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Abstract

Solar fuels are a promising way to store solar energy seasonally. This paper proposes
an earth-abundant heterostructure to split water using a photovoltaic-electrochemical
device (PV-EC). The heterostructure is based on a hybrid architecture of a thin-film
(TF) silicon tandem on top of a c-Si wafer (W) heterojunction solar cell (a-Si:H (TF)/
nc-Si:H (TF)/c-Si(W)) The multijunction approach allows to reach enough
photovoltage for water splitting, while maximizing the spectrum utilization. However,
this unique approach also poses challenges, including the design of effective tunneling
recombination junctions (TRJ) and the light management of the cell. Regarding the
TRIJs, the solar cell performance is improved by increasing the n-layer doping of the
middle cell. The light management can be improved by using hydrogenated indium
oxide (IOH) as transparent conductive oxide (TCO). Finally, other light management
techniques such as substrate texturing or absorber bandgap engineering were applied
to enhance the current density. A correlation was observed between improvements in
light management by conventional surface texturing and a reduced nc-Si:H absorber
material quality. The final cell developed in this work is a flat structure, using a top
absorber layer consisting of a high bandgap a-Si:H. This triple junction cell achieved
a PV efficiency of 10.57%, with a fill factor of 0.60, an open-circuit voltage of
2.03 V and a short-circuit current density of 8.65 mA/cm?. When this cell was con-
nected to an IrO,/Pt electrolyser, a stable solar-to-hydrogen (STH) efficiency of

8.3% was achieved and maintained for 10 hours.
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1 | INTRODUCTION

stored for long periods of time.! In particular, electrochemical (EC)
splitting of water offers a promising way to convert solar energy into

Because of the intermittent solar radiation availability, energy storage hydrogen because of its low conversion losses. Hydrogen production

is a key factor for the implementation of solar energy. Chemical fuels requires a thermodynamic EC voltage of 1.23 V. In addition,

such as hydrogen, carbohydrate, or ammonia are amongst the most overpotentials are caused by the charge carrier transport in the elec-

feasible options, since they are highly energetic fuels that can be easily trodes and the electrolyte, catalytic effects, and other losses of the

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
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systems.? As a result, the total voltage required to drive the reaction®is in
the range from 1.6 to 2.0 V. There are several ways to achieve this volt-
age using semiconductor materials. To achieve a feasible design, the pro-
posed device should use relatively stable and cheap material. Moreover,
a recent study suggests that multijunction devices are preferred to
achieve high efficiencies for water splitting applications. A material that
combines these advantages is silicon. A possible approach to achieve
the high voltages needed using silicon could be a novel multijunction
consisting of a hybrid device that combines wafer (W) and thin-film
(TF) silicon technologies. This concept has already been proven to be able
to achieve high open circuit voltages and short circuit current densities in
double junctions.4 In the case of water splitting, an a-Si:H (TF)/nc-Si:H
(TF)/c-Si(W) triple junction device has been proposed for solar water
splitting, with a potential to achieve solar-to-hydrogen (STH) efficien-
cies® of about 9%. This approach is further explored in this paper.

The proposed hybrid device can provide high enough voltages for
solar water splitting, with a considerable increase in current density
due to better spectral utilization. However, there are also areas of
optimization, including the tunneling recombination junctions (TRJ),
the growth of high quality absorber layers on flat and textured sur-
faces, and the light management strategies.” This paper first analyses
the TRJs between the different subcells, which were deposited on flat
surface configuration to better recognize the electrical effects. A TRJ
junction is expected to increase recombination from both sides of
the junction to ensure current continuity. To achieve high recombina-
tion in a TRJ, the band alignment should be such that the conduction
band of the n-side has an energy close to the p-side valence band to
enhance tunneling. Water splitting applications are particularly sensitive
to the values of open-circuit voltage (V) and fill factor (FF), in whichTRJs
play a crucial role. The junction between the a-Si:H cell and the nc-Si:H
cell have been previously studied.81° However, the junction between
the nc-Si:H cell and the silicon heterojunction (SHJ) cell is relatively unex-
plored.***2 Moreover, in order to improve the current density of the
multijunction solar cell, light management techniques need to be imple-
mented. First, conventional texturing of the crystalline silicon substrate
was considered in order to increase the light absorption within the cell,

