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The power conversion efficiency of the market-dominating silicon photo-
voltaics approaches its theoretical limit. Bifacial solar operation with har-
vesting additional light impinging on the module back and the perovskite/
silicon tandem device architecture are among the most promising approaches
for further increasing the energy yield from a limited area. Here, we calcu-
late the energy output of perovskite/silicon tandem solar cells in monofacial
and bifacial operation considering, for the first time, luminescent coupling
between two sub-cells. For energy yield calculations we study idealized so-
lar cells at both, standard testing as well as realistic weather conditions in
combination with a detailed illumination model for periodic solar panel ar-
rays. Considering typical, experimental photoluminescent quantum yield
values we find that more than 50% of excess electron-hole pairs in the per-
ovskite top cell can be utilized by the silicon bottom cell by means of lu-
minescent coupling. As a result, luminescent coupling strongly relaxes the
constraints on the top-cell bandgap in monolithic tandem devices. In combi-
nation with bifacial operation, the optimum perovskite bandgap shifts from
1.71 eV to the range 1.60-1.65 eV where already high-quality perovskite ma-
terials exist. The results can hence change a paradigm in developing the
optimum perovskite material for tandem solar cells.
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Figure 1: Illustrating the illumination components reaching a bifacial solar module in a
large photovoltaic field: both, the front and back sides, can be illuminated by
direct sunlight, diffuse skylight, and light from the ground, which can origi-
nating from direct sunlight or diffuse skylight. The photovoltaics field is char-
acterized by the module length `, height of the modules above the ground h,
module tilt angle θm, distance between rows of modules d and albedo of the
ground A.6

1. Introduction

Monofacial silicon solar cells currently dominate the photovoltaic (PV) market.1 Their
practical efficiencies meanwhile approach the theoretical limit of around 29.4%,2 such
that innovative technologies and concepts are required to increase the energy yield on
limited areas. One approach is using bifacial solar systems that cannot only utilize
light, which falls onto the front side of the PV module, but also light reaching the back
side,3,4 as illustrated in Fig. 1. Bifacial photovoltaic power plants demonstrated > 20%
enhanced annual energy yield in comparison to a monofacial power plant of a similar
size.5 Modern silicon solar cell concepts with passivated emitter rear contact (PERx),
heterojunction (SHJ) or integrated back contact (IBC) enable bifacial solar cell operation
at low additional cost. Due to these reasons the International Technology Roadmap for
Photovoltaics predicts nearly 70% market share for bifacial solar cells in 2030.1

A second method to increase the energy output from a photovoltaic system on lim-
ited area is the multi-junction approach where multiple solar cells with different band
gaps are stacked on top of each other. These different materials exhibit complementary
electronic bandgaps such that the high energy photons of solar irradiation are absorbed
by the high-bandgap materials on top, while the lower energy photons are absorbed by
the lower bandgap material at the bottom. As a result the excess photon energy losses
are reduced and conversion efficiencies increase, significantly overcoming the efficiency
limit of silicon single-junction solar cells.
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A currently widely investigated technology for large scale applications is the combi-
nation of silicon and perovskite solar cells in a tandem device.7 High efficiencies, a tun-
able bandgap, external photoluminescent quantum yields up to 10%8 and low-cost fab-
rication processes make perovskites an attractive tandem partner for established silicon
photovoltaics. The current record efficiencies for perovskite/silicon tandem solar cells
are 29.15%9 for monolithic two-terminal (2T) and 28.2%10 for stacked four-terminal (4T)
devices, respectively, bearing the potential for power conversion efficiencies as high as
≈ 44%11 assuming radiative recombination the only recombination channel and stan-
dard test conditions (STC), i.e. 25°C temperature and 1000 W/m2 solar irradiance with
AM1.5g spectral distribution.12 The monolithic tandem configuration has (among oth-
ers) the advantage of requiring only two external contacts and one maximum power
point tracker, enabling module related costs comparable to single-junction devices.13

