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GRAPHICAL ABSTRACT

Schematic of the photovoltaic-electrolysis water splitting system using an a-SiGe/SHJ tandem solar cell as the source of electricity.
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ARTICLE INFO ABSTRACT

Keywords: Hydrogen gas produced from a photovoltaic power source for water electrolysis is a promising renewable, low-
Solar-to-hydrogen production cost, storable, and transportable energy source. Herein, we propose a simply integrated hydrogenated amor-
Photoelectrochemical water splitting phous silicon germanium (a-SiGe:H)/silicon heterojunction (SHJ) tandem configuration as an integrated pho-

a-SiGe:H thin film solar cells
Tandem solar cells

SHJ solar cells
Photovoltaic-electrolysis system

tovoltaic-electrolysis device. By optimising the a-SiGe:H top cell for high efficiency using various band-gap
engineering techniques, we achieve effective performance enhancement, with a maximum V,. of greater than
1.5 V. Assuming an ideal condition wherein the photovoltaic device operates at maximum power and the output
conversion performance is maximized, we estimate a solar-to-hydrogen (STH) conversion performance of 13.1%.
The integrated a-SiGe:H/SHJ structure can generate a sufficiently high voltage for water electrolysis while using
lesser silicon than single-junction silicon solar cells connected in series. Consequently, it is a viable option for a
low-cost, high-efficiency integrated photovoltaic-electrolysis system and an alternative to traditional hydrogen
production from fossil fuels.

Abbreviations: SHJ, silicon heterojunction; STH, solar-to-hydrogen; PV, photovoltaic; PEC-WS, photo-electro-chemical water splitting; CIGS, copper indium gallium
selenide; PECVD, plasma enhanced chemical vapor deposition; FF, fill factor
* Corresponding authors.
E-mail addresses: pdphong@skku.edu (D.P. Pham), lehuytuananh@tdtu.edu.vn (A.H.T. Le), yhcho64@skku.edu (Y. Hyun Cho), junsin@skku.edu (J. Yi).

https://doi.org/10.1016/j.inoche.2020.107926

Received 14 February 2020; Received in revised form 17 March 2020; Accepted 1 April 2020
Available online 01 April 2020

1387-7003/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/13877003
https://www.elsevier.com/locate/inoche
https://doi.org/10.1016/j.inoche.2020.107926
https://doi.org/10.1016/j.inoche.2020.107926
mailto:pdphong@skku.edu
mailto:lehuytuananh@tdtu.edu.vn
mailto:yhcho64@skku.edu
mailto:junsin@skku.edu
https://doi.org/10.1016/j.inoche.2020.107926
http://crossmark.crossref.org/dialog/?doi=10.1016/j.inoche.2020.107926&domain=pdf

D.P. Pham, et al.

1. Introduction

The effective use of the abundant solar energy available on Earth is
a constantly evolving research field. In addition to production of elec-
tricity from sunlight using photovoltaic (PV) devices, the conversion of
solar radiation into a storable and transportable fuel source can max-
imise solar energy use [1,2]. Since Fujishima and Honda were the first
to attempt the photolysis of water using a titanium dioxide (TiO)
photo-anode and a platinum (Pt) cathode [3], producing hydrogen fuel
from photo-electro-chemical water splitting (PEC-WS) has emerged as a
sustainable alternative to traditional hydrogen production from fossil
fuels [4-6]. The PEC-WS process does not release carbon dioxide (CO,),
and is a clean and environmentally safe manufacturing process com-
pared to traditional fossil fuel processes [7,8]. Several attempts have
been made to produce hydrogen from water electrolysis, using various
semiconductor materials [9] and approaches [10-12]. However,
creating a low-cost high-efficiency PEC-WS system capable of com-
peting with the traditional fossil fuel production system remains a
challenge [13,14].

With the rapid development of photovoltaic devices, scientists have
proposed an integrated PV and electrolysis water splitting (PV-EWS)
device for hydrogen fuel production [12,14]. In these devices, solar
cells provide the electricity required for water electrolysis. Typically,
the water-splitting mechanism requires a minimum voltage of 1.23 V to
overcome the energy barrier of the water decomposition reaction and to
supply the thermodynamic driving force [12,13,15]. However, to fulfil
the practical overpotential requirements of the electrocatalysts owing
to reaction kinetics and other system losses, a larger applied photo-
voltage of 1.5 to 2.0 V is normally required for commercial electrolysers
[13,16]. The open-circuit photo-voltages (V,.) of commercial single-
junction PV devices such as monocrystalline silicon (c-Si), gallium ar-
senide (GaAs), cadmium telluride (CdTe), and copper indium gallium
selenide (CIGS) are generally less than 1 V [13,17,18]. Consequently, to
obtain a high photo-voltage, single-cells are connected together in
series [13,18]. However, this results in high commercial production-
costs owing to the large quantity of materials used. To fulfil the high
voltage requirement, some researches have focused on multi-junction
cell configurations such as III-V triple-junction solar cells [7,19] or CIGS
tandem solar cells [20]. However, the high trade-prices of these ma-
terials limits the practical application of these devices [21,22].