exploring its light trapping capabilities and the adhesion, crystallinity,

and material quality of the nc-Si:H absorber layer. Second, these
multijunction cells tend to be limited by the middle cell, mainly due to
the overlapping absorption between the top and middle cell. This paper
explores the use of an alternative high bandgap top absorber, optimizing
the current matching of the cells. However, many light management
techniques tend to negatively affect the electrical and material proper-
ties of the cell. Therefore, a trade-off is established between optical
and electrical performance. This paper aims to establish a balance
between these two parameters in order to achieve high STH efficiencies.
The final device was tested by directly connecting this cell to a Pt/IrO,
electrolyser to assess its suitability for water splitting applications.

2 | METHODS

The multijunction cell proposed is shown in Figure 1. The optimization
process is divided in two main tasks. First, electrical properties were
optimized by studying the different interfaces in the device. Secondly,
the light management strategies were considered.

2.1 | Synthesis methods

The device structure consists on an a-Si:H/nc-Si:H/c-Si triple junction,
as shown in Figure 1, where the c¢-Si subcell has the structure of a SHJ
cell. The substrate consisted of a flat c-Si Topsil n-type <111> FZ W of
approximately 280 um, which was cleaned using a sequence of 99%
HNO3 at room temperature for 10 minutes, 69.5% HNO3; at 100°C
for 10 minutes, and 0.55% HF at room temperature for 75 seconds,
with an intermediate step of deionized (DI) water after each acid step.
All the thin film silicon layers were deposited using a plasma enhanced
chemical vapor deposition (PECVD) multichamber system. Silane (SiH,),
hydrogen (H,), carbon dioxide (CO,), phosphine (PH3), and diborane
(BoHg) were used as precursor gases. First, two intrinsic a-Si:H layers
of 7 nm were deposited on both sides of the Ws. Subsequently, 7 nm
p-a-Si:H and n-a-Si:H layers were deposited on each side of the W.
Then, the micromorph cell was deposited following an n-i-p sequence.
The n-layer of the middle cell consisted of 30 nm of phosphorous

Front contact

Top absorber Middle absorber

i-a-Si:H i-nc-Si:H
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FIGURE 1 Schematic of the solar cell configuration when used for solar water splitting applications regarding supporting layers, the dark blue
layers represent the p-doped layers, the yellow layers are associated to the n-doped layers, the red layers are the intrinsic amorphous silicon
layer used for passivation, and the purple layer represents the different TRJs tested [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 External parameters of the different solar cells used in the different experiments, namely, single, double, and triple junction cells

Voc
Substrate (V)

Single junctions  a-Si:H Flat 0.87
nc-Si:H Flat 0.51

SHJ Flat 0.69

Top tandem n-SiOx:H 6 nm/a-Si:H 10 nm Flat 1.28
Bottom tandem Ref (no intermediate) Flat 1.03
n* Flat 1.18

p* Flat 1.12

Triple junction ITO/(p)nc-SiO,:H Flat 1.98
IOH/(p)nc-SiOx:H Flat 1.88

IOH/p-bilayer Flat 2.03

IOH/p-bilayer Textured 1.64

a-Si:H (H) top absorber Flat 2.03

Jsc TOP Jsc Middle .Isc Bottom -ISC Total FF Efficiency
(mA/cm?  (mA/cm?) (mA/cm?) (mA/cm?) (%) (%)
7.6 - - - 0.66 4.4
- 17.7 - - 0.61 5.5
- 30.7 - 0.64 13.6
11.0 7.8 - 18.8 0.57 57
15.4 15.1 30.5 0.48 7.57
14.8 17.8 32.6 0.54 9.68
15.8 204 36.2 0.49 9.13
8.7 7.1 16.7 32.5 0.62 8.71
9.5 8.3 17.0 34.8 0.64 9.98
9.9 8.1 16.7 34.7 0.64 10.42
10.04 9.25 16.97 36.26 0.48 7.32
8.65 9.20 17.14 34.99 0.60 10.57