Under STC, the theoretical power output of silicon-based monolithic tandem solar cells,
however, reveals a sharp maximum at a top-cell bandgap around 1.71 eV limiting the
choice of available perovskite top cell materials. The reason for the sharp optimum
is the current matching requirement in a monolithic series-connected tandem device,
i.e. the top cell bandgap has to be tuned such that the numbers of generated electrons
are the same for the the top cell and the bottom cell. However, perovskites with band
gaps above 1.7 eV often suffer from low electronic quality resulting in reduced solar-cell
efficiencies.14

In recent years, bifacial perovskite/silicon tandem solar cells were extensively in-
vestigated.15–19 In particular, Onno et al. found that the range of appropriate top-cell
bandgaps broadens in a bifacial tandem-cell configuration.16 This is in line with ther-
modynamic consideration by Khan et al.20 Additional photons absorbed in the silicon
bottom cell from rear side illumination allow for a lower bandgap of the (perovskite)
top cell at current-matching conditions.

One aspect of perovskite-based tandem photovoltaic operation has not been consid-
ered so far: luminescent (or radiative) coupling between the different subcells in the
device, i.e. the re-absorption of luminescent photons emitted by the high-bandgap top
cell in the low-bandgap bottom cell. This effect is well-known in multi-junction so-
lar cells based on III-V semiconductors, where luminescent-coupling efficiencies above
30% were reported.21 Already in 2002, Brown and Green identified luminescent cou-
pling as a means to reduce spectral mismatch in two-terminal tandem solar cells.22

While the effect of luminescent coupling is negligible at current-matching conditions,
a considerable positive effect appears in non-current-matched, bottom-cell limited de-
vices.23–26 Similar to bifacial cell operation luminescent coupling, i.e. the re-absorption
of luminescent photons emitted by the high-bandgap cell in the low-bandgap cell, re-
sults in more photons absorbed in the silicon bottom cell, as illustrated in Fig. 2(a). To
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Figure 2: (a) Illustrating luminescent coupling (LC) in a perovskite/silicon tandem so-
lar cell. A photon, which is generated in the perovskite top cell via radiative
recombination can (1) either leave the perovskite cell if its direction is within
the escape cone, or (2) it undergoes total internal reflection and is redirected
downward such that it can enter the silicon cell, just as (3) a photon that is
emitted into the lower hemisphere. More details can be found in appendix
C. (b) An example for JV curves of a bottom-cell limited tandem cell (green)
and the perovskite (brown) and silicon (blue) subcells illuminated under STC.
Here, the perovskite is simulated with a bandgap of 1.6 eV and generates a
higher photocurrent density Jph,pero than the silicon subcell with Jph, Si. At
the maximum power point (MPP) of the tandem cell significantly less current
density is extracted from the perovskite cell than generated. The excess cur-
rent density Jrec, pero can be re-utilized via luminescent coupling to increase
the photocurrent density of the silicon subcell.
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the best of our knowledge, luminescent coupling has not been investigated experimen-
tally for perovskite-based multi-junction solar cells yet.

In this study, we theoretically investigate how bifacial illumination and luminescent
coupling affect the performance of perovskite/silicon tandem solar cells. We use ide-
alized solar-cell models for these calculations: Shockley-Queisser’s detailed balance
limit27 for the perovskite top cell and the Richter limit2 for the silicon bottom cell,
which also incorporates Auger recombination. For the perovskite cell operation un-
der one Sun, Auger recombination is negligible.28 Using these models, we first assess,
how illumination from the back side and luminescent coupling affect the tandem-cell
performance under standard test conditions. Then, we use optical simulations29 to es-
timate, how much of light from radiative recombination in the perovskite leaves the
cell towards the Sun in a single-junction cell configuration and how much will reach
the silicon subcell in a tandem stack. This allows us to relate measured external quan-
tum photoluminescence efficiency in a single-junction perovskite cell to the reasonable
internal quantum efficiency, and subsequently to evaluate, which range of luminescent-
coupling efficiencies is realistic in tandem devices. Last, we estimate the energy yield
using weather data from a climatic zone with high diffuse illumination ratio. For this
we apply a detailed illumination model, which takes direct sunlight, diffuse skylight,
shadowing by other modules and reflection from the ground into account.6 We finally
discuss how all the realistic deviations from standard test conditions considered in this
study – (1) bifacial irradiation, (2) luminescent coupling and (3) weather conditions
with high diffuse illumination ratio — influence the constraints for the perovskite top
cell bandgap.