Consequently, with the aim of creating a high-efficiency, in-
expensive PV-EWS system, we propose an innovative silicon-based
tandem cell configuration. This system incorporates a two-terminal
integration of a hydrogenated amorphous silicon germanium (a-SiGe:H)
top cell and a monocrystalline silicon heterojunction (SHJ) bottom cell,
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as shown in Fig. 1. Other researchers have proposed similar low-price
silicon-based multi-junction photovoltaic configurations for PV-EWS
applications, including hydrogenated amorphous silicon (a-Si:H)/mi-
crocrystalline silicon (uc-Si:H) tandem structure solar cells [23], a-Si:H/
a-Si:H/pc-Si:H triple-junction solar cells, a-Si:H/pc-Si:H/pc-Si:H triple-
junction solar cells, a-Si:H/a-Si:H/pc-Si:H/uc-Si:H quadruple junction
solar cells [24], and a-Si:H/uc-Si:H/c-Si triple-junction solar cells [25].
For multi-junction configurations, the total photo-voltage of the solar
cells is the approximate sum of each sub-cell photo-voltage, while the
photo-current of the junctions essentially depends on that of the a-Si:H
top cell [26]. The pc-Si:H thin film solar cells suffer from a low V.
(around 0.55 V), while a-Si:H cells suffer from a low Js. [17]. In addi-
tion, triple or quadruple junctions require complex manufacturing
technologies. Herein, we combined the advantages of the a-SiGe:H thin
film top cell, such as the provision of a higher J,. than that of an a-Si:H
device [27-29] owing to the tuneable band-gap of the absorption layer,
with the advantages of the SHJ bottom cell, such as high V,. (ap-
proximately > 0.7 V) owing to efficient interface passivation. A two-
terminal integrated configuration with a high V,. and Js. was thereby
created. However, Ge-alloys can lower the band-gap of the absorption
layer. They are also generally accompanied by more defects and a band-
offset at the interfaces, thus impairing the V,, of the fabricated device.
To optimise the conversion performance of the a-SiGe:H top cell, we
used band-gap engineering technology in conjunction with the a-SiGe:H
absorption layer to control the output-cell parameters. The proposed
tandem cell exhibits a high conversion performance of 16.1%, with a
large enough V,. (> 1.5 V) to permit stand-alone water electrolysis,
and an estimated STH efficiency of 13.1%.

2. Experiment

We employed a plasma-enhanced chemical vapor deposition
(PECVD) system to fabricate the PV device used in this study. Silane
(SiH4), hydrogen (H,), and germane (GeH,) were used as precursor
gases for a-SiGe:H layer deposition. Single a-SiGe:H layers 300 nm in
thickness were prepared on eagle glass and bare wafers under various
[GeH,41/[SiH,4] gas ratios in the range of 0.1-0.26 and a constant [H,]/
[SiH4] gas ratio of 5. Optical properties such as the absorption coeffi-
cient (o) and the optical band-gap of these single-layers were de-
termined from their ellipsometry spectra measurements obtained using
the VASE J. A. Woollam system. The film thickness was determined
from the fitting the ellipsometry data obtained using the Cauchy model
in the wavelength range of 600-1700 nm. The micro-structural para-
meters of the films were calculated from their FTIR spectra (not shown
here) as: I>100/(I2000 + I2100), Where I51099 and Irggp are the integrated
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Fig. 1. Schematic of the photovoltaic-electrolysis water splitting system using an a-SiGe/SHJ tandem solar cell as the source of electricity.
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absorption intensities of the peaks at wavenumbers of 2100 and
2000 cm %, respectively. The band-gap engineering technologies of the
single-junction a-SiGe:H thin film solar cells were implemented by al-
tering the [GH,4]/[SiH,4] gas ratio to 0.14, 0.18 and 0.22 during the
deposition of the a-SiGe:H absorption layer, without disrupting the
plasma source. The integrated a-SiGe:H/SHJ tandem configuration, as
shown in Fig. 1, was implemented by directly depositing the a-SiGe:H
top cell on the SHJ solar cells. The cells were characterised by J-V
curves in dark and illuminated conditions using a standard illumination
source at a one-sun illumination (AM1.5) and a power density of
100 mW/cm?. The QEX7 system (PV Measurement Inc.) was used to
determine the external quantum efficiencies (EQEs) of all cells.

