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Abstract: Perovskite/silicon tandem modules have recently attracted growing interest as a
potential candidate for new generations of solar modules. Combined with a bifacial config-
uration it can lead to considerable energy yield improvement in comparison to conventional
monofacial tandem solar modules. Optical modeling is crucial to analyze the optical losses of
perovskite/silicon solar modules and achieve efficient light management. In this article we study
the optical properties of four-terminal bifacial tandem modules, using metal-halide perovskite
top solar cell and a conventional industrial crystalline silicon PERC bottom solar cell. We
propose a method to analyze bifacial gains, improve back side light management and challenge it
under realistic spectral conditions at several locations with various albedos. We show that both
optimized designs for the back side show comparable advantages at all locations. These results
are a good sign for the standardization of bifacial four-terminal perovskite/silicon modules.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Perovskite/silicon tandem modules have the potential to reach conversion efficiency around
40% [1], overcoming the Shockley-Queisser limit of single junction solar cell around 33% [2].
With highly efficient perovskite top cell and rapid improvement of devices figures of merit,
it is now possible to consider overcoming 30% efficiency in the near future. Four terminal
tandem device is one of the configurations which does not require electrical matching, allows
optimizing silicon and perovskite cells independently, and is less affected by outdoor conditions
than monolithic tandem modules [3—5]. This leads to more flexibility in the design of the device,
but with losses such as parasitic absorption of the transparent conductive layers. So far, several
works detailed optimizations of perovskite/silicon tandem devices for various configurations
[3,6-11]. Additional gains are possible by using perovskite/silicon tandem module in a bifacial
configuration [12—15]. However, there have been few works on optical modeling of bifacial
four-terminal configuration considering a full module stack, including spectral contributions.
In this article we present a detailed analysis of back light management and optimizations
depending on surroundings, albedo conditions and spectral effects. The methodology developed
helps analyzing four-terminal perovskite/silicon modules. We carry out modeling by combining
Monte Carlo ray tracing, thin-film optics and multiphysics realistic modeling of the energy yield
(electrical, spectral and optical). First, the model used is detailed (see Section 2) and applied
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to estimate the gain induced by considering the bifacial module in comparison to the classical
monofacial module (see Section 3). A better understanding of the mechanisms involved, and
thus the added-value of bifaciality, is detailed (see Section 4). Then back texture optimizations
are studied for several albedo conditions. Light management improvements are performed by
maximizing the photocurrent density of the architecture. It is shown that texturing back silicon
and/or back glass module depends on the albedo conditions. At the end, the optimized structures
are evaluated in realistic spectral conditions (Section 5). Several locations covering a wide
range of climate possibilities are considered. This allows evaluating the energy yield gain of
bifacial four-terminal module stack depending on back light management optimizations, albedo
conditions, and locations.

2. Modeling methods
2.1.  Optical modeling of tandem solar modules

Optical modeling was performed with SunSolve [16] to obtain A(4, ) with A the absorption,
A the wavelength and 6 the incident angle. This tool combines Monte-Carlo-based ray tracing
with thin-film optics. Ray tracing was used with optically thick layers where light propagates
incoherently such as silicon textured layer, glass, and intermediate matching layers (IML). Transfer
matrix method was then used to simulate coherently thin films included in ray tracing simulation
at interfaces. A sufficiently large number of rays were used so that the Monte Carlo simulation
converges to the physical model. Simulations were performed using the structures presented in
Fig. 1. Direct (normal or with an incidence angle) or totally diffuse incoming light are simulated.

Glass

Perovskite cell

Intermediate layer
N NN N N NN NN

Back
metallic
contact plate

Silicon cell

EEN BN BN BN BN BN BN B G S B .
Intermediate layer

Glass

Fig. 1. Monofacial (left) and simple bifacial (right) module structure. For the bifacial
module the back silicon contact grid is modified, IML and a glass layer are added.

Thicknesses and optical indices (Table 3, Appendix) for the perovskite stack are obtained
through in-house experimental measurements performed on samples produced at IPVF [17].
PERC silicon solar cell is considered in order to study mainstream industrial solar cells.