2. Modelling details

2.1. Electrical solar cell model

To calculate the current density-voltage (JV) characteristic of the PV modules, the irra-
diance values on the front and back sides are used as input for the electrical model. In
this paper we use highly idealized solar cell models:

For the perovskite top cell we assume that all photons with energy higher that the
cell band gap are absorbed and every absorbed photon generates one electron-hole
pair. Hence, the maximum achievable photocurrent density is given by

Jph, pero = e
∫ λpero

0
Φ f (λ)dλ, (1)

where e is the elementary charge, Φf is the photon flux reaching the module at the front,
and λpero is the wavelength corresponding to the perovskite bandgap. In a monolithic
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tandem device this value is only achieved in case of a limiting top cell, i.e. less or equal
photons absorbed in the perovskite than in the silicon. The JV characteristic is calcu-
lated according to the Shockley-Queisser (SQ) limit,27 where only radiative recombina-
tion is considered. In the SQ limit, both external (ELQE) and internal (ILQE) lumines-
cence quantum efficiencies are equal to 100%. The former is the number of photons
emitted into free space relative to the number of electron–hole pairs generated by light
absorption in a solar cell. The latter is a ratio between the number of electron–hole pairs
recombined radiatively to the entire number of the recombined pairs. The SQ limit is
briefly summarized in appendix A.

For the silicon bottom cell, the perovskite top-cell acts as a filter for the short wave-
lengths up to the perovskite bandgap. However, the perovskite cell also may emit light,
which can be utilized by the bottom cell via luminescent coupling, which is discussed
below. Additionally, Auger recombination must be considered for a silicon cell. We im-
plement this using an idealized model by Richter and coworkers;2 the details are given
in appendix B.

In a high-end solar cell made of a direct bandgap semiconductor a significant fraction
of the absorbed photons, which are not extracted as electrical current, will be re-emitted
as light via radiative recombination. An electrically independent solar cell operated
at maximum power point only has a small recombination current because almost all
charge carriers are extracted. However, in a two-terminal tandem cell, where the top
and bottom cells are electrically connected in series, the same current density flows
through bottom and top cell. If the generated photocurrent density and the extracted
current density deviate strongly from each other, as illustrated in Fig. 2(b), significant
recombination will be present in the top cell. If the recombination is radiative, the re-
emitted light from the top cell can be absorbed and utilized by the bottom cell, which
is known as luminescent coupling (LC). In perovskite/silicon tandem solar cells we only
need to consider light emitted by the perovskite cell, which can be absorbed by the sili-
con bottom. The silicon cell itself will hardly emit light because of the indirect bandgap
of silicon. Further, the energy of the emitted photons would be close to the silicon
bandgap and hence cannot be absorbed by perovskite with a larger bandgap than sili-
con. For the maximum achievable short-circuit current density in the Si bottom cell we
find

Jph, Si(Vpero) =e
∫ λSi

λpero

A(λ)Φ f (λ)dλ + e
∫ λSi

0
A(λ)Φb(λ)dλ

+ ηLC
[

Jph,pero − Jpero(Vpero)
] (2)

with the absorption in silicon A(λ). We calculate the absorption in Si according to the
Tiedje-Yablonovitch limit for a silicon wafer thickness of 300 µm as described in ap-
pendix B. Jpero(Vpero) is the current density at the working point of the perovskite cell.
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The term
[

