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To overcome this limit, and consequently 
further decrease the levelized cost of elec-
tricity (LCOE), new solutions are required. 
A promising approach is to employ 
tandem solar cells, as the theoretical 
PCE limit for double-junction tandem 
solar cells lies beyond 40%.[3] Perovskite-
based tandem solar cells have attracted 
enormous attention in recent years, due 
to the remarkable optoelectronic proper-
ties[4] of metal halide perovskites, their 
inexpensive fabrication processes,[5,6] and 
tunable bandgap.[7,8] Indeed, perovskite/
silicon two terminal (2T) tandem solar 
cells have already achieved PCEs of up 
to 31.25%.[9] As an alternative, all-perovs-
kite 2T tandem solar cells, incorporating 
two or more perovskite layers with dif-
ferent bandgaps as absorber materials, 
are a promising new technology,[10–14] 
reaching record PCE of 26.4%[15] in small 
scale cells. This thin film technology 
enables the fabrication of cheap and flex-
ible cells with extremely low energy pay-

back time.[16] While module scale progress has not achieved 
the same record PCE, a recent module with a PCE of 19.1%, 
fabricated with a fully up-scalable layer stack, was reported by 
Abdollahi Nejand et al.,[17] combining a 1.26 eV bandgap bottom 
subcell with a 1.78  eV bandgap top subcell. This combina-
tion of bandgaps is already close to the optimum for opaque 
architectures estimated by Hörantner et  al. of around 1.83  eV 
for the perovskite top subcell with a perovskite bottom subcell 
bandgap of 1.26 eV.[18] However, perovskite compositions with 
bandgaps larger than 1.68 eV (via increased bromide concentra-
tions) are more sensitive to photoinduced phase segregation,[8] 
leading to faster degradation of the cells, and show increased 
open circuit voltage (VOC) losses.[8,19,20] A bifacial architecture 
is a potential remedy for this issue as bifacial architecture are 
proven to reduce the optimum bandgap of the perovskite top 
subcell below the phase segregation threshold for perovskite/
silicon tandem solar cells.[21,22] Furthermore, bifacial architec-
tures greatly increase the energy yield (EY) of cells compared 
to the monofacial architecture.[21,22] In a bifacial architecture, 
the rear metal contact is replaced with a transparent conductive 
oxide (TCO)/encapsulation/glass layer stack, so that light can 
be also harvested at the rear side of the cell (see Figure 1). Since 
both high- and low-energy photons entering the cell at the rear 
side are absorbed in the bottom subcell, a larger current in the 

All-perovskite two-terminal tandem photovoltaics offer high power conver-
sion efficiencies (PCEs) that can surpass the limits of single-junction photo-
voltaics. In this study, energy yield (EY) simulations are performed to assess 
the performance of bifacial all-perovskite tandem solar cells. Under standard 
test conditions, in the absence of albedo, bifacial tandems demonstrate a 
4.9% relative lower PCE compared to equivalent monofacial tandems due to 
transparency losses at the semitransparent rear side. However, under realistic 
irradiation conditions, albedo irradiation leads to an enhancement in EY for 
bifacial cells. This enhancement enables bifacial cells to produce more energy 
than monofacial cells, even over relatively low average reflectance (RA) ground 
such as dark sandstone (RA = 9%). The EY gain for bifacial cells rises to a 
maximum of 40–50% for ground modeled as a perfect reflector (RA = 100%), 
accompanied by a shift in optimum top subcell bandgap to 1.56 eV. This shift 
is of particular interest as low-bandgap perovskite semiconductors (with 
lower bromide concentrations) offer enhanced stability under realistic opera-
tion conditions. Finally, this work presents a route to increase the PCE of 
simulated monofacial and bifacial cells, to 31.9% and 30.8%, respectively, by 
optimizing the optical and electrical performance of the cells.
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1. Introduction

Market-dominating crystalline silicon (c-Si) single-junction (SJ) 
solar cells have demonstrated record power conversion effi-
ciencies (PCE) approaching their practical limit of ≈29%.[1,2] 

© 2022 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the 
 Creative Commons Attribution-NonCommercial License, which permits 
use, distribution and reproduction in any medium, provided the original 
work is properly cited and is not used for commercial purposes.
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top subcell is required to compensate for the effects of rear-side 
illumination.[23] Therefore, an inverse relationship is expected 
between optimum absorber bandgap and albedo irradiance  
intensity.