2.2. Spectral modeling and energy yield estimation under realistic conditions

Spectral modeling methodology is now detailed. This part of the home-made code aims
at determining direct and diffused irradiance spectra typically perceived by a solar module.
Depending on location, ground albedo and surroundings, representative irradiance data at each
hour in a theoretical year are computed. To do so, it associates Typical Meteorological Year data
(TMY3 data provided by NREL [18]) and a spectral irradiance modeling tool: SMARTS2 [19].

Irradiance perceived at the front is the sum of direct and diffuse components. Irradiance
perceived at the back of the module is essentially diffuse and results from sky diffusion and
reflection on surroundings.

An optimal module inclination is beforehand determined by minimizing the incidence angle of
direct sun irradiance over a year. In order to account for the complex influence of surroundings, a
view-factor computation code is developed, based on the pv-factors python library [20]. Having
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the module position fixed, the view-factors computation code calculates the broadband irradiance
power of the following components: sky diffused, reflection on surrounding modules and
reflection on ground, perceived at the front or the back side of the solar module (see Fig. 2).
The spectral shape of these components is computed in parallel, based on SMARTS outputs,
combined with spectral albedo and reflectance of the photovoltaic modules. Previous view-factor
results are finally used to set the broadband power of these components.

Direct

Reflection on
surrounding module

==

o acti 0 w\
Reflection on N P

ground ]

Fig. 2. Decomposition of the irradiance perceived at the front and back sides of a photovoltaic
module in a field configuration.

Photogenerated currents are obtained from the module optical simulation detailed previously,
using A(4, ) as input. These currents are computed considering front and back illumination
contributions and are used to evaluate optimizations.

A one diode model is used for the electrical modeling and parasitic resistances are considered.
The photogenerated current is used to compute the short circuit current, open circuit voltage,
fill factor and output power for each sub-cell, at each timestep. Values of electrical parameters
such as shunt and series resistances or ideality factors are taken from literature [21,22]. Such
electrical model gives reasonably accurate results and can be rapidly used [14,15], simulations
are run over the 8760 hours of a year.

The temperature of the solar cells is estimated by using a model depending on ambient
temperature, wind speed and global irradiance perceived at the front side [23]. Both sub-cells are
considered having the same temperature, and the thin perovskite stack having low influence on the
module temperature. Parameters of the model are chosen for crystalline silicon modules mounted
on a free-standing rack (in a solar farm for instance) [24]. The impact of cell temperature on the
output power is modeled with temperature coefficients: - 0.17%/K [25] for the perovskite and
-0.39%/K [26] for the silicon. The output power is the only quantity used to compute energy
yield.

3. Gain of bifacial over the monofacial module

In a first step, before analyzing optimization guidelines linked to bifacial structure, a monofacial
structure was compared to a bifacial tandem module by removing the back contact metallic plate,
implementing the same grid as the silicon cell front side and adding index matching and glass
layers, see Fig. 1.

The optical behavior of both cells is investigated under AM1.5g irradiance at normal incidence
angle on the front side and without considering incoming light at the back side. In that way,
monofacial and bifacial modules are compared, without considering the back optical gain in the
bifacial module. Photogenerated current remains at 20.1 mA.cm™2 in the perovskite cell and goes
from 12.79 to 12.70 mA.cm™2 in the silicon, for the monofacial and bifacial modules, respectively.
From this result we can conclude that the additional layer does not significantly modify the
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photocurrent. In Fig. 12 (Appendix), it is noticeable that losses through back encapsulant
absorption and back escape in the bifacial device are of the same order of magnitude as metal
absorption in the back metallic plate of the monofacial one.

In a second step, the gain of the bifacial module was studied by additionally taking into account
the irradiance at the back side, which is in real conditions mainly composed of diffused light
reflected by the surrounding. It is thus important to consider spectral albedo to estimate its power
and spectral repartition, rather than classical AM1.5g. Six spectral albedo values available in
the literature are used to provide a realistic view of the diversity of the possible surroundings
of the modules (see Fig. 3). The spectrum of the input irradiance at the back of the module is
computed as the product of AM1.5g spectrum with this albedo. The position of solar module in
relation with the ground or other photovoltaic modules influences this input irradiance. In order
to account for these geometrical aspects, the power of all irradiances is reduced by the same
factor. This coefficient is set in such a way that the perceived power represents approximatively
35 and 15% of the total power of the AM1.5g spectrum for sand and grass albedo, respectively.
This value is computed in regards to usual gains observed with bifacial modules ( [27,28]). Light
at the backside is considered as totally diffuse in the model and generated by an isotropic source
located at the back of the module.

