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A hybrid tandem solar cell consisting of a thin-film, nanocrystalline silicon top junction and a silicon
heterojunction bottom junction is proposed as a supporting solar cell for photoelectrochemical appli-
cations. Tunneling recombination junction engineering is shown to be an important consideration in
designing this type of solar cell. The best hybrid cell produced has a spectral utilization of 30.6 mA cm
a Jsc of 14 mA cm™2, a Voc of 1.1V, a fill factor of 0.67 and thus an efficiency of 10.3%. A high solar-to-
hydrogen efficiency of 7.9% can be predicted when using the hybrid cell in conjunction with current a-SiC
photocathode technology.
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1. Introduction

Photoelectrochemical (PEC) water splitting is becoming a viable
and important method for solar energy conversion in the form of
hydrogen fuels. A complete PEC cell requires two electrodes where
one of them is photoactive (either a photocathode or photoanode)
and the other electrode is called the counterelectrode. Solar-to-
hydrogen (STH) conversion efficiencies of up to 18.3% have been
reported [1]. However, these devices use expensive, scarce mate-
rials such as gallium arsenide and gallium indium phosphide,
which are also not highly water-resistant [1,2]. Thin-film amor-
phous silicon carbide (a-SiC:H) has been used as a photocathode
material for water reduction as it is a much more practical material
for larger scale applications [3-6]. This technology is showing a lot
of promise as a photocathode based on a-Sip9Co1:H can theoreti-
cally generate a maximum photocurrent density of 15 mA cm~2 or
a STH efficiency of 18% corresponding to its bandgap of 2.0 eV
[7,8]. Fig. 1 illustrates the fundamental components of an a-SiC:H
based photocathode consisting of a thin intrinsic a-SiC:H absorber
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as well as a gradient doped boron-doped a-SiC:H (p) layer and a
phosphorous doped nanocrystalline silicon oxide (nc-SiOy) layer.

A challenge to achieving a high STH efficiency is that the low
photovoltage of photocathodes (0.8 V in the case of a-SiC:H tech-
nology) is not enough to overcome the thermodynamic water-
splitting potential of 1.23V [9]. In addition to this 1.23V the
overpotentials necessary to drive the overall redox reactions need
to be considered [10]. As a result, an external bias is required for
this structure to achieve its maximum current density [4].

Integrating a solar cell at the back of the PEC device to realize a
monolithic PEC/PV device can directly produce hydrogen without
any external bias [11-13]. Various PEC/PV configurations have
been demonstrated based on amorphous silicon alloys, such as
a-SiC:H/a-Si:H, a-SiC:H/a-Si:H/nc-Si:H, and a-SiC:H/nc-Si:H/nc-Si:
H junctions [8]. The STH efficiency in all of these cases is primarily
hindered by the potential current density of the supporting solar
cell based on thin-film silicon technology.

For typical lab-scale PV device engineering, the target is usually
to achieve the highest solar-to-electricity (STE) efficiency under an
AM 1.5 spectrum. For PV devices that support PEC structures in a
monolithic device, however, the role of the PV supporting struc-
ture is to overcome the water-splitting overpotentials while
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driving the necessary current to maximize the STH efficiency that
the photoactive electrode is capable of. Another way of saying this
is that the J-V curve of the PV device under the transmitted light
spectrum of the PEC junction should intersect the saturation cur-
rent of the PEC. In this work, an alternative PV structure is pro-
posed for the a-SiC:H photocathode to realize a silicon based and
bias free prototype with a high STH efficiency. This PV component
consists of a thin-film, nano-crystalline silicon (nc-Si:H) top cell
and a silicon heterojunction (SHJ) bottom cell. A schematic of the
monolithic structure with an a-SiC:H photocathode and the sup-
porting nc-Si:H/SH] stack is given in Fig. 2a. It should be noted that
to achieve a monolithic support structure, the solar cell should be
illuminated from the n-side rather than traditional p-side illumi-
nation for nc-Si:H and SHJ technology. For the SHJ cell, in
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Fig. 1. Schematic illustration of an a-SiC:H photocathode. Note a 1 nm platinum
catalyst is not present in the sketch.
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particular, this resulted in a decision to use a p-type wafer instead
of the traditional n-type wafer. Though state of the art SHJ solar
cells based on n-type wafers can achieve efficiencies of up to
25.6%, [14] progress has also been made on p-type c-Si wafers
[15,16]. A cross-sectional scanning electron microscope (SEM)
image of the hybrid cell highlighting the high quality nc-Si:H
junction is shown in Fig. 2b.