Assessing performances of bifacial all-perovskite 2T tandem 
solar cells via experimentation is a tedious and complex task. 
Standard test conditions (STCs) typically only include front-side 
illumination, with a dedicated setup required to illuminate the 
rear side. However, even with rear illumination, the resulting 
irradiation conditions will be very different from real outdoor 
conditions, where diffuse irradiation plays an important role 
and rear irradiation is the result of direct and diffuse irradiation 
scattering at the ground. Thus, EY simulations under realistic 
irradiation conditions are pivotal to develop design rules and 
investigate EY trends for bifacial all-perovskite 2T tandem solar 
cells.

In this work, in-depth EY simulations are carried out, using 
our in-house developed EY simulation platform EYcalc, pub-
lished as an open source software.[24] First, the optical and elec-
trical performance of the studied cells are modeled, using the 
high-efficiency monofacial all-perovskite 2T tandem solar cell 
reported by Abdollahi Nejand et  al.[17] as a general reference. 
The bifacial cell is derived from the monofacial architecture 
by replacing the rear metal electrode with a transparent TCO 
and rear side encapsulation layer followed by a sheet glass. 
The perovskite top subcell bandgap and thickness of the two 
cells are optimized under STCs and realistic irradiation con-
ditions with different types of ground. The EY simulations 
are performed for various locations with different climatic 

conditions and to test the dependence of bifacial cells on dif-
ferent albedo conditions. Finally, monofacial and bifacial cells 
are optically and electrically optimized to assess the potential 
of this technology and EY comparisons with state-of-the-art 
solar cell technologies are carried out. Simulations occur at cell 
level, neglecting the shading losses that occur for large mod-
ules under realistic operation conditions. However, we will 
also discuss how shading losses would quantitatively affect the  
results.

2. Results and Discussions

The layer stacks used in our study for both monofacial and bifa-
cial all-perovskite 2T tandem solar cells are shown in Figure 2a. 
These layer stacks largely follow those reported by Abdollahi 
Nejand et  al.[17] for their high-efficiency monofacial cell (for a 
direct comparison between experimental EQE and reflectance 
data with simulation results see Figure S1, Supporting Informa-
tion). The bandgap of the perovskite bottom subcell is 1.26 eV. 
The bandgap of the top subcell is varied from 1.56 to 2.12 eV. 
Both monofacial and bifacial cells constitute of subcells in p-i-n 
architecture, with a 210  nm IO:H layer as front TCO, depos-
ited on top of a glass substrate including a 100 nm MgF2 anti 
reflection coating (ARC). A self-assembled 2PACz monolayer 
acts as hole transport layer (HTL) for the top subcell (the optical 
effects of this monolayer are deemed negligible and therefore 
2PACz is not considered in the optical simulations). Following 
the narrow bandgap perovskite absorber, a 20 nm C60 layer and 
20  nm SnO2 layer serve as passivation and electron transport 
(ETL) layers respectively for the top subcell. The recombina-
tion junction (RJ) consists of an indium tin oxide (ITO) layer 
of 30 nm thickness. For the bottom subcell, a 30 nm PEDOT 
layer serves as HTL, followed by the wide bandgap perovskite 
absorber and a 5 nm PCBM and 20 nm C60 bilayer used as an 
ETL. The monofacial and bifacial layer stacks only differ in the 
final layers of these cells. A 100 nm thick Ag rear contact is used 
in the monofacial cell at the rear side after the C60 layer. For the 
bifacial cell, a 130 nm ITO layer is used as rear TCO electrode, 
to enable light harvesting from both directions, and the stack is 
completed with an EVA encapsulation layer followed by a back 
cover glass. A 100 nm thick MgF2 ARC is also used to allow for 
an efficient light incoupling of albedo irradiation. We will refer 
to this combination of materials at the rear side of our cells as 
the rear layer configuration. It is worth noting that other encap-
sulation materials, such as polyolefin, have proved to perform 
better than EVA in damp heat and thermal cycling testing.[25] 
However, optical characteristics of these materials are very sim-
ilar to EVA and hence would not significantly affect simulation 
results.

