was deposited using our standard condition. It can
be seen that the employment of SiO,:H(p) had a significant
enhancement in EQE of short-wavelength range compared to
that ofa-SiC,:H(p). The increment in short-wavelength range
was due to the lower absorption coeflicient of SiO,:H(p) than
that of a-SiC,:H(p), leading to reduced parasitic absorption
loss in window layer and increased Jg. of top cell from 9.10 to
9.33mA/cm”.

The cell performance of a-Si:H/a-Si;_,Ge,:H tandem
solar cells employing a-SiC,:H(p) and SiO,:H(p) layers is

summarized in Table 1. Compared to standard a-SiC,:H(p),
the cell employing SiO,:H(p) as window layer exhibited
increased FF from 64.2 to 68.9%. As aforementioned, the
increased Cy of SiO,:H(p) was related to the improved
passivation of dangling bonds, resulting in less defects at
the interface. In addition, the conductivity of SiO,:H(p) was
higher than that of a-SiC,:H(p), which may reduce the elec-
trical loss across the p-type layer. These two factors resulted in
improved FE. Consequently, the a-Si:H/a-Si;_, Ge :H tandem
solar cell with the current matching optimization employing
the SiO,:H(p) deposited at Ry of 167 as window layer
exhibited a high efficiency of 10.3%, V5 of 1.60V, Jg of
9.33 mA/cm’, and FF of 68.9%. There was a relative efficiency
enhancement of 11% compared to a-SiC,:H(p) as window
layer.

4. Conclusion

In this work, the effect of Ry on structural, optical, and
electrical properties of SiO,, H(p) films in the amorphous-to-
microcrystalline transition region was studied systematically.
The SiO,:H(p) films prepared by increasing Ry from 10 to
167 increased Cy; due to the enhanced passivation of dangling
bonds, resulting in the less defects in SiO,.:H(p). In addition,
with increasing Ry, from 10 to 167, the 1ncreased bandgap and
the increased conduct1v1ty of SiO,:H(p) coincided with the
increased Cy; by the improved passivation. Further increase
of Ry, from 167 to 300 led to crystallite formation which
increased the conductivity and X..
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TaBLE I: Performance of a-Si:H/a-Si;_,Ge:H tandem cells with different window layers.

Window layer Voc (V) Jsc.op (mA/cm?) Jscbor. (mA/cm?) Jsc rotal (mA/cm?) FF (%) 1 (%)
SiO,:H(p) 1.60 9.33 9.36 18.69 68.9 10.3
a-SiC,:H(p) 1.60 9.10 9.25 18.35 64.2 9.3
100 100
Window layer a-Si:H/a-Si;_, Ge :H tandem cells
< SiOx:H(p)_RH2 =167 (130 nm/240 nm)
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FIGURE 6: Spectral response of a-Si:H single-junction solar cells with
SiO,:H(p) of different Ry, .
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FIGURE 7: Effect of Ry, on series resistance and shunt resistance of
a-Si:H single-junction solar cells.

By employing SiO,:H(p) prepared by increasing Ry, from
10 to 300 in a-Si:H single-junction cells as the window layer,
the short-wavelength spectral response was enhanced signif-
icantly. This was due to the reduced absorption coefficient
of p-layers. However, as Ry, of SiO,:H(p) was over 167, the
defects at p/i interface hindered the carrier transport, which
resulted from the heterogeneous nature between microcrys-
talline SiO,:H p-layer and amorphous silicon absorber. The
high FF of 70% and the efficiency of 8.7% were obtained

by employing SiO,:H(p) deposited at Ry of 167, which
was attributed to the better film quality and the improved
p/i interface. In the case of a-Si:H/a-Si;_,Ge,:H tandem
cells designed for triple-junction solar cells, the replacement
of standard a-SiC.:H(p) by SiO,:H(p) as window layer
improved the efficiency from 9.3% to 10.3%, which was a
relative enhancement of 11%.
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