
lable at ScienceDirect

Journal of Alloys and Compounds 762 (2018) 616e620
Contents lists avai
Journal of Alloys and Compounds

journal homepage: http: / /www.elsevier .com/locate/ ja lcom
Diminished band discontinuity at the p/i interface of narrow-gap
a-SiGe:H solar cell by hydrogenated amorphous silicon oxide
buffer layer

Duy Phong Pham a, Sangho Kim b, Anh Huy Tuan Le a, Jinjoo Park a, **, Junsin Yi a, *

a College of Information and Communication Engineering, Sungkyunkwan University, Suwon, 440-746, Republic of Korea
b Department of Energy Science, Sungkyunkwan University, Suwon, 440-746, Republic of Korea
a r t i c l e i n f o

Article history:
Received 13 March 2018
Received in revised form
17 May 2018
Accepted 21 May 2018
Available online 22 May 2018

Keywords:
Narrow-gap a-SiGe:H solar cells
a-SiOx:H buffer layers
Band gap profiling
* Corresponding author.
** Corresponding author.

E-mail addresses: jwjh3516@skku.edu (J. Park), ju

https://doi.org/10.1016/j.jallcom.2018.05.248
0925-8388/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t

We optimized hydrogenated amorphous silicon oxide (a-SiOx:H) as a buffer layer at the p/i interface of
hydrogenated amorphous silicon germanium (a-SiGe:H) solar cells. This buffer layer was intended to
effectively diminish the band discontinuity between the high-bandgap p-window layer and low-gap a-
SiGe:H absorption layer, thereby enhancing the cell performance. The open-circuit voltage (Voc)
increased by 3.7% as the [CO2]/[SiH4] gas ratio increased from 0 to 0.06. In addition, the short-circuit
current density (Jsc) gradually increased with the gas ratio. Using the optimized a-SiOx:H buffer layer,
a high performance of 9.6% was recorded for narrow-gap a-SiGe:H thin film solar cells. a-SiGe:H solar
cells with optimized a-SiOx:H buffer layers, used as middle subcells, are expected to enhance the total Voc

of triple-junction configuration solar cells.
© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Thin-film silicon solar cells have been the subject of extensive
research for many decades as solar energy-harvesting devices
[1e4]. In spite of suffering from light-induced performance
degradation upon light soaking, known as the StaeblereWronski
effect [5], their competitive advantages such as low production
cost, large-scale manufacturing, flexibility, light weight, and espe-
cially their potential applicability to building-integrated photovol-
taic systems have continued to foster further improvements [6e8].
In particular, the recent world-record achievements of triple-
junction solar cells with initial performance of over 16% have
paved the way for the persistent pursuit of high-performance and
cost-effective solar cells [9,10].

The main advantage of the triple-junction configuration is the
use of three absorption layers with different bandgaps for capturing
the full range of solar spectra and thus increasing the cell perfor-
mance. In the triple-junction configuration, generally, hydroge-
nated amorphous silicon germanium (a-SiGe:H) solar cells play an
important role as the middle subcells, in combination with
nsin@skku.edu (J. Yi).
hydrogenated amorphous silicon (a-Si:H) top cells and hydroge-
nated microcrystalline silicon (mc-Si:H) bottom cells. As middle
subcells in this configuration, the a-SiGe:H active layers are sup-
posed to gain an intermediate bandgap, generally in range of
1.4e1.6 eV [11], compared with the intrinsic 1.7e1.8 eV for the a-
Si:H top cells and 1.1 eV for the mc-Si:H bottom cells. By varying the
Ge content in the i-layer, the bandgap of the a-SiGe:H absorption
layers can be changed over a large range of 1.1e1.8 eV [12]. Unfor-
tunately, the narrow bandgap of a-SiGe:H layers normally results in
band discontinuities [13e15], otherwise known as band-offset,
compared with the high bandgap of p-type layers. This is mainly
attributed to diminishing the open-circuit voltage (Voc) and fill
factor (FF) [16,17]. A buffer layer at the p/i interface with an inter-
mediate bandgap between those of the p-window layer and a-
SiGe:H absorption layer has been proposed as a solution for the
band discontinuity issue [2,16]. Buffer layers of a-Si:H have been
effectively used to enhance the cell parameters of narrow-gap a-
SiGe:H solar cells, especially Voc and FF [2,10,18]. However, there is
still scope to investigate tuneable-bandgap materials such as hy-
drogenated amorphous silicon carbide (a-SiC:H), a-SiGe:H, and a-
SiOx:H to further enhance cell parameters. Owing to its two-
terminal series electrical configuration, the Voc of a triple-
junction solar cell is approximately given by the sum of the Voc
values of the three subcells. Therefore, an enhancement in the Voc
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of the a-SiGe:H middle subcells can improve the overall perfor-
mance of the triple-junction configuration.