2.1. Effects of Rear Layer Configuration

To investigate the effects of different rear layer configurations 
on the performance of monofacial and bifacial cells, we per-
form optical simulations. We assume front-side illumination 
and that the transmitted through the perovskite absorber is 
striking the interface between the perovskite and remaining 

Figure 1. Schematic illustration of the working principle of bifacial all-per-
ovskite 2T tandem solar cells under realistic irradiation conditions. Three 
types of irradiation can be distinguished: i) direct irradiation, emitted 
directly by the sun with a definite angle, ii) diffuse irradiation, which is 
scattered isotropically after the interaction with the atmosphere and the 
clouds, and iii) albedo irradiation, which is the result of scattering of 
direct and diffuse irradiation at the ground. The albedo irradiation is a 
function of the reflectance of the specific ground material. All three irra-
diation types play a role in front and rear illumination. However, front 
irradiance is mostly comprised of direct and diffuse light, while rear irradi-
ance is dominated by albedo light.
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layers at the rear side. Then we simulate how light is reflected 
back into the perovskite and the transmittance through these 
rear layers. Due to the presence of the Ag rear electrode in the 
monofacial all-perovskite tandem solar cell, the average reflec-
tance from the rear layers in the 700–1200  nm wavelength 
range is equal to 96%. For the bifacial architecture only 4% of 

the light is reflected back at normal incidence, while 94% is 
outcoupled from the cell at the rear side (for reflectance at the 
rear side for monofacial and bifacial cells see Figure S2, Sup-
porting Information). As a consequence, under STCs, a loss in 
short-circuit current density of 1.1 mA cm−2 is expected for the 
bifacial cell compared to the monofacial reference. The loss in 

Figure 2. a) Schematic cross-section of layer stacks used for simulations in this work for monofacial and bifacial all-perovskite 2T tandem solar cells. 
b) Absorptance spectra for monofacial and bifacial cells. The top subcell bandgap is set to 1.78 eV, while thickness is optimized for each architecture. 
Absorptance spectra and parasitic losses for the bifacial cell with c) front- and d) rear-side illumination.

Adv. Optical Mater. 2022, 2201691
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bottom subcell photogenerated current density leads to a lower 
optimal top subcell thickness in the bifacial cell compared to 
the monofacial cell in order to achieve current matching (see 
Figure 2b). By inputting photogenerated current densities into 
the electrical module, we find that the monofacial cell achieves 
a ≈7% relative increase in PCE (24.4% for monofacial, 22.9% 
for bifacial), using a wide bandgap perovskite top subcell 
bandgap of 1.78  eV and modifying thicknesses to achieve cur-
rent matching, due to improved light harvesting in the bottom 
subcell. For a detailed description of the electrical module and 
electrical parameters used in this work see the Experimental 
Section. As a result of increased current density, VOC is also 
slightly higher for the monofacial cell (2.04  V for monofacial, 
2.03 V for bifacial).

However, these simulations assume no illumination at the 
rear side of the bifacial cell. When illumination is introduced to 
the rear side, the lower optical performance of the bifacial cell 
with front illumination is compensated by light harvested at the 
rear. Assuming rear illumination with an AM1.5G spectrum, 
up to 30.4  mA cm−2 current density can be generated in the 
bottom subcell. However, in this theoretical situation, no light 
is absorbed by the top subcell, since the high energy photons 
typically absorbed by this subcell are already absorbed by the 
preceding layers, while low energy photons, with energy below 
the EG of top subcell perovskite, cannot be absorbed by the top 
subcell. Therefore, light entering the cell from the rear side in 
a bifacial architecture generates extra current exclusively in the 
bottom subcell that can balance or even exceed front-side illu-
mination current loss in the bottom subcell caused by the semi-
transparent rear layer configuration.

2.2. Perovskite Top Subcell Bandgap and Thickness 
Optimization

The optimum perovskite top subcell bandgap and thickness in 
monofacial and bifacial cells is greatly impacted by the distri-
bution of photogenerated current density in the two subcells 
and the presence of albedo light under realistic irradiation con-
ditions. In the following, we optimize the perovskite top sub-
cell bandgap and thickness for monofacial and bifacial cells 
under STCs and realistic irradiation conditions for different 
ground types. We optimize the perovskite top subcell bandgap 
in a range between 1.56 and 2.12 eV, while thickness is varied 
between 100 and 1000 nm.