1 : T T T T T

Snow

0.9 I | ——— White sand )
Grass

0.8 Concrete ]
Soil

0.7F Asphalt

Z— . . . . .

0
300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

Fig. 3. Spectral albedo of the six materials considered.

The comparison in Table 1 between monofacial and bifacial modules, taking advantage of this
supplementary input light at the back, shows that a strong photogenerated current improvement
and energy production gain can be expected. The relative current gain in the silicon cell reaches
important values, due to the low optical losses at the back of the bifacial device, showed in Fig. 12
(Appendix).

Figure 4 shows absorption/reflection of the monofacial and bifacial modules for the case of
sand albedo, (A) and (B), and grass albedo, (C) and (D), respectively. Additional available
light is completely absorbed by the bottom silicon cell. This shows a strong advantage of the
four-terminal bifacial modules over two-terminal ones, as no current matching is necessary, thus
avoiding the need to adapt the device design according to the module surroundings. In this graph
both front and back illuminations are considered even in the case of monofacial configuration.
Even if monofacial do not use the amount of light coming from the back, it is used in order to be
in the same conditions in the monofacial graph (A and B) and bifacial graph (C and D). This
helps visualizing the effect of bifaciality on silicon and the back side of the device. The white
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Table 1. Current photogeneration computed in tandem module. The monofacial device (first
column) is only illuminated under direct AM1.5g spectrum at the front, the bifacial module (other
columns) is illuminated by the same front light and supplementary diffuse light coming from several
albedos at the back. The irradiance power is only computed over the 300-1200 nm spectral range.

AM1.5¢g Sand Grass Asphalt Concrete Snow Soil
(monofacial)  albedo albedo albedo albedo albedo albedo
Input power (mW.cm™2) 83.39 113.06 95.47 86.64 94.75 123.03 88.5
Photogenerated currentin ~ 12.80 24.13 17.85 13.92 17.10 27.18 14.85
silicon cell (mA.cm™2)
Relative input gain (%) 35.6 14.5 39 13.6 47.5 6.1
Relative current gain in 88.5 39.5 8.7 33.6 112.3 16.0

silicon cell (%)

1200

, 1 , . ; ,
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Sand albedo (A) Sand albedo (B)
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Fig. 4. Absorption, reflection and loss analysis. Monofacial module with sand (A) and
grass (C) surrounding albedo, bifacial module with sand (B) and grass (D) surrounding
albedo. Front irradiation is direct AM1.5 g spectrum in all cases. Back irradiation with
diffuse light, is considered in both cases for the sake of comparison explaining the “Back
reflection” area in the monofacial case.
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area corresponds to the remaining front reflections and parasitic absorptions from other layers of
the device, and back reflection represents the amount of light reflected at the back side with back
illumination.

4. Design improvements of the bifacial structure
4.1. Enhanced front glass performances

In order to study light management optimization guidelines, we start from considering the front
part of the module including MgF, glass antireflection coating (ARC) and front glass random
pyramidal texture. Such textured glass is already obtained by [29] using a textured nanoimprinted
foil with a refractive index sufficiently similar to glass. To optimize these features, the pyramid
base angle is varied from 20° to 60°, keeping the 5 pm height constant. The ARC thickness
is swept from 10 to 200 nm. The pyramid shape is therefore modified, which is the decisive
aspect impacting the optical behavior as shown before [29]. As a bifacial module is designed,
backside illumination is considered to evaluate the dependence of the optimal design on module
surroundings conditions. Figure 5 shows the front side optimization when light reflected from
sand or a grass ground (differing albedo values) is illuminating the back side of the device. First,
results are highly similar, confirming that no significant quantity of light entering at the back side
reaches the front side of the device. Furthermore, the pyramid shape influences more the current
generation than the ARC thickness, even making the current independent from the film thickness
in some cases. One can note that in the lower part of the graphs, where the texture is almost
planar, the ARC slightly improves the absorption with usual thickness around 100 nm.