Abbreviations: FF, fill factor; IOH, hydrogenated indium oxide; ITO, indium-doped tin oxide; Js. short-circuit current density; V.., open-circuit voltage.
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FIGURE 2 JV characteristics and external quantum efficiency (EQE)
measurements of the bottom tandem deposited on flat substrates,
with different doping at the tunneling recombination junctions (TRJ).
The short-circuit current densities of each subcell calculated based on
the EQE are summarized in Table 1 [Colour figure can be viewed at
wileyonlinelibrary.com]

doped a-Si:H. The absorber layer of the middle cell consisted of
3.5 um of nc-Si:H with a crystallinity of about 52%. The p-layer of
the middle cell consisted of a boron doped nc-SiO,:H. The top cell
consisted of n-layer and p-layer based on nc-SiO,:H, combined with
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FIGURE 3 JV characteristic and external quantum efficiency (EQE)
measurements of the triple junction cells deposited on flat
substrates with different transparent conductive oxides (TCOs) and
different top p-layer in contact with the TCO, where the p-bilayer
refers to a combination of p-nc-SiO,:H (8 nm) and p-nc-Si:H (4 nm)
[Colour figure can be viewed at wileyonlinelibrary.com]

an intrinsic 150 nm a-Si:H absorber layer. The highly doped layers
used for TRJs were deposited by increasing the phosphine flow
by 50% and the diborane flow by 100% with respect to the standard
flows.
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Sputtering was used to deposit the transparent conductive oxides
(TCOs), both indium-doped tin oxide (ITO) and hydrogenated indium
oxide (IOH). In particular, ITO was deposited as a graded layer to mini-
mize the damage caused by ion bombardment, starting at conditions of
60°C and 0.49 W/cm?, and increasing it to 110°C and 1.23 W/cm?.
The IOH was deposited at room temperature with a power of 1.67 W/
cm? and 30 pbar of H,O partial pressure, and subsequently annealed at
175°C for 150 minutes. The contacts were deposited via physical vapor
deposition (PVD). The front contact consists of a grid of 500 nm Al. The
back contact, which also acts as a back reflector, is formed of 200 nm Ag,
30 nm Cr, and 500 nm Al, and covers the complete back side. The cell
area used was 1 cm?. The cells have been deposited in an n-i-p configu-

ration, but are illuminated in a p-i-n sequence.

2.2 | Characterization methods

The external quantum efficiency (EQE), defined as the percentage of
photons reaching the device surface that result in collected charge
carriers, was measured to further understand the current matching
between the three subcells. An in-house EQE setup in TU Delft, the
Netherlands, was used, consisting of a Xe lamp and a monochromator
to define the wavelength range. To measure the three subcells sepa-
rately, bias light of a certain wavelength was provided to saturate
the other cells. The top subcell was saturated using light with wave-
lengths between 365 and 448 nm, the middle subcell was saturated
using light between 470 and 530 nm, and the bottom subcell was sat-
urated with light between 655 and 950 nm. The J-V measurements for
the solar cell were obtained using a Wacom AAA solar simulator using
two lamps (Xe and halogen) and an AM 1.5 filter. The current density
was normalized with the short circuit current (Js) obtained from the
weighted integration of the EQE measurement with respect to the AM
1.5 spectrum. The reflectance of the solar cells was measured using a
Perkin Elmer Lambda 950 UV/Vis apparatus with an integrating sphere
(IS). The reflectance was measured for the solar cell active area, there-
fore excluding the reflectance of the metal grid. To further characterize
the layers, a Hitachi S4800 system was used to capture the scanning
electron microscope (SEM) images of the surface and profile.

The multijunction solar cell was combined with an electrolyser
based on an IrO, anode and a Pt cathode. Both electrodes were fabri-
cated by depositing Pt and Ir using an in-house built sputter device in
TU Twente, the Netherlands. Subsequently, the EC growth of IrO,
from Ir was carried out in a 0.5 M H,SO, solution with a VersaSTAT
4 potentiostat. The electrolyser was tested using a potentiostat
(VersaSTAT 4) in a two-electrode configuration, where the cathode
with an exposed projected surface area of 3.14 cm? acted as the
working electrode (WE), and the anode as counter electrode (CE).
Note that the WE area is bigger than the solar cell area, in order not
to be limited by the active area of the catalyst. The electrolyte used
was 0.5 M aqueous sulfuric acid (H,SO4,). The light source that was
used is a 300 W xenon arc light source, fitted with Air Mass filter
(AM 1.5 G) from Newport, Oriel Instruments. Before every measure-
ment, the lamp was checked by a calibrated reference solar cell
(91 150 V). A steel heat sink was attached to the anode and cathode

to maintain the ambient temperature stable.