Under STCs, the optimum top subcell bandgap for the 
monofacial cell is 1.82 eV, while the optimum perovskite thick-
ness is 600 nm (see Figure 3a), resulting in a maximum PCE 
of 24.5%. As previously established, current density genera-
tion in the bottom subcell is lower for a bifacial cell without 
albedo compared to the monofacial scenario. To compensate for 
this, a wider optimum bandgap is required for the top subcell 
(1.86 eV), in order to increase the share of current generated in 
the bottom subcell. The optimum perovskite top subcell thick-
ness is 640  nm and the maximum PCE is 23.3% (4.9% lower 
relative to the optimized monofacial cell).

Under realistic irradiation conditions, the optimum top 
subcell bandgap shifts to higher values, primarily due to the 
higher share of high-energy photons in diffuse irradiation. For 
atmospheric conditions equivalent to Phoenix, AZ (we provide 
more information about temperature and spectral irradiance 
in Phoenix in Figures S3 and S4, Supporting Information), 

Figure 3. Power conversion efficiency (PCE) under standard test conditions (STCs) as a function of perovskite top subcell bandgap and thickness for 
a) monofacial and b) bifacial cells. Annual energy yield (EY) as a function of perovskite top subcell bandgap and thickness for c) monofacial and for bifa-
cial cells with d) black background (RA = 0%), e) dark sandstone background (RA = 9%), and f) bright sandstone background (RA = 64%) in Phoenix, AZ.
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the optimum perovskite top subcell bandgap is 1.89  eV for 
the monofacial cell and 1.92 eV for the bifacial cell, assuming 
a black absorber with an average albedo reflectance over the 
300–1200 nm range of RA = 0% as the ground. For the spectrally 
resolved reflectance of different ground types see Figure S5, 
Supporting Information). When albedo irradiation is consid-
ered, more light is collected by the bottom subcell. Therefore, 
optimum bandgap shifts to lower values and optimum perov-
skite top subcell thickness to higher values, in order to generate 
a larger share of current in the top subcell and obtain cur-
rent matching (for optimum perovskite top subcell thickness 
as a function of perovskite top subcell bandgap for different 
ground types see Figure S6, Supporting Information). Even for 
a poorly reflective ground type as dark sandstone (RA  = 9%), 
the optimum bandgap is 1.86 eV. For a highly reflective ground 
as bright sandstone (RA  = 64%), optimum bandgap falls to as 
low as 1.61 eV (for a comparison of bifacial cells under AM1.5G 
spectrum and different backgrounds see Figure S7, Supporting 
Information). As discussed in the introduction, a narrower 
perovskite bandgap is desirable due to reduced degradation and 
increased stability, since perovskite compositions with wide-
bandgaps suffer from photoinduced phase segregation.[26,27] 
Therefore, the bifacial architecture in all-perovskite 2T tandem 
solar cells, in combination with highly reflective ground, is 
a potential method to overcome one of the greatest issues of 
perovskite solar cells. Moreover, the annual EY for bifacial cells 
is significantly enhanced compared to monofacial cells, up to 
+34% with bright sandstone as ground material.

In Figure  3a,d, we notice interference patterns in the PCE 
for the monofacial and bifacial cells under STCs (see the gap in 
the contour plot between 1.80 and 1.90 eV), while these effects 
are less visible under realistic irradiation conditions. The all 
planar stack of the cells presented in this work is prone to inter-
ference effects. Under stable irradiation conditions, a variation 
in perovskite thickness shifts the interference patterns. These 
effects are smoothed out in the contour plot for cells under 
realistic irradiation conditions because of the continuously var-
ying irradiation conditions.

Finally, it should be noted that all simulations presented in 
this work do not take into account shading losses, which would 
occur under realistic conditions in PV fields. Such losses com-
prise shading due to the module itself and due to adjacent rows 
of modules. The magnitude of these losses depends on param-
eters specific for each scenario, such as module installation 
height and distance between rows of modules. To discuss the 
impact of shading losses, we used the illumination code[28] for 
bifacial cells introduced by Jäger et al.[29,30] We find that shading 
losses at the rear side of a bifacial cell for two different realistic 
scenarios reduce rear albedo irradiation between 35% and 55% 
(see Figure S8, Supporting Information, for more details about 
our shading losses simulations). Since this reduction greatly 
depends on installation parameters, the following EY simula-
tions disregard shading losses. The reduction due to shading 
losses is analogous to reducing the average albedo RA. There-
fore, to have a preliminary estimate of the impact of shading 
losses in our simulations, RA should be scaled a value 35%–
55% relatively lower.