3. Results and discussion

Low-cost thin film a-Si:H has been used widely as the top sub-cell in
Si-based multi-junction cell structures [30]. However, these cells suffer
from low electrical current densities owing to the high band-gap (ran-
ging from 1.7 to 1.8 eV) of the a-Si:H absorption layer, which allows
them to effectively absorb sunlight only at short wavelengths below
700 nm. Improving the light-absorption at longer wavelengths—i.e.
further diminishing the band-gap of the absorption layer—can further
enhance the current density of the a-Si:H top cell and thereby improve
the current density of silicon tandem solar cells [30,31]. The inherent
band-gap of a-Si:H can be varied by 1.3 to 1.8 eV by alloying it with
germanium (Ge) [32]. Fig. 2 shows the Tauc optical gaps and micro-
structural parameters of a-SiGe:H absorption layers as a function of the
Ge content. The band-gap of the a-SiGe:H absorption layers diminished
from 1.7 to 1.5 eV with an increase in the Ge content, denoted by an
increase in the [GeH4]/[SiH4] gas ratio from 0.1 to 0.26. In addition,
Fig. 2b shows a gradual increase in the micro-structural parameters
with an increase in the gas ratio, i.e. an increase in the defect densities.
This indicates that alloying with Ge not only diminishes the band-gap of
the a-Si:H material, but also increases its defect density. The latter can
cause a significant decrease in the V. and fill factor (FF), which in turn
affects the total conversion performance [32]. Some reports have pro-
posed that controlling the Ge content—i.e. rearranging band-gaps,
known as band-gap engineering or band-gap grading techniques—-
throughout the thickness of the a-SiGe:H absorption layer can limit
defect densities and promote carrier transportation and collection,
thereby enhancing the a-SiGe:H cell efficiency [28,32-34].

We experimented using various band-gap engineering techniques on
single-junction a-SiGe:H solar cells, as shown in Fig. 3, to determine the
optimal technique for creating high-efficiency solar cells. In Fig. 3, the
horizontal and vertical orientations denote the thickness and optical
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band-gap of the layers, respectively. In cell A, which did not undergo
band-gap engineering, a [GeH,]/[SiH4] gas ratio of 0.22 was main-
tained during the absorption layer deposition, which resulted in an
absorber band-gap of 1.58 eV. In cells B and C, the band-gap of the
absorption layer was graded into five steps, while three steps were used
in cells D and E. The [GeH4]/[SiH,] gas ratio was instantly altered to
values of 0.14, 0.18, and 0.22, corresponding to 1.68, 1.63, and 1.58 eV
band-gaps, respectively. The thicknesses and band-gaps of each of step
are illustrated in detail in Fig. 3. Fig. 4a and 4b show the current
density-voltage (J-V) curves and EQEs, respectively, of single-junction
a-SiGe:H cells with various band-gap configurations of the a-SiGe:H
absorption layer. Cell parameters such V., Js., FF, and efficiency (Eg)
are summarised in Table 1.