3 | RESULTS AND DISCUSSION

The first step towards fabricating the proposed hybrid triple junction is
to perform an electrical optimization. First, in order to assess the via-
bility of the proposed configuration, the three separate single junc-
tions were fabricated on a flat substrate, with the external
parameters shown in Table 1. Noting the obtained individual voltages,
the total sum of the open-circuit voltages is equal to 2.07 V. In addi-
tion, it is also important to realize the moderate FF of 0.61 for the flat
nc-Si:H cell, an acceptable result considering the sensibility of nc-Si:H
on the substrate texture.

In addition, the top (a-Si:H/nc-Si:H) and bottom (nc-Si:H/c-Si) tan-
dems have been studied separately to better isolate the effects of each
junction before integrating all components in a triple junction cell. The
junction between the a-Si:H and nc-Si:H has been widely studied in lit-

erature, 314

and the concept of intermediate reflectors such as a com-
bination of n-a-Si:H and n-nc-SiO,:H has been shown to improve the
optical and electrical properties of the tandem cell.*>1¢ In this work, a
combination of 6 nm n-nc-SiO,:H/10 nm n-a-Si:H was used. Neverthe-
less, the bottom TRJ is the most crucial and innovative junction of this
device, since it combines the difficulties of c-Si W passivation and the

growth of nc-Si:H on flat surfaces, on top of all the other traditional

NN
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FIGURE 4 Comparison of solar cell JV characteristics and external
quantum efficiency (EQE) of between flat and textured solar cells
[Colour figure can be viewed at wileyonlinelibrary.com]
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challenges of TRJs. The chosen approach consisted of using highly
doped n-layer and p-layer (ie, n* and p*, respectively) on the middle
and bottom subcells, respectively. This improves tunneling by placing
the conduction and valence band closer.!? It must be noted that the
highly doped p-layer cell includes a thicker (i)a-Si:H passivating layer
for the SHJ subcell in order to avoid boron atom migration to the c-Si
surface, and the subsequent loss in c-Si passivation.? Figure 2 shows
the effects of including a higher p-doped and n-doped layers next to
the junction. Both for the case of higher dopant concentration in the
p-layer and n-layer, the performance is improved, as shown in Table 1
and Figure 2. The V,. is higher when using highly doped layers. How-
ever, the FF is lower for the p* case compared with the n* case, indicat-
ing the introduction of high series resistance in the cell due to the
thicker a-Si:H layer. The best results were obtained using higher doping
in the n-layer of the nc-Si:H subcell, which does not introduce any addi-
tional resistances in the system, and at the same time, increases tunnel-
ing at the recombination interface. This can also be seen in the
negligible loss of voltage when comparing the V. of this cell (1.18 V)
with the maximum potential based on the single junction cells
(1.20 V). However, a barrier can still be seen with regards to the series
resistance, probably because of the front interface between the p-layer
and the ITO, which has not been optimized. Finally, it can be seen in the
EQE characteristic that for the case of a higher doped n-layer, the opti-
cal response of the top cell also varies, showing lower EQE values on
the blue part of the spectrum. This might be caused by a difference in
reflection and absorbance at the cell front surface due to instabilities
associated with the quality and thickness of the ITO deposition. Never-
theless, since the highly doped n-layer samples show the best FF and
V,c without a major detrimental effect on the short-circuit current

(Jso), it is assumed to be the best choice for this TRJ, and thus it would
be used further in the triple junction configuration.