In summation, our simulations show that it is necessary to 
further develop wide-bandgap (>1.80 eV) perovskite top subcells 

to explore the full potential of all-perovskite 2T tandem solar 
cells under STCs. However, under realistic irradiation condi-
tions, adopting a bifacial architecture in combination with 
highly reflective ground, allows the use of narrower bandgap 
compositions while substantially increasing EY compared to 
monofacial cells.

2.3. Annual Energy Yield Under Different Climatic Conditions

Next, we want to identify potential EY and optimum bandgap 
trends under different climatic conditions. Therefore, we 
expand the simulations performed in the previous section by 
calculating the annual EY of bifacial cells in five example loca-
tions and for six different ground types (always assuming a 
black ground for monofacial cells) with several top subcell 
bandgaps in the range between 1.56 and 2.12 eV (see Figure 4a). 
The tilt angle is optimized for the monofacial cell (for an anal-
ysis of the robustness of bifacial cells to tilt angle variations see 
Figure S9, Supporting Information). For all five locations, the 
EY loss of the bifacial cell compared to the monofacial cell with 
a black background is ≈3–4%. For low reflective grounds such 
as dark sandstone (RA  = 9%), there is already an EY gain for 
bifacial cells of ∼4–5% over the monofacial cell. For higher RA, 
the EY gain increases linearly, up to ≈35% for bright sandstone 
(RA = 64%) (see Figure 4b). Further increasing the albedo reflec-
tance, the tandem cell is always top limited due to the large 
albedo current generated in the bottom subcell and therefore 
the EY gain of bifacial cells plateaus at ≈40–50%. The optimum 
perovskite top subcell bandgap decreases with increasing RA, 
since more light is collected by the bottom subcell due to 
rear albedo irradiation. With a grass ground (RA  = 35%), the 
optimum bandgap is decreased from 1.90 to 1.72–1.78  eV. 
With bright sandstone (RA  = 64%), the optimum bandgap is 
1.56–1.62 eV.

When considering high values of albedo reflectance 
(RA > 64%), the EY gain of the bifacial cell over the monofacial 
cell depends on the location. In particular, locations at higher 
latitudes show a larger EY gain in favor of bifacial cells. In Hon-
olulu, Hawaii, the closest simulated location to the equator, the 
EY gain is equal to 37%, while in Anchorage, Alaska, where the 
latitude is highest among the locations under study, the EY gain 
is largest, equal to 51%. As mentioned earlier, for high values 
of albedo, the tandem subcell is always top limited, even when 
choosing the maximum thickness (1000 nm) and the narrowest 
bandgap (1.56  eV) investigated for the top subcell. Since at 
higher latitudes the cell is mounted with a larger tilt angle, more 
albedo light is collected by the top subcell and consequently 
current mismatch is reduced. Therefore, bifacial tandem cells 
at higher latitudes benefit more from this contribution and 
the EY gain over the monofacial cells with dark background is 
larger. However, this tilt introduces potential albedo irradiation 
at the front side also for monofacial cells. If we also take this 
into account for monofacial cells, the EY gain of bifacial cells 
over monofacial cells does not show a significant dependence 
on latitude and reaches a maximum of 35% when assuming a 
white background (for an analysis of front-side albedo irradia-
tion and tilt angle optimization for monofacial all-perovskite 2T 
tandem cells see Figure S10, Supporting Information).