Consequently, this study aims to further enhance the cell pa-
rameters, especially Voc, of narrow-gap a-SiGe:H solar cells. For this
purpose, we examined a-SiOx:Hmaterials with various bandgaps as
buffer layers at the p/i interface of a-SiGe:H solar cells. The effect of
these buffer layers on the cell parameters was discussed in com-
parison with the conventional a-Si:H buffer layer.

2. Experiment

We used a cluster multi-chamber plasma-enhanced chemical
vapor deposition system for the fabrication of a-SiGe:H thin-film
solar cells. All cells were fabricated in a p-i-n superstate configu-
ration on commercial Fluorine doped Tin oxide (FTO)-coated glass
substrates with the random roughness in range of 5e20 nm. The
window layers were double p-type layers, including hydrogenated
microcrystalline silicon oxide (p-mc-SiOx:H) and hydrogenated
amorphous silicon oxide (p-a-SiOx:H) with optical bandgaps of 2.1
and 2.0 eV, respectively. The n-layers were hydrogenated micro-
crystalline silicon (n-mc-Si:H). The absorption layers or intrinsic
layer (i-layers) were a-SiGe:H layers with a thickness of 300 nm and
an optical bandgap of 1.58 eV. In order to smooth the p/i interface,
the intrinsic a-SiOx:H buffer layers were inserted between the p-
and i-layers.

Single a-SiOx:H layers of thickness 50 nm were deposited on
eagle glass. The deposition parameters of these layers are exhibited
in Table 1. The electrical properties, including the dark and photo-
conductivity, of the a-SiOx:H layers were measured with a paired
aluminium planar electrode configuration using a semiconductor
parameter analyser (EL420C). The thickness and absorption coef-
ficient were inferred from fitting the ellipsometry spectra using the
VASE J. A. Woollam system over a wavelength range of
240e1700 nm. Single a-SiGe solar cells were characterized under
dark and illuminated conditions. A one-sun AM 1.5 solar tester with
100mW/cm2 light intensity was used for the illumination charac-
terizations at 25 �C. The external quantum efficiency (EQE) model
QEX7 was utilized.

3. Results and discussion

The main purpose of this work was to optimize the a-SiOx:H
buffer layer at the p/i interface of narrow-gap a-SiGe:H solar cells to
significantly limit the band discontinuity between high-bandgap p-
type window layers and narrow-gap intrinsic a-SiGe:H layers,
which is expected to enhance the cell parameters, resulting in
improved cell performance. In the first step, we examined the op-
toelectronic properties of the single a-SiOx:H buffer layers with
respect to modifying the [CO2]/[SiH4] gas flow ratios during prep-
aration. Fig. 1 shows the optoelectronic properties of 50 nm single
a-SiOx:H layers as a function of the [CO2]/[SiH4] gas flow ratios,
including the transmittance (1a), optical bandgap inferred by Tauc's
plot (1 b), dark conductivity (sd), photo-conductivity (sp), and
photosensitive value (1c), which is defined as ratio of the photo-to-
Table 1
Deposition parameters of a-SiOx:H layers.