Using the TRJ developed and an ITO layer as front TCO, a triple
junction was fabricated, achieving a V,. of 1.98 V, an FF of 0.62, a
current density of 7.13 mA/cm?, and a final efficiency of 8.71%, as
shown in Figure 3 and Table 1. To further improve the efficiency,
the limiting parameters must be identified. Since the V,. and FF
achieved are relatively close to the theoretically possible values as
compared with the fabricated single junction cells (see Table 1), other
strategies must be considered. An important factor when improving
this cell is the light management. Looking at the J,. values in Table 1,
it becomes clear that the middle subcell is the current limiting one,
and where the light management strategies would focus. The thick-
ness of the nc-Si:H subcell was limited to 3.5 um, since a thicker
absorber layer results in a degradation of the electrical parameters of
the cell. A promising strategy is to vary the front TCO, which is
responsible for a large amount of reflection at the cell surface, as seen
in the 1-R depicted in Figure 3. ITO was replaced by a more transpar-
ent and conductive IOH, which would avoid high reflection in the
region between 500 and 900 nm, and thus would allow for more light
to reach the middle cell. By using IOH, a V,. of 1.88 V was achieved,
with an FF of 0.64, a current density of 8.28 mA/cm?, and a final effi-
ciency of 9.98%, as shown in Table 1.

Since the IOH layer improved the light management but decreased
the open circuit voltage, further experiments were conducted regarding
the contact between the front p-layer and the TCO. To improve the
contact at the front surface, a p-doped nanocrystalline silicon thin layer
is placed between the p-layer and the IOH layer, followed by an H,
treatment to passivate any dangling bonds. This could potentially lower

FIGURE 5 Scanning electron microscope (SEM) top view and profile of a textured (A, C) and flat (B, D) solar cells [Colour figure can be viewed at

wileyonlinelibrary.com]
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the energy barrier at the interface between p-layer and TCO,** since
nc-Si:H materials are able to achieve a lower activation energy
(51.3 meV) than the p-SiO,:H material previously used (240.9 meV).
The open circuit voltage achieved when including the p-bilayer at the
front is 2.03 V. This strategy also increases the series and shunt resis-
tances, resulting in a similar FF of 0.64 and a PV conversion efficiency
of 10.47%. Interestingly, looking at the EQE measurements in
Figure 3 and Table 1, it seems that there is also a slight improvement
in the optical performance of the top cell at low wavelengths, while
the EQE of the other two subcells slightly decreases. Even though this
does not affect the overall performance of the cell, since it is limited by
the middle cell, this change is interesting. Introducing a p-bilayer with
different refractive indexes can reduce the reflection at the front sur-
face of the cell (refractive index grading), increasing the overall perfor-
mance. Most importantly, the electrical properties are improved by
facilitating the charge carrier injection from the solar cell into the
TCO, suggesting that an IOH/p-bilayer configuration is beneficial to
fabricate an efficient triple junction cell.

With these improvements, the V. of the triple junction solar cell
(2.03 V) is very close to the sum of the voltages produced by the single
junction cells (2.07 V). The FF of 0.64 is also comparable with the sin-
gle junction cells (Table 1), suggesting that the tunneling recombina-
tion junctions are not the main factor limiting the electrical
properties of this cell. Instead, it is speculated that the bulk of the
nc-Si:H subcell is the main cause of FF loss. However, by comparing
the short-circuit currents of the subcells in Table 1, a great current
mismatch can be observed, with the middle cell being the limiting fac-
tor. This suggests that further light management techniques are
needed to achieve current matching and higher spectral utilization.
One of the most challenging aspects of building this multijunction cell
is the growth of the nc-Si:H subcell. This material does not grow well
on flat surfaces because of internal stresses leading to cracks and poor
adhesion to the substrate.>*”*® This study explores how texture can
affect the performance of the triple junction cells.