Adv. Optical Mater. 2022, 2201691
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Optimizing the bifacial cell architecture for each ground type 
can be economically challenging. As we reported in the pre-
vious section, for different ground types there is a very large 
variation in optimum perovskite top subcell bandgap and thick-
ness. Optimizing the bifacial cell for different ground types 
would imply fabricating different versions of cells, increasing 
the overall cost of fabrication. To investigate the robustness 
in performance of bifacial cells for different albedo condi-
tions, we optimize the cell for one ground type and then simu-
late the performance of the cell for all the remaining ground 
types (see Figure 4c). Once the cell is optimized for one albedo 

condition, increasing albedo does not significantly increase the 
annual EY. A larger albedo actually increases current genera-
tion in the bottom subcell. In this scenario, the tandem cell is 
top limited. Since output power largely depends on the lim-
iting subcell, the final EY is only slightly affected, since the top 
subcell is not greatly affected by albedo variations. If, instead, 
albedo is lower than the level for which the cell was optimized, 
a severe EY loss is observed. In the latter scenario, the cell is 
now bottom limited. Since the bottom subcell current genera-
tion is greatly affected by albedo, a significant decrease in EY is  
observed.

Figure 4. a) Annual EY for different ground types and perovskite top subcell bandgaps in five different locations in the USA. b) Annual EY gain of the 
bifacial cell over monofacial cell for different ground types and five different locations. The perovskite top subcell bandgap and thickness is optimized 
for each data point. c) Annual EY gain of bifacial cell over the optimized (perovskite top subcell bandgap and thickness) monofacial cell for different 
ground types in Phoenix. For each line, the bifacial cell is optimized for only one ground type.

Adv. Optical Mater. 2022, 2201691
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2.4. Optimized Monofacial and Bifacial Cells

Up to now, results presented in this work are based on cells 
adapted from the high-efficiency all-perovskite 2T tandem solar 
cell by Abdollahi Nejand et al.[17] The former sections focus on 
the current state-of-the-art of the technology. However, despite 
showing a PCE of 24.4%, close to the highest efficiency all-
perovskite 2T tandem solar cell (26.4%), performances of 
simulated cells predict a very large room for improvements, 
considering the theoretical limit (≈40%) for 2T tandem solar 
cells with a 1.26 eV bandgap bottom subcell.[3] Future advances 
are expected for passivation, charge carrier extraction and TCO 
layers, leading to substantial improvements in VOC and FF. 
Moreover, materials with lower parasitic losses and improved 
light management can considerably increase JSC. Therefore, 
to investigate the overall potential of all-perovskite 2T tandem 
solar cells under STCs and realistic irradiation conditions, elec-
trical (VOC and FF) and optical (JSC) parameters of a monofa-
cial cells with the simulated optimum top subcell bandgap 
(1.83 eV) are optimized under STCs with incremental steps and 
then simulations under outdoor irradiation conditions are per-
formed. To achieve this, we vary dark saturation current den-
sity J0, series resistance Rs, and shunt resistance Rsh for top 
and bottom subcells (see Table S1, Supporting Information) in 
electrical simulations and layer thickness (see Figure  5a and 
Table S2, Supporting Information) in optical simulations. The 
results for a monofacial cell are showed in Figure 5b.

Enhancing electrical performance of the cell results in 
a larger improvement in PCE. VOC is increased from 2.06 
to 2.25  V (the latter corresponding to a q  × VOC,tandem/
(EG,bottom+EG,top) ratio of 0.74, close to the record VOC/EG ratio 
of 0.76% for a high-bandgap perovskite single junction[31]) and 
FF from 72% to 81%. As a result, PCE increases ≈21% relative. 
Optimizing the layer thickness increases PCE by a mere ≈5% 
relative. Combining electrical and optical optimizations, PCE 
of the optimized monofacial cell reaches a maximum value of 
31.9%, a 31% relative improvement compared to the standard 
cell. Performing analogous optimizations on the bifacial archi-
tecture, a PCE equal to 30.8% is achieved. Therefore, a large 
room for improvement is apparent for all-perovskite 2T tandem 
solar cells. In particular, investigating new solutions to improve 
electrical parameters, by developing new passivation and charge 
carrier extraction layers, in combination with a careful minimi-
zation of series resistance losses, are expected to boost the PCE 
of next generation all-perovskite 2T tandem solar cells.