Jph,pero − Jpero(Vpero)
]

corresponds to excess electron-hole pairs generated in
the perovskite top cell, which cannot be extracted from the monolithic tandem device,
e.g. due to a limiting bottom cell. These excess electron-hole pairs can recombine radia-
tively and be re-absorbed by the silicon with ηLC being the efficiency of this luminescent
coupling. Here we also accounted for light that hits the solar cell at the back, Φb. For
monofacial cells we have Φb ≡ 0. Further, λSi is the wavelength corresponding to the
silicon bandgap. More details about luminescent coupling are given in appendix C.

Since we assume zero series resistance and infinitely large shunt resistance of the
cells, for both subcells the electric current density J can be directly calculated from the
photocurrent density Jph and the voltage-dependent recombination current density Jrec,

J = Jph − Jrec(V), (3)

where details about Jrec for the perovskite and silicon subcells are given in appendix A
and appendix B, respectively.

For two-terminal cells, where the same current density flows through both cells, we
have

Jcell = Jph,Si − Jrec,Si(VSi) = Jph,pero − Jrec,pero(Vpero). (4)

We calculate the JV characteristic of the tandem solar cell by numerically inverting
Jrec,Si(VSi) and Jrec,pero(Vpero) such that we have functions of Jrec,pero and Jrec,Si, respec-
tively. From the JV curve the output power density of the cell can be directly calculated
as

Pcell = Jcell
[
VSi(Jrec,Si) + Vpero(Jrec,pero)

]
,

Pmpp = max
Jcell

[Pcell] .
(5)

Tandem solar cells can also built in four-terminal configuration, where the two sub-
cells are electrically independent and can operate at their individual maximum power
points,

Pmpp = max
JSi

[JSi · VSi(Jrec,Si)] + max
Jpero

[
Jpero · Vpero(Jrec,pero)

]
. (6)

2.2. Optical model

In order to estimate the effect of luminescent coupling in realistic perovskite-tandem
solar cells, we apply optical modelling. In this paper, we use the MATLAB-based tool
GenPro4, which can calculate the absorption profile in solar-cell structures using the
net radiation method.29 This tool treats light coherently in thin layers but incoherently
in thick layers. Because GenPro4 only can treat light that falls onto a layer stack from the
exterior, we split the simulations in two: one simulation treating the layer stack above
the perovskite layer, the other layer stack treating the layers below. Details on these
calculations are given in appendix D.
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2.3. Energy yield calculation

We calculate the overall energy yield for different scenarios using a simulation ap-
proach that combines several sub models. For calculating the spectral irradiance at the
front and back sides of a solar module in a big PV field, we employ a recently developed
illumination model.6,30 The PV field is considered so large that boundary effects can be
neglected. As schematically illustrated in Fig. 1, the illumination model considers four
components reaching the module front: direct sunlight, diffuse skylight, diffuse light
from the ground, which originates from direct sunlight reaching the ground and diffuse
skylight reaching the ground. Further, the same four components must be considered
reaching the back-side of the module. Hence the illumination model considers eight
components in total.

The illumination model uses the following input parameters: first, the geometrical
parameters of the PV field, which are sketched in Fig. 1: module length `, mounting
height h, module spacing d and tilt angle θm. Secondly, the albedo (i.e. the reflectivity)
of the ground, which is highly dependent on the material properties of the ground.
While grass typically exhibits albedo values around 20%, grey and white gravel have
albedo values of 30% and 50%, respectively, and snow reaches albedo values up 70%31.
In this work, we assume the albedo to be independent of the wavelength with A = 30%,
which is a rather conservative estimate with realistic room for improvement. Thirdly,
the (spectral) direct normal incidence (DNI) and the diffuse horizontal incidence (DHI) for
different instants of time. We retrieve these data from the National Solar Radiation Data
Base (NSRDB) operated by NREL.32 They publish hourly spectral direct and diffuse
irradiance for a typical meteorological year (TMY).