The band-gap engineering techniques, as shown in Fig. 3, caused an
essential trade-off between the cell parameters. Researchers have ap-
plied various band-gap grading or profiling techniques to improve the
conversion performance of a-SiGe:H thin film solar cells [27,29,33-35].
However, to date, a proper explanation for these techniques has not yet
been obtained. As indicated in Fig. 2b, an increased Ge content can
lower the band-gap of the a-SiGe:H absorption layer, thereby enhancing
sunlight absorption at longer wavelengths [36]. As shown in Fig. 4b,
the EQE at wavelengths greater than 660 nm of the reference-cell A,
which did not undergo band-gap engineering, was higher than that of
the other cells that underwent band-gap engineering. This results in a
high J. of cell A, but low FF, possibly due to the high defect densities in
this cell. The band-gap engineering applied in cells B to E that utilized
wider band-gap layers of 1.68 eV and 1.63 eV can slightly enhance their
EQE:s for short wavelengths below 500 nm when compared with that of
cell A. A narrow-gap a-SiGe:H layer distributed near the p/i interface,
as shown in cells A and D, can possibly reduce the V,.. Hsu et al. de-
monstrated that a narrow-gap a-SiGe:H at the p/i interface can cause a
substantial band-offset between the high-gap p-doped layer and the
intrinsic a-SiGe:H layer [37], thereby adversely affecting the internal
electrical field as well as the carrier extraction [38,39]. Moreover, in-
creased defect density due to the incorporation of a high Ge content can
cause carrier collection losses [40], and negatively affect the V.
[27,30]. A high band-gap layer located near the p/i interface, as shown
in cells B, C, and E, can diminish interface states and improve the V.
[33,35,39]. The band-gap engineering technique shown in cell D con-
siderably enhanced the FF and J,. leading to a high efficiency of 10.5%.
Guha et al. [41] and Zimmer et al. [42] compared the different band-
gap profiling techniques and noticed a similar trend, but a clear un-
derstanding of these techniques is still absent. The band-gap en-
gineering configuration in cell D can considerably reduce the re-
combination rate and enhance the internal electric field, which results
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Fig. 2. (a) Plot of (a.E)!/? versus photon energy for the determination of the optical band-gap, and (b) the optical band-gap and micro-structural parameter as a
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Fig. 4. (a) J-V curves and (b) EQE of single-junction a-SiGe:H solar cells with various band-gap engineering techniques.

Table 1
Single-junction a-SiGe:H cell parameters.

a-SiGe:H top Voe (V) Jge (mA/ FF (%) Eg(%) n J, (mA/cm?)
cells cm?)

A 0.84 18.3 64 9.8 1.68 3.6 x 1078
B 0.88 17.2 66 9.9 151 25 x 107°
C 0.87 17.5 68 10.3 152 2.7 x 107°
D 0.85 18.0 68 10.4 159 8.6 x 107°
E 0.87 17.8 66 10.2 1.57 4.3 x 107°

in high FF and Jg values [43]. In addition, we used the dark J-V
characteristic measurements to calculate the inverse saturation current
density (J,) and diode ideal factor (n) [44], as shown in Fig. 5. The J,
and n values of the cells are summarised in Table 1.

The J, and n values roughly indicate the carrier recombination/
generation characteristic within the absorption layer. For example, a
higher n value denotes a dominant bulk recombination within the in-
trinsic layer, while a lower J, value denotes the reduction of re-
combination losses, and results in a higher V,. [44,45]. As shown in
Table 1, the cells that underwent band-gap engineering (cells B to E)
showed significantly lower J, and n values than the cell that did not
(cell A). This demonstrates that band-gap engineering techniques sub-
stantially limit recombination losses within the narrow-gap a-SiGe:H
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Fig. 5. Plot of dV/dJ versus 1/J from the dark I-V data of single-junction a-
SiGe:H solar cells. Inset is the data of LogJ as a function of [V-(R*J)] wherein
the slope of the linear fittings corresponds to q/nkT, and the intercepts are the
J, values.

absorption layer and improve cell parameters. We applied the band-gap
engineering techniques on an a-SiGe:H/SHJ tandem configuration to
improve the solar cell efficiency. The illuminated J-V curves of the
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Fig. 6. J-V curves of the integrated a-SiGe:H/SHJ tandem solar cells with
various band-gap engineering techniques used for the a-SiGe:H top cells.

Table 2
The a-SiGe:H/SHJ tandem cell parameters and estimated STH efficiency.

The tandem cells Voc (V) Js (mA/cm?) FF (%) Eg (%) STH efficiency (%)

A 1.40 16.0 60 13.44 11.8
B 1.57 14.3 62 1391 10.89
C 1.56 14.5 69 15.6 12.3
D 1.51 15.5 69 16.14 13.14
E 1.55 15.0 63 1464 11.61

tandem cells are shown in Fig. 6. The tandem cell parameter values are
summarised in Table 2. The integrated a-SiGe:H/SHJ tandem config-
uration had a V,. over 1.5 V, which fulfils one of the essential re-
quirements for EWS applications. The tandem cell A without band-gap
engineering of the top cell had low V,,. and FF values, which is probably
due to the high defect densities in the absorption layer of the a-SiGe:H
top cell. The band-gap engineering in the tandem cell D resulted in high
Jsc and FF values, which increased the tandem efficiency to 16.14%.
Notably, the cell parameter variation trends of the tandem structures, as
shown in Table 2, with the different top-cell band-gap engineering
technologies corresponded to those of the single-junction a-SiGe:H
cells, as shown in Table 1. This indicates that band-gap engineering of
the top cell can control the trade-off relationships between the cell
parameters and thus improve the efficiency of the tandem cell struc-
tures.