60 60 p
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55 — 55 —
438 g 376 E
50 i 50 ]
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545 = 45 374 2
a0 (5} é[) (5]
o)
=S40 ok E 40| 37.2 E
1 8 = E
&35 82 % 35 g
5 g 5 37 g
a9} o A 13}
30 s g 30 g
2 368 2
25 = 25 A
42.8
20 20 366
50 100 150 200 50 100 150 200
MgF2 ARC thickness (nm) MgF2 ARC thickness (nm)

Fig. 5. Photogenerated current in the bifacial tandem module as a function of front glass
texture pyramid base angle and ARC thickness. The module is illuminated by direct AM1.5 g
spectrum at the front and diffuse light coming from sand (left) and grass (right) albedo.

As expected no ARC is needed when considering textured glass. For the studied bifacial
tandem module, the optimal angle is 46° for both illumination cases. This allows the current in
the tandem to reach 46.70 mA.cm~2 with sand albedo and 40.22 mA.cm~2 with grass albedo.

4.2. Back interface optical behavior

Due to various albedo contributions, light management optimization must be done in consideration
of possibly very different incoming light spectra. It is expected to be influenced by the back of
the tandem module, for instance when specific textures are employed, here the roles of silicon
back-side texture and back glass layer texture are investigated by modeling four devices shown in
Fig. 6. The textures are random pyramids, 5 um high with a 52° base angle, which have been
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shown to be the best parameters to model the commonly processed silicon wafers in alkaline
solutions [30].

T N N N N oy, N N N P -\vﬁvi Ry Nyt Ny N N

| |

|
(@) (b) (c) (d)

Fig. 6. Structure of the modeled bifacial modules. Modules with either: no silicon and
glass back-side texture (a), only glass back texture (b) or silicon back texture (c), or both
glass and silicon back-side textures (d) are investigated.

Photogenerated currents in these four devices are shown in Table 2, the incoming light at the
back side is considered diffuse, either as coming from a sand or grass albedo. It can be first
noticed that in both cases, (b) and (d) devices are respectively generating more current than (a). It
means that having a textured glass interface improves the design of the back of a bifacial module
as it does for the front side.

Table 2. Losses through reflection or back side light escape and current photogeneration in the
silicon cell. The front irradiance is direct AM1.5g spectrum; the light from the back is diffuse and
coming from either sand or grass albedo. (a) (b) (c) and (d) devices are defined in Fig. 6.

Sand albedo Grass albedo
(@) (b) (© (d (@) (b) () (d)
Back reflection (mA.cm™2) 1.59 0.42 1.61 0.41 0.75 0.19 0.75 0.20
Back escape (mA.cm™2) 2.09 2.35 1.83 1.91 1.17 1.30 1.44 1.37
Silicon current (mA.cm™2) 24.14 24.38 24.61 25.07 17.90 18.05 17.76 17.97
Silicon current gain (%) 1.0 1.9 3.9 0.8 -0.8 04

Nevertheless, the best structure is not the same with both albedo conditions, yielding potential
optimization for specific locations or surroundings of the solar panel. It appears that the silicon
back-texture is advantageous for strong (sand) albedo, and detrimental for low (grass) albedo.
This varied behavior can be understood by looking at spectral absorption in silicon in Fig. 7(A)
and (B). Under 1000 nm the absorption is higher when the silicon back-side is textured: device
(d). On the contrary, a flat silicon back-side is advantaged for longer wavelengths: device (b).
The slight advantage of non-textured silicon over textured silicon in the grass-surroundings case
comes from the low backside incident power below 700 nm (see Fig. 3).