When comparing the performance of the cells deposited on tex-
tured and flat substrates, there seems to be a trade-off between the
current density, the open circuit voltage, and the FF, as shown in
Figure 4. The textured cells are able to achieve better current densities
due to better light management, especially in the blue wavelength
range, as seen in the EQE in Figure 4. In addition, the reflectance is
significantly reduced for both short and long wavelengths, and the
short circuit current achieved by the textured W is 9.25 mA/cm?, as
opposed to the 8.28 mA/cm? obtained by the flat device. Finally, the
adhesion of the cells to the crystalline silicon W that acts as a sub-
strate is improved, since the internal stresses in the nc-Si:H layer are
reduced. However, there is a significant loss in the V,. and FF when
the W is textured, as shown in Figure 4 and Table 1. In particular,
the V,. drops from 1.88 to 1.65 V, and the FF is reduced from 0.64
to only 0.48. This is expected to be because of shunts that appear in
the nc-Si:H and a-Si:H structures when the texture features are too
sharp.3® These losses would finally cause a reduction in overall PV
conversion efficiency of -2.66% absolute, from 9.98% to 7.32%.

To confirm the effect of the textured W on the nc-Si:H growth,
SEM measurements have been performed, as shown in Figure 5. The

top view of the textured samples show much bigger, and sometimes

disconnected crystals. This is confirmed when looking at the profile
view, where the cracks and shunts in the nc-Si:H layer are clearly vis-
ible, as opposed to the smooth and relatively crack-free layer of the
flat device. This would explain the low shunt resistance observed for
the textured device in Figure 4. Moreover, the slightly higher series
resistance of the textured device could also be related to the big grain
boundaries and cracks, which can cause some disconnected areas in
the TCO layer. Smoother textures on the c-Si W could result in less

1.2 How-

cracks, and thus better FF and V,, as shown by Kirner et a
ever, such optimization is work in progress, and thus further experi-
ments in this paper will be performed on a flat device.

To further optimize the cell, the top a-Si:H subcell light absorption
needs to be considered. By reducing the light absorption of the top
subcell, the middle cell would receive more light, and the multijunction
cell would be better current matched. In order to do so, the 150 nm a-
Si:H top absorber can be changed by a higher bandgap a-Si:H material

previously developed,%2°-22

using higher hydrogen dilution and lower
temperatures. In addition, the absorber thicknesses had to be
reoptimized for the new material. The optimum thickness for the high
bandgap a-Si:H is 175 nm, slightly higher than for the lower bandgap

material. The comparison between the low (L) a-Si:H bandgap

a-Si:H(L)

Current density (mA/cm?)

—a-Si:H(H
o) i:H(H) |
0 L] L] L] L]
0.0 0.5 1.0 15 20 25
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EQE (-)
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1000 1200

FIGURE 6 Solar cell JV characteristics and external quantum
efficiency (EQE) of flat cells with a high bandgap a-Si:H top cell of
different thicknesses [Colour figure can be viewed at
wileyonlinelibrary.com]
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(1.65 eV) and high (H) a-Si:H bandgap (1.72 eV) can be seen in Figure 6
and Table 1. The change in bandgap resulted in a higher J;. compared
with the reference cell. Moreover, since the material bandgap of the
top absorber is slightly higher, the resulting voltage is slightly
increased from 1.88 to 2.03 V. However, compared with the previous
multijunction cell with a lower bandgap absorber material, with an FF
of 0.64, this cell has a lower FF of 0.60, especially considering the
lower shunt resistance. This can either be because of a lower material
quality or because of the better current matching. Nevertheless, the
overall efficiency increased from 9.98% to 10.57%, and thus, it is the
chosen configuration for driving the water splitting reaction.

To further analyze the suitability of the developed triple junction
solar cell for water splitting, the final device was attached to a Pt/IrOx
electrolyser. The JV characteristics of both the solar cell and the
electrolyser are shown in Figure 7, where the intersecting point between
the two JV characteristics would be the operational point of the overall
device. According to this comparison, the operational point would have
avoltage of 1.65 V, close to the maximum power point (MPP) of the solar
cell at 1.56 V, indicated by the square dot in the JV curve. This corre-

sponds to a power loss of approximately 0.25 mW/cm? with respect to
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FIGURE 7 JV characteristic of the best solar cell compared with the
JV characteristic of the electrolyser, and the corresponding stability
characteristic of the complete system. The maximum power point of
the solar cell is indicated in the JV characteristic by a square dot. Note
that the current density at the intersection of the JV curves is slightly
lower than the operational current recorded during the
chronoamperometry tests. This is caused by minor differences in the
solar simulators used [Colour figure can be viewed at
wileyonlinelibrary.com]

the MPP. When the device was tested for stability, a relatively constant
current density was achieved for the 10 hours of measurement, changing
only from 6.9 to 6.7 mA/cm?. The resulting STH efficiency is 8.3%. To
further increase this efficiency, the FF must be increased to achieve a
better fitting between the MPP of the solar cell and the operational point
of the water splitting device. This can be achieved by improving the

absorber material quality of the thin film subcells.