Nc-Si:H and SHJ technologies were chosen as they can properly
utilize the transmitted spectrum of a-SiC:H as shown in Fig. 2c.
This transmitted spectrum was measured with the same class AAA
solar simulator that is used for J-V measurements in this work.
Having two PV cells with bandgaps of 1.1 eV is a very effective way
to utilize the remaining spectrum shown in red in Fig. 2c. This
work shows the optimization of this hybrid nc-Si:H/SH] solar cell
as a component in the silicon based PEC/PV device as well as a
simulation of how the hybrid cell will perform in the full PEC/PV
monolithic device along with an a-SiC:H photocathode.

2. Experimental setup
2.1. Photocathode preparation

In this work, an a-SiC:H photocathode was fabricated to
determine the design rules for the supporting PV structure. The
details of its fabrication by radio-frequency plasma-enhanced
chemical vapor deposition (RF-PECVD) are shown elsewhere [8]. It
was deposited on a corning glass substrate. The photocathode
stack consisted of a 10 nm p-doped a-SiC:H(B) layer, a 40 nm
gradient p-doped a-SiC:H(B) layer, a 100 nm intrinsic a-SiC:H
layer, a 10 nm nc-SiOy layer with a 25 nm TiO,, layer coated with a
1 nm platinum catalyst. The individual layers that make up the
PEC were independently deposited and measured with spectro-
scopic ellipsometry (SE) to obtain their optical parameters for use
in optical simulations.

The J-V of the a-SiC:H photocathode was measured under
simulated AM 1.5 solar illumination (100 mW cm~2) using a
NEWPORT Sol3A Class AAA solar simulator (type 94023A-SR3). A
spot of 6 mm in diameter on the photocathode was illuminated,
corresponding to an active area of 0.283 cm? A plated iridium
oxide (IrO4) counter-electrode was utilized. An electrolyte with a
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Fig. 2. (a) Schematic illustration of the monolithic PEC/PV cathode based on a-SC:H/nc-Si:H/SH] structure. (b) SEM cross section of the standalone PV hybrid cell.
(¢) Measurement of solar simulator spectrum as well as the transmitted spectrum after the a-SiC:H photocathode. (For interpretation of the references to color in this figure

caption, the reader is referred to the web version of this paper.)
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1 M concentration of sulfuric acid (H,SO4) with a pH of 0 is used.
These measurements show how the photocathode acts in a com-
plete PEC cell as a two-electrode measurement was used. There-
fore, barriers in the whole water-splitting system, such as losses in
the counter electrode and properties of the electrolyte, are all
considered [17,18].

2.2. Optical simulations

Optical simulations were carried out using an in-house built
software GenPro. GenPro uses a 1D simulation tool to solve Fresnel
equations and determine how much light is absorbed in the
absorber layer of each junction. This absorption amount is con-
verted to an incident photon conversion efficiency (IPCE) for the
case of the PEC junction and an external quantum efficiency (EQE)
in the case of PV junctions. The electrical losses are neglected here
as this is only the first approximation. In the case of the c-Si wafer,
optical data from Green et al. was used [19]. In the case of nc-Si,
optical data from Murata et al. was used [20]. For the other thin-
film layers, SE data was used to extract the relevant optical para-
meters for the simulation. These simulations served to determine
optimal thicknesses to current match the absorber materials in the
a-SiC:H/nc-Si:H/SH] PEC/PV device as well as the standalone nc-Si:
H/SH] hybrid PV cell produced in this work.