The inversions at 1000 nm also occurs for the parasitic absorptions in the layers at the back
of the silicon cell (dielectrics, IML, glass) and for the light escaping at the back, see Fig. 7(C)
and (D). Below 1000 nm most of the light coming from the device front side is absorbed before
reaching the back of silicon, the absorption and light escape differences occurring between device
structures are thus due to back-side light management variations. For device (d), lower parasitic
absorptions, lower back escape and higher absorption in silicon clearly confirm, that the silicon
pyramidal texture improves the penetration of light coming from the back into silicon by reducing
its surface reflection.

At longer wavelengths, the back silicon texture has an influence on the light coming from the
front device side, as all infrared radiations are not absorbed in a single pass. Parasitic absorptions
remain stable but back escape rises with the introduction of texture at the backside of silicon.
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Fig. 7. Silicon absorption in bifacial devices: (A) and (B). Parasitic absorptions in back
silicon dielectrics, IML and glass: (C), and escaping light through the back of the devices:
(D). Direct AM1.5 g spectrum at the front and diffuse light coming from sand albedo: (A),
(C) and (D), or grass albedo: (B). Devices have only a glass texture (b) or both glass and
silicon textures (d).

This might indicate that the infrared (IR) light coming from the front is less trapped in the silicon
layer: it escapes the silicon (less absorption), goes through the back-side materials and escapes
the device.

These results show a compromise between benefits of front side illumination (reflection of front
IR at the back side) and benefits of back side illumination (penetration of back illumination). In
this context textured back silicon interface favors back light penetration against front IR reflection.
The optimal structure in high albedo conditions (such as sand albedo) uses both textures at the
back of silicon and glass. On the other hand, when the albedo is low, as in the case of grass
albedo, keeping a flat back silicon side is favorable. In any case, a textured back glass interface
shows advantages to increase the quantity of light entering into the device from the back.

4.3. Enhanced back side

Back side silicon and glass textures were previously all modelled as random pyramids, 5 um
height, with a 52° base angle. The textured shape of the glass is now varied and an ARC is
considered. To find an optimal interface the pyramid base angle is varied from 20° to 89° and the
MgF; thickness from 10 to 200 nm. Unlike front incoming light, back irradiance is considered as
totally diffuse, it is also much less intense. The photogenerated current variations are thus much
smaller in Fig. 13 (Appendix) than in Fig. 5. Actually, when the ARC thickness is adjusted, any
pyramid angle can be chosen and results in a loss of less than 0.2 mA.cm™2.

Simulations show that the best results are obtained with a pyramid texture of more than 80°
angles. Because of small current gain and of device production issues, we can consider that
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for instance the 52° base angle used previously is suitable. Such a pyramid shape has the great
advantage of being commonly obtained with silicon etching, allowing nanoimprint method in
order to obtain pyramids at the glass surface [31].

In comparison to the simple bifacial module, improved devices show more than 0.7 mA.cm™>
increase in the perovskite cell and respectively 0.9 mA.cm™2 and 0.2 mA.cm~? for both textured
back interface in sand conditions and the only glass textured back interface in grass conditions.
The 4-terminal tandem module reaches 45.85 mA.cm™2 and 38.84 mA.cm™2 in sand and grass
albedo conditions, respectively. Interestingly, the same back texture is shown to work almost
equally well for all albedo.

5. Bifacial tandem modules under realistic conditions
5.1. Irradiance spectra along the year at several locations

The in-house code allows obtaining spectral irradiations consistent with typical meteorological
year irradiance for a given location. The combination with geometrical modeling through
view-factors provides spectral results for all components of the perceived light at the front or back
side of a photovoltaic module. Figure 8 shows that on average the main components impacting
the front side are the sun irradiance directly perceived and diffused by the sky. On the other hand,
the composition of the irradiance perceived at the back side is more complex. Minor components
(sky diffused and reflected on the facing module) are of substantial magnitude and have to be
considered in order to accurately simulate the spectrum of perceived irradiance.
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Fig. 8. Spectral irradiance perceived at the front side (left) and back side (right) of a
photovoltaic module. Spectra are averaged over a year. Location is Denver and a grass
albedo is considered. PV reflected is the component that is reflected on the facing module
(see Fig. 2).