With the spectral irradiance on the front and back sides we can calculate the gen-
erated photocurrent densities in the top and bottom cells using eqn (1) and (2). We
calculate the full JV-characteristics for every hour in the TMY data set and take the
appropriate maximum to get the maximum power output of the cell according to eqn
(23) and (24). By integrating over all hourly data points in the data set for one year we
obtain the annual energy yield.

3. Results and discussion

3.1. Tandem-cell operation under standard testing conditions

Figure 3 shows the effect of the top cell bandgap on the maximum output power den-
sity of a two-terminal tandem solar cell for various levels of backside illumination (a)
and luminescent coupling (b) under standard testing conditions. Without either back-
side illumination or luminescent coupling the optimal bandgap of the perovskite cell
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Figure 3: Maximum output power density of two-terminal tandem solar cells as func-
tion of the top-cell bandgap for different levels of (a) backside illumination
and (b) luminescent coupling efficiencies under standard test conditions. The
insets show the optimal top-cell bandgap for different levels of (c) backside
illumination and (d) luminescent coupling efficiencies under standard test
conditions. The diamonds mark the ideal bandgap with maximum power
output; the arrowheads and the dash marks span the ranges where at least
99% and 95% of the maximum output power density are achieved. Note: For
the graph with varying backside illumination no luminescent coupling is as-
sumed and for varying luminescent coupling efficiencies no backside illumi-
nation is present. The bottom cell bandgap is 1.12 eV in all cases.
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for maximum power output density is 1.71 eV, where the same current densities are
generated in the top and bottom cells. For other top-cell bandgaps, the generated cur-
rent densities differ from each other. Only the lower current density can flow through
the solar cell, while the excess current density is lost, which reduces the overall power
conversion efficiency of the tandem solar cell. For a silicon-based tandem solar cell,
the bandgap of the top cell absorber is critical to achieve current matching between the
subcells. For a top-cell bandgap higher than the optimum, the current density gener-
ated in the top cell is below that generated in the bottom cell, the tandem cell is said to
be “top-cell limited”. For a top-cell bandgap lower than the optimum, the bottom-cell
current density is lower; the cell is “bottom-cell limited”.

With higher levels of backside illumination, as shown in Fig. 3(a), the maximum
power output density increases and the optimum top-cell bandgap shifts towards lower
bandgaps. The backside illumination is exclusively absorbed in the bottom cell and can-
not reach the top cell, leading to more generated electron-hole pairs in the bottom-cell.
To match the photocurrent densities between the two subcells, the top-cell bandgap
needs to be lowered, such that it can absorb more light. For top-cell bandgaps larger
than 1.71 eV, increased back-side illumination hardly affects the overall output power
density, because here the tandem device is top-cell limited and the additional photocur-
rent generated in the bottom cell cannot be utilized.

As shown in Fig. 3(b), increasing the luminescent coupling efficiency does not shift
the position and height of the maximum output power density; however, the power
output is increased for bandgaps below the optimum. For top-cell bandgaps above
the optimum, luminescent coupling does not affect the performance, because here the
cells are top-cell limited and the excess current in the bottom cell cannot be utilized for
luminescent coupling.

The insets in Fig. 3 summarize these results. For a given scenario of backside illumi-
nation or luminescent coupling the optimal bandgap and the range of 99% and 95% of
the maximum output power density are shown. With increasing backside illumination,
the optimal top-cell bandgap shifts to lower values, while sensitivity is unchanged. For
luminescent coupling, the optimal bandgap remains unchanged but the 99%- and 95%
bands broaden towards lower bandgaps.