Having obtained improved the performance of the PV tandem de-
vice, we now estimate the matching-capacity of the PV generator and
the electrolysis system. The direct monolithic combination of the PV-
EWS, as shown in Fig. 1, was performed to limit the need for inter-
vening electronics and thereby reduce the manufacturing costs [46,47].
Other coupling options such as usage of a DC/DC converter with a
maximum power point tracker have also been suggested [48,49]. While
configurations with the DC/DC converter maintain high stability and
efficiency, they also increase the cost and complexity [47]. In an in-
tegrated PV-EWS system (Fig. 1), the current generated by the elec-
trolysis system is primarily limited by the current of the PV device,
while the PV device must generate a voltage greater than 1.5 V to in-
duce the electrolysis reaction. Therefore, the PV-EWS performance
depends primarily on the performance of the PV solar cells. The STH
conversion efficiency () can be estimated typically via the energy ef-
ficiency of electrolysis coupled with the PV device efficiency (PCE)
[15]. The energy efficiency of electrolysis is defined as the ratio of the
reversible potential of the water decomposition (1.23 V) to the applied
operation voltage for electrolysis. In an ideal case, the electrolyser can
operate under the V. conditions of an integrated PV device; as a result,

Inorganic Chemistry Communications 116 (2020) 107926

n = (1.23 V)(PCE)/V,.. Using this definition, we estimated the STH
conversion efficiency, as shown in Table 2, assuming that the tandem
cells operated at ideal conditions with maximum output conversion
performances. This implies that the current of the PEC system almost
corresponds to the current density generated by the PV devices. The n
values are summarised in Table 2. The results show that a high STH
efficiency of 13.1% was achieved by cell D, which possesses a high PCE
of 16.1%. It appears that in the process of determining n, the energy
efficiency (1.23/V,.) exhibits an efficiency loss when V,, is increased,
and the PCE provides an efficiency compensation factor. Compared
with the V,. of tandem cell D, a high V,. over 1.55 V for the tandem
cells B, C, and E can result in higher efficiency losses for STH produc-
tion. A high PCE is required to compensate for these losses to achieve a
high STH efficiency; however, the lower FF or Js. values of tandem cell
B, C, and E result in a lower PCE than that of cell D. In tandem cell A,
although the efficiency losses are likely lower than that of cell D owing
to a lower Vg, as shown in Table 2, low V.. and FF values result in a
significantly low PCE; as a result, a lower STH efficiency is observed.
The high STH efficiency of cell D can stem from the sufficiently low V.
of 1.51 V which limits efficiency losses and permits a high PCE of
16.1%. It can be concluded that the band-gap engineering in cell D
enhances the efficiency of the tandem structure and improves the PV-
EWS system performance.

For practical applications, the drawback of the PV-EWS system is its
high commercial cost. The c-Si solar cell is the most popular commer-
cial material and accounts for approximately 60% of the PV market
demand. Producing electricity at competitive prices would require an
increase in conversion performance while using a very thin silicon
wafer [50]. The maximum laboratory cell efficiency reported thus far is
26.7% [17]. For PV-EWS applications, as single-junction silicon solar
cells are only capable of low V,,. values of around 0.55 V, two or three
of these single cells must be connected in series to fulfil the potential
requirement for water electrolysis, which further increases the manu-
facturing cost [51]. While thin film Si-based multi-junction PV devices
are a potential option for low-cost PV-EWS systems, their low stabilities
and efficiencies remain inadequate. Consequently, the integration of
low-cost thin film technology with high-stability SHJ devices, as pro-
posed in this work, presents enormous potential for low-cost and high-
performance PV-EWS systems.

4. Conclusion

In this study, we demonstrated the potential of integrated a-SiGe:H/
SHJ tandem solar cells for use in PV-EWS systems owing to their high
output voltage. We optimised the conversion performance of the
tandem cells using a band-gap engineering process for the a-SiGe:H top
cells. The band-gap engineering technique used in cell D decreased the
defect densities in the absorption layer and enhanced the internal
electric field, thereby improving carrier transportation and collection.
Consequently, a high tandem efficiency of 16.1% with a high V.. of
greater than 1.5 V was obtained. The direct coupling of this tandem
configuration with EWS systems can provide an idealised STH conver-
sion performance of 13.1%. Furthermore, we believe that the a-SiGe:H/
SHJ tandem configuration can achieve a lower manufacturing cost than
in the case of multiple c-Si single-junction solar cells connected in
series.
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