Calculated data accounts for usual sunshine variations (due for example to cloudiness, humidity,
temperature, pressure variations) along a representative year for the given location. It is important
to consider irradiance spectrum shape variations as both sub-cells are not impacted in the
same way. Figure 14 (Appendix) shows for instance that absorbed spectra shift towards short
wavelength along the morning (independently from the global intensity increase). The longer
path through the atmosphere when the sun is low results in more Rayleigh scattering (which
impacts more short wavelengths than longer wavelengths).

When considering several locations, the shape of irradiance also varies and the site’s latitude
is of noticeable influence. Sun zenith angle along the year is directly linked, making the average
spectrum of normal direct irradiance IR-richer in Seattle than in Las Vegas. Table 4 (Appendix)
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shows the relevant characteristics of the three locations compared. Las Vegas is characteristic of
the hot and dry climate, Denver is rather hot but more humid, and finally, Seattle is representative
of temperate climates, these three locations give a sample group of possible operative conditions
for the modules. Combined with the variations observed in irradiance spectra, this study gives
keys to investigate the optical behavior of the enhanced bifacial tandem modules and evaluate
their improvements under realistic conditions.

5.2. Energy yield gain of the optimized device

Spectral irradiation perceived at front and back side of the module, when combined with optical
modeling previously presented, allows determining photogenerated currents in the devices. As
perovskite and silicon cells do not absorb the same part of the spectrum, current productions
evolve differently during a day. At the beginning and the end of the day, when the sun is low
and perceived spectrum is IR-richer, both currents have closer values: at these specific moments
the silicon cell might give better results. The same phenomena might play a role with a higher
difference in summer than in winter (also IR-richer spectra).

Absorbed spectral irradiance in each sub-cell can be converted into photon flux and then into
spectral photogenerated current. Combined with the open circuit voltage and fill factor of the
cells, a spectral output power is computed. Figure 9 shows such result for the yearly averaged
spectra of each component (see Fig. 2). perceived at the front or back side and when considering
sand or grass albedo. Year-average open circuit voltages and fill factors are considered. This
interestingly shows that, at the front side, the silicon solar cell absorbs mainly direct irradiance,
unlike the perovskite cell. The small quantity of ground-reflected irradiance perceived at the
front side is almost entirely used by the perovskite cell, in the case of a sand albedo. At the back
side, the components diffused by the sky and reflected on the facing module bring a perceptible
supplement of energy, with a strongly different spectral distribution from the ground-reflected
component.

The irradiance spectra of the three locations presented in Table 4 (Appendix) are used to
estimate the current and output power gain of the enhanced devices in part 4. Results for
“Reference monofacial” and “Reference bifacial” modules in Fig. 10 show the energy production
gain through bifaciality without light management optimization. It is more significant when the
albedo is stronger: in the case of sand (left) it lies between 16.5% at Las Vegas and 18.8% at
Seattle. In the case of grass, the gain remains between 6.6% and 10.0%.

Both optimized bifacial devices show superior performances: their front side is improved
through textured glass, and their back side is optimized either for high or low reflecting albedo.
The fully back textured device (“Sand-optimized bifacial”, (d) in Fig. 6) is developed for high
reflective sand albedo, the device with flat silicon back interface (“Grass-optimized bifacial, (b)
in Fig. 6) is optimized for low reflective grass albedo. The advantage of having a device with
back light management optimized for a specific albedo is perceptible but appears limited. Two
factors might be in cause: first, the irradiance power perceived at the back is too low for its
spectral variations to have a significant influence on device performances. Second, the irradiance
perceived at the back side is not entirely coming from reflection on the ground, but also from
reflections on surrounding photovoltaic modules and sky diffusion, as seen in Fig. 9. For instance,
a module installed at Denver over a grass albedo would perceive 130.4 kWh.m™2 per year through
reflection on the ground and 30.2 kWh.m~2 per year directly from sky diffusion. Only the ground
reflected component is influenced by spectral albedo variations.