Parameters Values

[H2]/[SiH4] flow ratio 5
[CO2]/[SiH4] flow ratio 0.0e0.6
Power density 42.55mW/cm2

Working Pressure 300 mTorr
Deposition temperature 160 �C
Thickness 50 nm

Fig. 1. a) Transmittance; b) Plot of (a.E)1/2 versus photon energy e E (the linear fitting,
dash line, for determination of the Tauc optical bandgap); and c) Dark e and Photo e

conductivity (the inset is the photosensitive which is determined by photo to dark
conductivity ratio) of single a-SiOx:H layers.
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dark-conductivities. The transmittance and optical bandgap of the
films gradually increased with the gas ratios, whereas the elec-
tronic properties, such as sd, and sp, substantially decreased. It is
well-known that the incorporation of oxygen elements into silicon
thin-film materials can enhance the optical bandgap and therefore
increase the transmittance [19e22]. In addition, this incorporation
can cause high defect densities, reducing carrier transport, and as a
result decreasing the conductivity [20,23]. The photosensitive value
has been frequently used as one of the parameters to estimate the
quality of a single silicon layer [24e26]. As seen in Fig. 1c, the
photosensitive values gradually decreased with the gas ratios and
especially decreased by one to two orders of magnitude at gas ra-
tios greater than 0.06. The decrease in the photosensitive values
suggested that the high oxygen concentration via the increased CO2
flow rate detrimentally affected the quality of the a-SiOx:H films,
i.e., increased the defect density in the films.

In the second step, we fabricated single a-SiGe:H solar cells with
various the [CO2]/[SiH4] gas flow ratios of the a-SiOx:H buffer at the
p/i interface, as shown in Fig. 2. We examined the effect of the
buffer layers on the cell parameters such as Jsc, FF, and Voc. These
parameters were extracted from the illuminated J-V curves, as
shown in Fig. 3a. In addition, Fig. 3b summarizes the variation of
these parameters with the gas ratios. First, as can be seen in Fig. 3b,
the Jsc value regularly increased with the gas ratios. This increase is
consistent with that in the transmittance and optical bandgap of
the buffer layers as shown in Fig. 1. This means that the increase in
Jsc could be due to the broadened optical bandgap of the buffers,
resulting in reducing parasitic absorption and therefore enhanced
transmittance, especially at short wavelengths, into the absorption
a-SiGe:H layers. To demonstrate the enhanced short-wavelength
absorption of the absorption layers, we examined the EQE mea-
surements, as shown in Fig. 4. The results indicated the clear in-
crease in the short wavelength of EQE with the gas ratios.

Second, the FF values in Fig. 3b decreased slightly from 0.66 to
0.64 as the [CO2]/[SiH4] gas flow ratio increased from 0.0 to 0.06,
and dropped significantly when the ratio was higher than 0.16. The
decrease in FF can be due to the reduced conductivity of the a-
SiOx:H buffer layers with gas ratios, which can cause considerable
increases in the series resistance (Rs) value of the device. Based on
the dark IeV characteristics [27], we calculated the Rs value of the
a-SiGe:H cells, as shown in Fig. 5a. In addition, Fig. 5b summarizes
Fig. 2. Single a-SiGe:H cell structure with various the
the Rs values of the cells as a function of the gas ratio. It can be seen
that the Rs value gradually increases from 8U to 14U with the gas
ratio. It is well-known that the FF value is proportional to the shunt
resistance and inversely proportional to the series resistance of a
cell device [28,29]. It can be inferred that the reduction in con-
ductivity of the buffer layers with the gas ratio could result in an
increase in Rs and therefore a reduction in the FF value.