4 | CONCLUSIONS

We propose a triple junction heterostructure consisting of a-Si:H (TF)/
nc-Si:H (TF)/c-Si(W) in order to achieve the desired voltages for solar
water splitting, between 1.6 and 2 V. The main two challenges tackled
in this paper include the development of TRJs for this device and the
application of light management techniques. The optimum top TRJ con-
sidered was based on 6 nm of n-nc-SiO,:H and 10 nm n-nc-Si:H, whereas
the bottom TRJ is enhanced by increasing the doping on the middle
subcell n-layer. This allows for efficient charge carrier collection within
the cell, while enhancing the recombination at the interface between
each subcell to maintain current continuity. In order to further improve
the solar cell efficiency, light management techniques are applied. The
resulting multijunction cell performance is limited by the current density
of the middle cell. This can be improved by using IOH as TCO, which
allows for higher absorption in the middle subcell. A combination of p-
nc-Si:H and p-nc-SiO,:H at the front surface was then necessary to cre-
ate a good electric contact of the cell to the front TCO. Another light
management technique considered is substrate texturing. Although con-
ventional W texturing can achieve higher current densities due to light
trapping and antireflection effects, the sharpness on the features creates
cracks and short circuits in the nc-Si:H absorber layer, resulting in an
overall reduced V,, FF, and efficiency. Alternative textures and processes
that avoid those cracks must be explored, and are currently work in prog-
ress. For the purpose of this paper, flat Ws are chosen as the preferred
solution. Finally, to improve the current matching, a top absorber a-Si:H
with a slightly higher bandgap energy was introduced. The device includ-
ing this top absorber achieved a PV efficiency of 10.57%, with an FF of
0.60, a V,. of 2.03 V, and a short-circuit current density of 8.65 mA/
cm?. When connected to a Pt/IrO, electrolyser, an STH efficiency of
8.3% was achieved. The performance was stable for 10 hours of

measurement.

5 | OUTLOOK

This paper presents the development of a hybrid silicon based solar
cell for water splitting applications and demonstrates an efficiency of
8.3%. To put these results into context, a brief review of the solar
water splitting field is presented. Moreover, the developed device will
be compared with the most efficient systems developed.

As already briefly mentioned, the proposed approach is not the only
one for solar water splitting. Different materials and configurations can
be used besides a silicon multijunction. Some of the most important con-
cepts are depicted in Figure 8, placed in a scale of a completely monolith-
ically integrated device (A) to a completely decoupled one (E). All of these

concepts have their advantages and disadvantages.
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FIGURE 8 Scale of the different possible solar water splitting devices, from the monolithical phototelectrochemical (PEC) devices A, where the
two aspects are completely coupled; to a PV-DC/DC-EC system E, where the two elements are completely decoupled by a DC/DC converter.
Some examples of intermediate devices include monolithical photovoltaic-electrochemical device (PV-EC) devices B, which refers to a buried
photovoltaic (PV) junction directly in contact with water; external multijunction PV-EC devices C, where the PV cell is outside the electrolyte, but
it still produces enough voltage by itself for the electrolysis reaction; and external series connected PV-EC devices D, where several cells are
connected in series to produce the required voltage, but it does not include any additional electronic components [Colour figure can be viewed at

wileyonlinelibrary.com]

Several materials have been tested as photoelectrode for the real-
ization of a photoelectrochemical (PEC) device as shown in configura-
tion (A),2*?* including®>?® TiO,, a-Fe,05 WO, llI-V technologies,”
or?® BiVO,. However, previous research suggests the need for a buried
PV junction to separate and collect the charge carriers at the
semiconductor/electrolyte interface more efficiently, preventing Fermi
level pinning.?’ A buried PV junction relaxes the conditions and design
considerations of the semiconductor device.*3! In addition, very few
of these materials have a high enough bandgap to provide the voltage
needed for the reaction without an external bias.®?2 That is why sev-
eral series connected PV cells are needed, which can be accomplished
by many different configurations, as shown in Figure 8.