The fully textured back interface device (“Sand-optimized bifacial”, (d) in Fig. 6) is slightly
more flexible to both albedo conditions. It brings a yield gain over the “Reference monofacial”
device between 8.0% in Las Vegas with grass albedo and 20.4% in Seattle with sand albedo.
It appears clearly that bifacial photovoltaic modules bring the most benefits over monofacial
modules under low irradiance climates (it is temperate or slightly humid in Seattle). Here
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Fig. 10. Energy production estimation in realistic conditions at three locations for sand
(left) and grass (right) albedo. Reference modules are presented in Fig. 1, enhanced bifacial
devices are presented in Fig. 6(b) and (d).
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the diffuse irradiance perceived at the back side is of more weight, than in cases where direct
irradiance perceived at the front is already very powerful (such as Las Vegas).

5.3. Remaining energy yield losses

Detailed optical losses obtained from optical simulation are spectrally separated into two parts:
occurring at lower or higher wavelength than the perovskite bandgap. They are therefore divided
in losses for the perovskite or losses for the silicon. With the same method as for photogenerated
currents along a year, all equivalents currents corresponding to all optical losses are then
computed. When combined with their respective solar cell electrical parameters, the energy lost
over a year through these optical losses is obtained.

As presented in Fig. 11, the main losses are impacting the silicon cell and come from parasitic
absorptions in layers of the perovskite cell. This show that further work on semi-transparent
perovskite solar cells for tandem applications can be expected to bring significant efficiency gains.
FTO and ITO are the two first materials to be tackled for such objective.
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Fig. 11. Energy yield reduction through optical losses in both sub-cells. Realistic conditions
in Denver with a sand albedo are used. Perovskite and Silicon refers to losses occurring
respectively above or below perovskite bandgap.

The results of Fig. 11 are obtained with climatic conditions in Denver with a sand albedo. The
specificity of back light management optimization, depending on albedo, is perceptible through
analyzing back escape. The module optimized to favor back light penetration (Fig. 6(d)) performs
better than the module aiming at reducing escape of light coming from the front (Fig. 6(b)): it
losses 17.8 kWh.m~2 instead of 19.3 kWh.m~2. In low albedo condition the situation is reversed:
device (d) and (b) loose respectively 14.2 and 11.5 kWh.m™2 per year as back escape.

This confirms that the best light management has to favor back light penetration in such
conditions (strong albedo). Nevertheless, the small difference shows also that such aspect is
small, allowing standardization of bifacial tandem modules.

6. Conclusion

Optical modeling combining ray-tracing and transfer matrix methods allows investigating four-
terminal perovskite on silicon tandem modules. Hence, interfaces of the device are examined and
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improved in order to enhance light penetration in cells absorbers. In this work we have shown
that back light management is necessary in order to take advantage of albedo and surrounding
conditions in perovskite/silicon tandem bifacial module. More interestingly, when considering
bifacial modules, advantages of backside silicon texture are influenced by trade-off between light
management of front and back illuminations, making the best device structure dependent on
illumination conditions, especially albedo. Spectra modeling in realistic conditions is therefore
done by combining representative meteorological data and SMARTS?2 spectra modeling tool, in
order to validate the previous design improvements. Three locations are used to give an overview
of the various climates under which solar modules operate. Not only current photogeneration but
also energy production is estimated to offer a comparison of improved devices in these conditions.
Results confirm first modeling conclusions under AM1.5g spectrum: back light management
leads to clear gain in energy yield. The dependence of best back designs on location is confirmed,
but advantages between module designs remain of low order. Furthermore, both optimized
designs for the back side show comparable advantages at all locations.

This is a good sign for future standardization of perovskite-silicon bifacial tandems, in addition
to the advantage of four terminal over two terminal modules, being more flexible to albedo
conditions without the need of current matching. It appears that taking advantage of diffused
light by having good reflecting soil materials behind the module could improve energy production
by more than 21% in a location where incoming irradiance is naturally low and diffuse, namely
in temperate-cold climates. This gives elements for the back light management optimization of
four-terminal tandem module taking into account surroundings, albedo conditions and spectral
effects.

Appendix

Parameters for optical modeling

Table 3. Layer thicknesses and refractive indices used in
optical simulations.