The percentage gain in PCE of the optimized bifacial cell 
over the standard bifacial cell (see Figure  5c) matches the EY 
gain under realistic irradiation conditions, which is equal to 
≈30% for all ground types. The EY performance of all-perovs-
kite 2T tandem cells are also remarkable when compared to 
current state-of-the-art photovoltaics technologies. The EY gain 
for the standard all-perovskite 2T tandem cells over market 
dominating c-Si single junction (SJ) cells (22.2% PCE for 
monofacial, 21.9% PCE for bifacial cell) is ≈13% for monofa-
cial cells, while it decreases with increasing albedo for bifacial 
cells. For ground types with RA  >  ≈40%, bifacial c-Si SJ cells 
exhibit larger EY than a standard bifacial all-perovskite 2T 
tandem cell. However, optimized all-perovskite 2T tandem cells 
produce larger EY in every scenario. For monofacial cells, the 

EY gain of optimized all-perovskite 2T tandem cells over c-Si SJ 
cells is 47%, while for bifacial cells it ranges from 45% for dark 
ground to 8% for white ground (assuming no shading losses). 
When shading losses are taken into account, the total albedo 
irradiance decreases by ≈35–55% relative. In this scenario, even 
assuming an ideal white ground, the EY gain of the optimized 
bifacial cell over the c-Si bifacial cell is 22% to 28%. In a more 
realistic scenario, assuming a bright sandstone background 
(RA = 64%) and shading losses, the EY gain ranges from 29% 
to 33%. The decrease in EY gain of bifacial all-perovskite 2T 
tandem cells over SJ c-Si cells for increasing albedo is due to 
the better albedo current management of SJ cells (no current 
mismatch losses). Moreover, starting from RA  = 60% (and no 
shading losses), tandem cells are top limited and therefore a 
larger albedo current does not correspond anymore to a liner 
increase in output power.

The large predicted EY gains of all-perovskite 2T tandem 
solar cells, in combination with the low fabrication costs, 
promise to significantly reduce the LCOE compared to current 
c-Si technology.

3. Conclusion

This study presents in-depth optical and EY simulations for all-
perovskite 2T tandem solar cells under STCs and realistic irradi-
ation conditions, with a focus on the bifacial architecture. First, 
we optimize the perovskite top subcell bandgap and thickness. 
Under STCs, the PCE of the bifacial cell is equal to 23.3% with 
an optimum bandgap of 1.86 eV. The lower efficiency compared 
to the monofacial cell (PCE = 24.5%, optimum bandgap 1.82 eV) 
is due to transparency losses for low energy photons which 
escape from the semitransparent rear side of the cell. When 
considering albedo irradiation in realistic irradiation conditions, 
the bifacial cell shows a 4–5% EY gain over the monofacial 
cell for a relative low average albedo reflectance (dark sand-
stone, RA = 9%), rising to 40–50% for an ideal ground reflector 
(RA  = 100%). Moreover, we show that for different climatic 
conditions, the top subcell optimum bandgap decreases with 
increasing albedo irradiation, down to 1.56–1.62 eV for a bright 
sandstone (RA  = 64%) background. The narrower bandgap of 
the top subcell for the bifacial architecture circumvents a major 
problem with metal halide perovskites, which is photoinduced 
phase segregation for bandgap larger than 1.68 eV.

Finally, we simulated improved optical and electrical proper-
ties of monofacial and bifacial cells to estimate the potential of 
this technology. Our optimizations lead to a PCE = 31.9% for a 
monofacial cell and 30.8% for a bifacial cell.

Overall, bifacial all-perovskite 2T tandem solar cells repre-
sent a promising technology for high efficiency next generation 
photovoltaic devices, allowing superior PCE and EY perfor-
mances over c-Si SJ solar cells, in addition to flexible cells and 
low energy payback times.

4. Experimental Section
The EYcalc EY modeling platform used for this work, which is 
freely accessible online,[24] has already been described in-depth by 
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Schmager et  al.[32] Here, this work provides a concise summary of 
its main functions and working principles. The platform comprises 
four modules: (i) irradiance module, (ii) optics module, (iii) electrics 
module, and (iv) EY core module. The irradiance module computes 
direct and diffuse irradiance spectra, spectrally and angularly resolved, 
for each hour of a typical meteorological year. Hourly resolved typical 
meteorological data (TMY3)[33] from National Renewable Energy 
Laboratory (NREL) are fed into the simple model of atmospheric 
radiative transfer of sunshine (SMARTS),[34] and later into a simple 

cloud model, to calculate direct and diffuse irradiance over a horizontal 
surface. The optics module uses a combination of the transfer-matrix 
method for thin, optically coherent, layers and a series expansion 
of the Beer–Lambert law for thick, optically incoherent, layers to 
compute spectrally and angularly resolved reflectance, transmittance, 
and absorptance for each layer of the stack. Layer stacks comprising 
textured interfaces can also be simulated by the optics module using 
geometrical ray-tracing, as reported by Baker–Finch and McIntosh.[35] 
Next, the EY module, combining the output of the first two modules, 