3.2. Estimating reasonable values of luminescent-coupling efficiency

Now, as we have studied how luminescent coupling can improve the performance of
bottom-cell limited tandem solar cells [see Figs. 3(b,d)], we investigate, which lumines-
cent coupling efficiencies are realistic in perovskite/silicon tandem solar cells from an
optical point of view.
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Figure 4: (a) The tandem solar cell structure used for estimating the fraction of pho-
tons, which are generated in the perovskite layer and reach the silicon wafer.
The structure is based on recent high-end perovskite/silicon tandem solar
cells.41,42 The dotted line indicates the middle of the perovskite layer (150 nm
depths). In our calculations, we assumed the light emission from this depth.
(b) Relative distribution of photons with 795 nm wavelength, which are
isotropically emitted in the center of the perovskite layer. While around 76%
are absorbed by the silicon wafer, around 17% are reabsorbed by the emitting
perovskite layer. Only ≈4% leave the solar cell structure.

Increasing the power conversion efficiency of solar cells towards the theoretical limit
can be realized by improving the external luminescence quantum efficiency (ELQE) of
the cell in open circuit (OC), or in the other words — by suppressing non-radiative
recombination.33,34 Despite the direct bandgap of metal halide perovskite semicon-
ductors, initially reported ELQE values for perovskite solar cells were extremely low
(≈ 10−4%).35 Then, tremendous growth was demonstrated for perovskite solar cells
reaching an ELQE of 0.5%,36 which is equal to the record for silicon cells.37 Recently,
Liu and co-workers realized a single junction perovskite solar cell with 8.4% ELQE.8

Note that record ELQE values of the champion GaAs cells do not exceed 25%,38,39 even
though internal luminescence quantum efficiency (ILQE) values of 99.7% have experi-
mentally been shown for GaAs devices.40

As a first step to estimate the luminescent coupling efficiency for a cell with the ex-
perimentally measured 8.4% ELQE, we calculate the fraction Eint

t of light generated in
the perovskite layer, which leaves the solar cell structure, using the optical simulation
tool GenPro4. We assume a perovskite thickness of 400 nm and an emission wavelength
of 795 nm, which corresponds to the bandgap of the perovskite methylammonium lead
iodide (MAPbI3) of 1.56 eV, in accordance with the device architecture used by Liu et
al.8 As shown in appendix D, we revealed Eint

t = 7.8% for this configuration, which is
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independent of the emission depths in the perovskite layer. The rest of the generated
light cannot leave the solar cell structure, because it either radiates in directions out-
side the emission cone, which has an opening angle of 23.8° for MAPbI3 at 795 nm,43

or it is absorbed before it can leave the solar cell. The experimental ELQE (8.4%) be-
ing larger than the numerical value Eint

t = 7.8% shows that a high ILQE was achieved.
For semiconductors with high ILQE, photon recycling,44 i.e. the re-absorption of pre-
viously emitted photons within the perovskite, can increase the ELQE to values higher
than what would be expected from the optical simulations without photon recycling.45

An experimental proof of internal photon recycling in perovskite solar cells was given
by Pazos-Outón et al.46 Further, Braly and coworkers demonstrated perovskite films
with 90% internal photoluminescence quantum efficiency.47

We can estimate the ILQE using a simple model for a cell in open circuit condition
where the charge carriers created by the external light source can undergo a chain of
emission and reabsorption events. In a first step the charge carriers can be either recom-
bine radiatively with probability ILQE or non-radiatively with probability (1 − ILQE).
In the next step the emitted photons can either leave the cell with probability Eint

t , be
absorbed parasitically in non-active areas with probability Apara or reabsorbed in the
perovskite with probability Apero = 1 − Eint

t − Apara. Apero, Eint
t and Apara can be ex-

tracted from the optical simulations described in Appendix D. The reabsorbed light can
undergo the same processes as the directly absorbed light from an external light source.
This chain of events can be represented as a geometric series to calculate the ELQE,

ELQE = Eint
t · ILQE

[
1 + Apero · ILQE +

(
Apero · ILQE

)2
+ . . .