2.3. Solar cell fabrication

The fabrication of the SH] and nc-Si:H were carried out using
the same PECVD clustertools. For the SH] solar cells, ~280 pm
thick, ~4.0in in diameter, double-side polished float-zone c-Si
(100) oriented wafers from Topsil were used as substrates. These
substrates were cleaned according to a standard procedure
described elsewhere [21]. The final termination step was carried
out in a 0.5% diluted HF solution for 40 s. The a-Si:H layers were
prepared using RF-PECVD and Indium Tin Oxide (ITO) was
deposited using a magnetron sputtering tool. Contacts were
deposited using physical vapor deposition (PVD).

The nc-Si:H single-junction solar cells were prepared on a piece
of flat Corning XG glass as growth on this substrate would closely
resemble growth on a flat wafer used in the hybrid tandem device.
Indium Tin Oxide (ITO) was deposited on the glass using a mag-
netron sputtering tool. This was followed by a protective alumi-
num doped zinc oxide (AZO) protective layer, which was also
deposited using sputtering. The remaining layers were deposited
using RF-PECVD. The stack is made up of doped nanocrystalline
silicon oxide layers (nc-SiO,:H) and an intrinsic nc-Si:H layer. The
deposition conditions have been explained elsewhere [22].

2.4. Solar cell characterization

The J-V characteristics of all solar cells were measured under
illumination of a WACOM Class AAA solar simulator. External
quantum efficiency (EQE) measurements were performed with an
in-house setup, utilizing a monochromatic light source. The J-V
curves presented here have been transposed using the current
density values measured by EQE in order to avoid overestimation
from the J-V measurements. For the transmitted spectrum J-V
measurement in Fig. 7c, the full a-SiC:H device was used as a light
filter resulting in the red spectrum as shown in Fig. 2c.
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Fig. 3. The J-V curve of an a-SiC:H photocathode as measured with a two-elec-
trode measurement with an IrO, counter electrode.

3. Results
3.1. Photocathode

Fig. 3 shows the performance of the a-SiC:H PEC device without
a supporting solar cell. At 0V external bias, this PEC cell only
produces around 1 mA cm~2 though significant curents up to
6.5 mA cm 2 are possible with an external bias. This J-V curve
provides us with the parameters necessary for designing a sup-
porting PV structure. Based on the J-V curve in Fig. 3, the PV cell
should be able to deliver a current density of 6-7 mA cm™2 at a
voltage of 0.8-1.0 V. This should be achieved under the illumina-
tion of the transmitted spectrum through the a-SiC:H layers as
shown in Fig. 2c. Enhancements in photocathode technology will
eventually increase the current density produced here shifting the
J-V curve downwards to an eventual saturation current of up to
19.7mAcm~2 [23]. Enhancements in catalyst and counter-
electrode technology will also reduce the overvoltage of the PEC
system shifting the curve to the left. Therefore producing a hybrid
cell that can produce higher currents at around 0.8-10V is
favorable taking into account these future enhancements.

3.2. Simulations

Before implementing this solar cell, simulations were carried
out to determine the optimum thickness of the nc-Si:H absorber
layer. Fig. 4 shows the absorption spectrum of the a-SiC:H (PEC),
nc-Si:H (PV) and SHJ (PV) cells, whereas Fig. 5 shows the opti-
mized simulation of a nc-Si:H/SH] hybrid tandem cell illuminated
by simulated AM 1.5 solar spectrum.