Finally, the Voc showed a low value of 0.78 V with the conven-
tional a-Si:H buffer layer, with [CO2]/[SiH4]¼ 0. The Voc gradually
increased to 0.82 V at the ratio of 0.06 and abruptly decreased to
0.79 V at the ratios higher than 0.06. We used the amorphous
semiconductor analysis (ASA) simulation program to simulate the
p/i interface with various a-SiOx:H buffer layers. The band diagram
schematics of the cells are shown in Fig. 6. It can be observed that a
significantly high potential barrier may be formed at the p/i inter-
face of a cell without buffer layers. A conventional a-Si:H buffer
layer can significantly reduce the band discontinuity with the i-
layer, but considerably formed a band-offset with the p-layer. In
addition, with high bandgap of the a-SiOx:H buffer layer at the gas
ratio of 0.6, the considerably high band-offset was formed with the
i-layer, but strongly reduced at the p-side layer. In all these cases,
the hole carrier transport can be significantly hindered by high
potential carriers, resulting in detrimental effects on Voc and FF.
Consequently, it is believed that the intermediate bandgap of the a-
SiOx:H buffer layer at the gas ratio of 0.06 can balance the band-
offset at both interfaces, as shown in Fig. 6, resulting in an
enhancement in Voc. D. Lundszien el al [14,16]. Investigated com-
plete effects of a-Si:H buffer layers at the interfaces on narrow-gap
a-SiGe:H solar cells. It showed clearly that a-Si:H buffer layers can
improve significantly the cell parameters such as Voc and FF,
resulting in cell efficiency-enhancement. However, with a tendency
to further widening the band gap of the window layers in order to
enhance the light into the absorption layers [30e32], the a-Si:H
buffer layers with the limited band gap seem to be a non-optimal
choice for balancing the band discontinuity at the p/i interface.
Consequently, tuneable-bandgap buffer layers such as a-SiC:H
[18,33] or a-SiOx:H [20,23] layers can play a potential role in the
band-offset challenge of narrow-gap a-SiGe:H solar cells.

In conclusion, a high conversion Eff of 9.6%was foundwith the a-
SiOx:H buffer with a [CO2]/[SiH4] gas flow ratio of 0.06. The cell
parameters, including Jsc and particularly Voc, were impressively
[CO2]/[SiH4] gas ratios of a-SiOx:H buffer layers.



Fig. 3. a) Illuminated J-V curve characteristics of a-SiGe:H solar cells; and b) variation
of cell parameters such as Voc, Jsc, FF, and Eff as a function of the gas ratios.

Fig. 4. External quantum efficiencies of a-SiGe:H solar cells in short wavelength.
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increased at this ratio, compared with those of the conventional a-
Si:H buffer layer. The gradual increase in Jsc was attributed to the
broadened optical bandgap of the a-SiOx:H buffer layer owing to
changes in the [CO2]/[SiH4] gas ratios. The enhancement in Voc
could be due to the reduction in the band-offset at the p/i interface
with the intermediate bandgap of a-SiOx:H at the gas ratio of 0.06,
whereas the gradual decrease in FF may be due to the increase in
the Rs value of the cell device.
Fig. 5. a) Plot of dV/dJ vs 1/J for a-SiGe:H solar cells from measured dark J(V) data.
From the linear fitting, the intercept is series resistance (Rs); and b) variation of Rs as a
function of the gas ratios.



Fig. 6. The band diagrams of a-SiGe:H solar cells, extracted from the ASA simulation,
with various the gas ratios of a-SiOx:H buffer layers.
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4. Conclusion

We optimized the a-SiOx:H buffer layers at the p/i interface for
narrow-gap a-SiGe:H solar cells. The a-SiOx:H buffer layer with a
[CO2]/[SiH4] gas ratio of 0.06 showed increases in Voc and Jsc
compared with the conventional a-Si:H buffer layer. A high cell
efficiency of 9.6% was obtained with the a-SiOx:H buffer at this
ratio. The a-SiOx:H buffer was credited with significantly dimin-
ishing the band-offset between the high-bandgap p-layer and
narrow-gap intrinsic a-SiGe:H layer. With optimized a-SiOx:H
buffer layers, the Voc values of a-SiGe:H solar cells are expected to
be further improved. Therefore, the performance of the triple-
junction configuration solar cells.
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