]
=

Eint
t · ILQE

1 − Apero · ILQE
.

(7)

This function can be inverted to retrieve ILQE,

ILQE =

(
Eint

t
ELQE

+ Apero

)−1

. (8)

Using eqn. (8), we estimate the ILQE of the best cell from Liu et al.8 to be around
65%. This is in line with simulations from Cho et al. on perovskite-based light emit-
ting diodes, where they calculate that an ILQE of 60% is sufficient to reach an ELQE
equal to the purely optical expectation if photon recycling is considered.45

Figure 4(a) shows the perovskite/silicon tandem solar cell structure, which we used
to study coupling of emitted light by the perovskite layer into silicon. This structure
is based on recent high-end tandem solar cells,41,42 but in contrast to them we used
MAPbI3 as perovskite material in order to be consistent with the single-junction results
discussed above. For an emission wavelength of 795 nm, 76% of the light generated in
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Figure 5: Energy yield for bifacial and monofacial tandem power plants simulated for
Seattle with (a) two-terminal and (b) four-terminal cells connection for dif-
ferent albedo values. The inset (c) shows the optimal top-cell bandgap for
different levels of albedo. The diamonds mark the ideal bandgap with maxi-
mum energy yield; the arrowheads and the dash marks span the ranges where
at least 99% and 95% of the maximum energy yield is achieved. All simula-
tions were performed with a module distance d = 8 m and mounting height
of h = 0.5 m. The tilt angle was optimized for every data point. Monofacial
tandems are simulated with albedo A = 0%

13



perovskite reaches the silicon layer. This value is almost independent from the emis-
sion depths in the perovskite layer, as shown in appendix D. Only 4% of the generated
light leave the solar cell structure into air and 17% are reabsorbed in the perovskite
layer, which can contribute to photon recycling. More details of the optical tandem-cell
simulations are shown in Fig. 8 in appendix D.

We can estimate an upper bound for the luminescence coupling efficiency ηmax
LC by

replacing Eint
t with ASi in eqn (7),

ηmax
LC =

ASi · ILQE
1 − Apero · ILQE

. (9)

For estimating ηmax
LC we use the values for 150 nm emission depths, shown in Fig. 8(b):

ASi = 0.763 and Apero = 0.171. Assuming ILQE = 65%, just as for the single-junction
cell discussed above, we find ηmax

LC ≈ 56%. However, it should be noted that Liu et
al. measured the ELQE with an illumination of one sun without charge-carrier extrac-
tion (open circuit condition, in which all photo-generated carriers should recombine).
When charge carriers are extracted in solar cell operation the ratio of radiative to non-
radiative recombination might change considerably.48 Further research is needed to
asses realistic radiative efficiencies at low recombination currents. In any case, we pro-
vide a positive answer on the fundamental question: a significant fraction of light emit-
ted by the perovskite sub-cell can reach the silicon wafer. This can change a paradigm
in developing optimal perovskite materials for efficient tandem solar cells.

3.3. Energy yield under realistic weather conditions

Under realistic conditions, the illumination on a solar module in a large photovoltaic
field consisting of periodic rows of solar panels will significantly differ from standard
testing conditions. The spectral distribution and irradiance of light in the outdoors is
constantly changing and the illumination on the backside is highly dependent on the
layout of the PV field. Fig 5 shows the result of energy yield calculations for bifacial and
monofacial tandem solar modules for different bandgaps and varying levels of albedo
in Seattle, USA and compares the performance of two- and four-terminal solar cells.
The four-terminal cells show only a small dependence on the top-cell bandgap with the
optimum at the upper limit of the simulated range (1.8 eV) and a monotonic decrease
towards 1.5 eV. Increasing the albedo increases the energy yield but leaves character of
the bandgap dependence unchanged.