Figure 5. a) Optimized monofacial and bifacial layer stacks. b) Heat map table showing the power conversion efficiency (PCE) of optimized monofacial 
cells for incremental improvement of JSC on one axis and FF and q·VOC,tandem/(EG,bottom+ EG,top) ratio on the other axis. The perovskite top subcell bandgap 
is set to 1.82 eV. c) Annual EY for monofacial and bifacial 2T tandem cells with standard and optimized stacks and for crystalline silicon (c-Si) single 
junction cells in Phoenix, AZ, for different ground types. The perovskite bandgap and thickness of the tandem cells is optimized for each data point.
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calculates the hourly resolved photogenerated current density (JG) 
in the two absorber layers, taking into account solar cell orientation. 
The contributions from the direct, diffuse, and albedo irradiance 
are determined separately. We  assume a homogeneous angular 
distribution of diffuse irradiance. The albedo irradiance is calculated 
assuming Lambertian scattering of direct and diffuse irradiance at the 
ground and using spectral reflection data of the ecosystem spaceborne 
thermal radiometer experiment on space station (ECOSTRESS) spectral 
library.[36,37] Then, the electrics module uses an analytical one-diode 
model to determine the temperature-dependent current density-voltage 
(J–V) characteristics and the maximum power point (MPP) for each 
set of hourly resolved JG. Temperature effects are taken into account 
using temperature coefficients for the VOC and JG. The cell temperature 
is estimated using the Nominal Operating Cell Temperature (NOCT) 
model,[38] assuming NOCT = 48° and extracting the insolation on the 
cell and ambient air temperature from TMY3 data. The final result 
of the annual EY is computed by the EY core module by taking into 
account all the contributions from each hour of the year.

The modeling of the reference monofacial and bifacial cells was based 
on optical and electrical data from monofacial all-perovskite tandem solar 
cells from Abdollahi Nejand et  al.[17] The modeling of bifacial devices 
under realistic irradiation conditions was already calibrated in a previous 
work by De Bastiani et  al.,[22] where we  modeled bifacial perovskite/
silicon tandem solar cells based on experimental outdoor data.

The complex refractive index of the perovskite materials used for the 
optical simulations in this work was obtained from Hörantner et  al.[18] 
for the bottom subcell and Ndione et  al.[39] for the top subcell. The 
bottom subcell’s refractive indices in Hörantner et  al. are calculated 
from a MA0.4FA0.6Sn0.6Pb0.4I3 perovskite layer. In Ndione et  al., the top 
subcells’ refractive indices are obtained from methylammonium lead 
iodide (CH3NH3PbI, EG  = 1.56  eV), methylammonium lead bromide 
(CH3NH3PbBr, EG = 2.30 eV), and two intermediate compositions with 
a mixture of iodide and bromide. The other remaining top subcell 
perovskite compositions used in this work have been extracted via 
interpolation of the refractive indices of the original four compositions.

The electrical parameters (series resistance Rs, shunt resistance Rsh, 
and dark saturation current J0) of the perovskite subcells are set such that 
the fill factor is equal to 72% and the q × VOC,tandem/(EG,bottom + EG,top) ratio 
is 0.68 for each top subcell bandgap. Table S3 (Supporting Information) 
reports the electrical parameters used for the perovskite subcells in this 
work, while Figure S11 (Supporting Information) shows the final value of 
VOC,tandem as a function of the perovskite top subcell bandgap.

The one-diode model used in the electrical simulations offers a good 
match under high illumination conditions, while under low illumination 
conditions a more complex double diode model offers better accuracy.[40] 
Moreover, we always use the minimum of the two currents generated in 
the subcells to compute the tandem cells’ I–V characteristic. It has been 
demonstrated that in tandem cells, current mismatch induces larger FF 
of the tandem cell.[41]

However, it is worth noting that the key results presented here are 
mostly influenced by optical effects and that this model has been used 
for all the simulations in this work. Therefore, the conclusions drawn in 
this work are still valid.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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