Material Thickness Optical indices
Glass 3 mm [17]
SnO, 8 nm [17]
SiO;y 40 nm [17]
FTO 500 nm [17]
TiO, 40 nm [17]
Mesoporous TiO, 100 nm [17]
Perovskite 600 nm [17]
Spiro 270 nm [17]
ITO 280 nm [17]
Index Matching layer (IML) 450 pm [32]
SiNx 80 nm [33]
Silicon 170 pm [34]
Al,O3 5 nm [35]
SiNx 180 nm [33]

Details on the random nature of pyramids used as texture

When textured interfaces are simulated, upright pyramids with random surface morphologies are
considered. When a ray leaves the parallelepiped constituting the pyramid’s unit cell, a random
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location on the adjacent unit cell is selected, and then the ray propagates into the neighboring
unit cell. This is equivalent to randomly translating the adjacent unit cell in the x (or y) and z
directions.

Details on front and back illuminations

In so far as front and back side illuminations are not linked in term of coherency front and
back illumination can be considered separately. For each illumination, each ray is defined
by some parameters (wavelength, intensity, direction, and source). For back illumination the
source is located below the module. After propagating through the layers, the photogeneration,
reflection, transmission, and parasitic absorption are saved for each ray (being either front or
back illumination), summed, and averaged to give the results of the ray packet. This is repeated
for several ray packets. The final gains and losses are then obtained by averaging large number of
rays, which make the Monte Carlo simulation converge to the physical model.

In the case of simulation with front and back side illuminations, rays coming from both sides
are considered independently and summed altogether. The power of all illumination sources
accounts for front and back side.

Details on contacts considered

Metal grid contacts on the silicon sub-cell are included in optical simulations considering
‘PseudoRectangular’ sections (rectangle with the two up corners rounded) and a classical pattern
is considered. Optical indices of the contact material are considered to fully resolve reflections at
their surface, and simulate the shading effect for instance. Optical properties of the area between
the finger contacts are also implemented. In the case of the perovskite sub-cell, transparent and
conducting oxides are considered and parasitic absorptions due to these layers are computed.

Results of optical modeling
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Fig. 12. Absorption simulated in modules. Currents are also shown in order to help
analyzing losses at the back of the silicon cell for the monofacial (left) and bifacial module
(right). In this case incoming light only comes from the front.

Results of realistic conditions modeling

The spectra presented in Fig. 14 result from a year-average each hour. This shows the evolution of
light along a day. As it is presented in the literature [37], the absorbed spectra shifts towards short
wavelength along the morning (independently from the global intensity increase) The longer path
through the atmosphere when the sun is low results in more Rayleigh scattering (which impacts
more short wavelengths than longer wavelengths). The normal direct irradiance (see Fig. 14(a))
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Fig. 13. Simulated photogenerated currents in the bifacial tandem (left is structure (d) and
right structure (b)) module as a function of back glass texture pyramid base angle and ARC
thickness. The device is illuminated by direct AM1.5 g spectrum at the front and diffuse
light coming from sand (left) and grass (right) albedo.

Table 4. Site characteristics for Las Vegas, Denver and Seattle. Annual irradiances, average
temperature, and pressure calculated from TMY3 data, average precipitation and humidity from

NOAA [36] data.

Las Vegas Denver Seattle
Latitude 36.083° 39.833° 47.467 °
Altitude 648 m 1650 m 122 m
Annual normal direct irradiance 2592 kWh/m? 1978 kWh/m? 1158 kWh/m?
Annual horizontal diffuse irradiance 520 kWh/m? 556 kWh/m? 584 kWh/m?
Average precipitation 10.65 cm 41.15cm 95.02 cm
Average temperature 19.8 °C 10.9 °C 6.3 °C
Average pressure 988 mbar 835 mbar 1001 mbar
Average humidity 30% 50% 74%

is the most impacted. The diffuse spectrum perceived on the front side (see Fig. 14(b)), mainly
resulting from Rayleigh scattering is thus very rich in short wavelength photons.
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Fig. 14. Denver averaged irradiation spectra computed over a year, grouped by hour of
the day. Direct normal irradiance (A), diffuse irradiance on a tilted surface (B) and diffuse
irradiance reflected by grass albedo (C) are modelled. Spectra are all normalized to a
broadband power of 1 W.m™2 in order to compare their shapes.
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