For a first approximation, the thickness of the c-Si wafer was
held constant as 280 pm and the thicknesses of the PEC and nc-Si:
H junction were changed until ideal current matching conditions.
In this case, current matching occurred with an a-SiC:H thickness
of 415 nm and a nc-Si:H thickness of 9.2 pm. This resulted in a
matched current of 10.7 mA cm ™2, The spectral absorption is given
in Fig. 4a. These thicknesses are unrealistic as devices with those
thicknesses would exhibit significant electrical losses and require
long deposition times. This does, however, present the maximum
current that can be produced if light trapping techniques are uti-
lized to maximize the optical thickness of the thin film absorber
layers while leaving them realistically thin.

Another simulation was carried out with a limit of 5 pm
applied to the nc-Si:H absorber layer. Here an a-SiC:H thickness of
246 nm produces the highest current of 9.4 mA cm~2 even though
the SHJ will produce a higher current of 12.9 mA cm~2. The
spectral absorption of this, more realistic option, is given in Fig. 4b.

As the focus of this paper is the optimization of the nc-Si:H/SH]
PV stack, simulations were also carried out to current match the
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Fig. 5. Optical simulation of standalone nc-Si/SH] PV stack.

Table 1

External parameters of single junction n-illuminated nc-Si:H solar cell on textured
substrate as well as on flat substrate with n-side illumination.

Parameter Optimal device [22] Flat substrate w/ n-illumination
Thickness (pm) 3 2.5

Voc (V) 0.551 0.532

Jsc (mAcm~—2) 26.0 20.04

FF 0.701 0.694

1 (%) 10.0 7.40

PV junction with a full AM 1.5 spectrum. Fig. 5 shows the EQE of a
thickness optimized double-junction cell that ignores the photo-
cathode. As shown here, a thickness of 2.8 pm in the nc-Si:H
absorber gives a very closely matched current of 17.7 mA cm—?
with the wafer of the SHJ. Though the ideal layer thickness for a
current matched double cell is predicted here to be 2.8 pm, 3.5 pm
was used as this would serve to perform better in the transmitted
spectrum used to simulate using this PV stack in a monolithic
device while still achieving comparable currents in AM
1.5 conditions.

3.3. Single junction solar cells

The hybrid tandem cell required the development of nc-Si:H
solar cells and SH]J solar cells that are illuminated from the n-side.
This section presents the challenges involved in engineering both
of these single junctions as solar cells illuminated from n-side.

In the case of nc-Si:H, efficiencies of above 10% have been
reported with these deposition conditions [22]. However, this was
based on a growth on a textured substrate with p-side illumina-
tion. Table 1 shows the external parameters of the solar cell when
deposited on a flat substrate and illumination from the n-side as
compared to the best results reported with this recipe. It should be

noted that these devices cannot be directly compared due to a
difference in the thickness of the absorber layer. However, due to
the poorer light trapping properties of a flat device and the elec-
trical and shading losses from the n-side illumination, Jsc decrease
significantly. The Vo and FF do not deviate significantly from the
textured, p-side illuminated cell.

For the SHJ, a p-type (100) wafer was used. It should be noted
that a rear emitter solar cell with a n-type wafer is also possible,
though better results were obtained here by using a p-type wafer.
One parameter that was important for improving the efficiency of
this junction in the cell stack was the front i-layer. Wei et al. have
shown that increasing the thickness of the front i-layer on a p-type
SH] solar cell increases the Jsc and FF [24]. Repeating this experi-
ment showed similar results as shown in Fig. 6. The Jsc is the main
factor for the increase in STE efficiency here. The increase in Jsc
points to a current collection issue at the front n/i interface when
the i-layer is not of a sufficient thickness.