Two of the most promising designs are to externally connect sev-
eral cells in series (D) and to fabricate a monolithic device to produce
the necessary voltage and current (B, C). External series connected
photovoltaic-electrochemical device (PV-EC) devices (D) have the
advantage of taking readily available devices to achieve high efficien-
cies, as shown in literature with three heterojunction cells combined
with an earth-abundant material electrolyser resulting in an effi-
ciency®* of 14.2%. In addition, it can result in a better current
matching, especially at variable spectrum conditions, since all the cells
would be of the same technology and would produce similar current
densities at a certain spectrum. On the other hand, PV-EC devices
(B, C) have the advantage of an overall better spectral utilization,
and possibly lower losses due to less cabling. In addition, since cell
interconnections can be avoided, the final device could be more com-
pact and easily produced, lowering the cost of these devices. When
comparing the designs (B) and (C), configuration (B) might need addi-
tional protective layers to be able to operate in contact with the elec-
trolyte, which can cause additional losses and reduce the lifetime of
the complete device. STH efficiencies®® of 18.3% have been demon-
strated with concentrated light and a 11I-V/c-Si multijunction device,*®
and up to 19.3% with purely lI-V multifunctions.>” However, IlI-V
materials are not economically feasible in large scale because of their

scarcity and associated high cost. Therefore, there is a need for

devices based on earth-abundant materials that can efficiently split
water, such as silicon. TF silicon devices are widely known for their
application in solar cells for electricity generation.>®3 They have also
been previously tested for solar water splitting. Rocheleau et al*®
reported a 7.8% STH efficiency using a triple junction amorphous sili-
con solar cell combined with a catalytic Ni/NiFe, Oy electrode. Never-
theless, TF cells have limited light absorption. To overcome the light
management limitations of purely TF devices while still being cost-
effective, some hybrid approaches have been proposed. Monolithic
perovskite/c-Si cells have previously reported efficiencies of 23.6%
as PV devices.** However, the crucial shortcomings of these struc-
tures are the relatively low stability, especially in the presence of
water, and the use of lead in the structure.*? To have a more clear pic-
ture of how the different technologies compare, the highest achieved
efficiencies both as PV and for hydrogen generation purposes (STH
efficiency) have been plotted in Figure 9.

Although the proposed hybrid device consisting on a a-Si:H/nc-Si:
H/c-Si multijunction presents the lowest efficiency of all the results
plotted, it must be noted that we are comparing a new concept with
mature technologies such as SHJ or IlI-V technologies. Nevertheless,
the obtained results are still close to the ones achieved for TF
multijunctions. Moreover, it must be noted that the concept devel-
oped in this paper shows the smallest differences between PV and
STH efficiencies, confirming its suitability to be applied for solar water
splitting. Finally, it must also be noted that Figure 9 does not show the
availability, toxicity, or stability of these materials. If these elements
are considered, the developed device can be considered even more
suitable for further industrialization since it is based on silicon and is
relatively stable when compared with other technologies such as
perovskites. To reach such scale, further improvements in the material
quality and light trapping strategies must be implemented to reach
efficiencies comparable with those presented in Figure 9.

Finally, a completely decoupled system could be designed (E),
where the working conditions of the PV device do not depend on
the EC component due to the DC/DC converter installed in between
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FIGURE 9 Comparison of the highest achieved efficiencies both as
photovoltaic (PV) and solar-to-hydrogen (STH). (PV data collected
from the study of Greem,*® STH data collected from the studies of
Ager and Luo et al**** [Colour figure can be viewed at
wileyonlinelibrary.com]

them. Since all these technologies are relatively mature, a 20.6% STH
efficiency was achieved, and a potential of 26.5% was simulated as a
theoretical limit.*¢ However, it must be noticed that these approaches
(E) have an increasing complexity, and thus achieving a similar effi-
ciency with simpler, more compact devices (B, C) can be more cost-
effective.
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