3.4. Hybrid Tandem Solar Cell

The black, dashed line in Fig. 7a shows the J-V curve of the first
hybrid tandem cell. A thickness of 3.5 pm was used for the nc-Si:H
intrinsic, absorber layer. There is a notable S curve indicating a
large barrier in the solar cell. Engineering the tunneling recom-
bination junction (TR]) mitigates this. Two main approaches for
this optimization were carried out. The first approach was to add a
n-type nc-SiOy layer between the two junctions. A discussion of
the processing techniques of this material is presented elsewhere
[25]. This was followed by an increase in the doping of the n-layer
of the SHJ by increasing the phosphine flow in the processing
plasma. Fig. 7a shows how engineering the TR] effects the J-V
curve of the solar cell and it is evident that adding nc-SiO, and
increasing the doping of the SH] n-layer significantly improves the
performance of the PV cell. The resultant nc-Si:H/SHJ hybrid tan-
dem cell has a Voc of 1.1V and an efficiency, under AM 1.5 illu-
mination, of 10.3%.

This is consistent with engineering of multijunction thin-film
silicon devices such as so-called micromorph solar cells. N-type
nc-SiOy has been used in TR]s of micromorph cells to improve both
optical and electrical characteristics [26]. Adding highly doped
layers at the TR] has increased recombination in this junction and
thus improved multijunction solar cell efficiencies [27]. Having a
relatively lower doped TR] creates a barrier in the tandem device
whereas adding highly doped layers in the TR] increases recom-
bination, which aids in the performance of multijunction devices
and shows here to be essential when engineering a nc-Si:H/SH]
tandem device.

Fig. 7b shows an EQE of this solar cell. This demonstrates that
current matching under AM 1.5 illumination conditions was
achieved. The two junctions of this hybrid cell achieve a spectral
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monolithic PEC/PV structure.

utilization of 30.6 mA cm~? with a flat configuration. Though this
works as a first step into thin-film silicon/SHJ hybrid tandem cell
technologies for water splitting, implementing light trapping
techniques such as texturing and intermediate reflectors with this
technology could achieve a greatly improved spectral utilization.
Further optimization of the TR] and better performing p-type SH]
solar cells (Voc of 0.717 V have been reported [15]) could poten-
tially increase the Voc of this hybrid device to between 1.2 and
1.3 V.

4. Integration simulation

In order to determine the potential of this hybrid tandem cell in
the PEC/PV hybrid tandem structure for water splitting, the per-
formance of the solar cell under the spectrum transmitted by the
a-SiC:H photocathode must be produced. This transmitted spec-
trum is shown in Fig. 2b. The spectrum was produced by taking an

a-SiC:H photocathode and using it as an optical filter under the
WACOM solar simulator in front of the nc-Si:H/SH]J hybrid tandem
device. The resulting J-V curve is shown in Fig. 7c. It is clear that
the operating points are reduced because of the more limited
illumination conditions.

This J-V curve can be overlaid with the measured spectra of the
a-SiC:H photocathode, which has been shown in Fig. 3b. The
overlapping J-V curves are given in Fig. 8. The crossing point of
this graph predicts that if the nc-Si:H/SH] hybrid cell were to be
used as a supporting solar cell structure, it would produce a cur-
rent density of 6.43 mA cm~2 which corresponds to an STH effi-
ciency of 7.90%. Improvements in PEC technology will shift the J-V
curve of the PEC down and to the left pushing the ideal crossing
point closer to the maximum power point of the hybrid PV cell
presented here. Therefore as PEC technology progresses, the
hybrid cell will be an even more suitable candidate for a PV sup-
port structure.
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5. Conclusions

This paper has demonstrated the capabilities of using an a-SiC:
H photocathode with a nc-Si:H/SH] hybrid solar cell as a sup-
porting structure. A working solar cell has been produced yielding
a STE efficiency of 10.4% under an AM 1.5 spectrum. Tunneling
recombination engineering has been identified and addressed as
an important consideration for this hybrid device where the use of
nc-SiO, and doping concentrations of the SHJ n-layer can sig-
nificantly improve the efficiency of the solar cell. Furthermore, an
integration of the solar cell with current PEC technology has been
simulated predicting a high operating current of 6.43 mA cm~?
corresponding to a STH efficiency of 7.90%.
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