In contrast, the two-terminal cells are strongly affected by changing the top-cell band
gap. Similar to the results for STC [Fig. 3(a)], there is a well-defined maximum for
the bandgap with reduced energy yield for higher or lower values. The ideal top cell
bandgap for monofacial cells shifts from of 1.71 eV for STC to 1.74 eV for Seattle.

14



Table 1: Results from energy yield calculations of two-terminal tandem cells for differ-
ent albedo scenarios using average meteorological year data for Seattle with
module height h = 0.5 m and module distance d = 8 m. *“Bifacial Gain”
denotes the gain in irradiance.

Type Albedo Bifacial Gain* Opt. Bandgap Energy Yield
(%) (%) (eV) (kWh/m2/a)

Monofacial 0 — 1.74 543

Bifacial

10 5.5 1.70 562
30 12.7 1.66 584
50 19.7 1.64 606
70 27.1 1.59 628

100 37.4 1.54 664

With increasing albedo, the optimal top-cell bandgap shifts to lower values. The
additional light impinging onto the backside is exclusively absorbed by the bottom
cell. Reducing the bandgap of the top cell will increase their photocurrent density at
the cost of the bottom cell. Thus, the two subcells can be made current-matched again
by reducing the top-cell bandgap.

Table 1 summarizes the results from the energy yield calculations for photovoltaic
modules with two-terminal tandem cells for different albedo values. For a realistic
albedo of A = 30% corresponding to grey cement49 the optimal bandgap shows a shift
of 0.08 eV with respect to a monofacial cell. In this scenario the energy yield is increased
by 7.5%, which is significantly smaller then the 12.7 % gain of irradiance.

One reason for the increase of energy yield being smaller than the increase of irra-
diance is that light reaching the back side can only be utilized with the single junction
power conversion efficiency of the bottom cell. Further, for two-terminal tandem solar
cells decreasing the top-cell bandgap to ensure current matching reduces the overall
open-circuit voltage and hence the power conversion efficiency.

However, considering the electronic material quality of state-of-the-art perovskites,14

the effect of bandgap-shift might be relevant. While in principle organic/inorganic per-
ovskites can be fabricated with continuously tunable bandgaps,14,50 not all bandgap-
materials can be fabricated with the same electronic quality. Fabricating high-quality
perovskite semiconductors with bandgaps in the range of 1.70-1.75 eV is still a very
challenging task and previous results show higher quality semiconductors in the re-
gion of 1.60-1.65 eV.13

Operation of perovskite/silicon tandem solar cells in bifacial configuration allows to
utilize 1.60-1.65 eV bandgap perovskites for optimal performance. This enables using
current high-quality perovskite absorber layers in the tandem device.
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Figure 6: (a) Annual energy yield for mono- and bifacial two-terminal per-
ovskite/silicon tandem solar cell modules simulated for Seattle with various
levels of luminescent coupling. The sub figures shows the optimal top-cell
bandgap for different levels of luminescent coupling of (a) bifacial and (c)
monofacial tandem cells. The diamonds mark the ideal bandgap with maxi-
mum energy yield; the arrowheads and the dash marks span the ranges where
at least 99% and 95% of the maximum energy yield is achieved All simulations
were performed with a module distance d = 8 m and d = 0.5 m mounting
height. Bifacial operation is calculated with albedo A = 30 %. The module tilt
angle θm was optimized for every data point.
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Figure 6 shows the effect of the top cell bandgap on the annual energy yield for mono-
and bifacial two-terminal tandem PV modules simulated for Seattle, USA, with vari-
ous levels of luminescent coupling. With an increasing luminescent coupling efficiency
the energy yield becomes more and more independent from the bandgap of the top
cell. Also, the maximum energy yield increases slightly and shifts a bit towards lower
bandgaps. As the spectral distribution of outdoor illumination changes with time, there
will always be situations where the top or bottom cells generate different photocurrent
densities. Therefore, the optimal top-cell bandgap for outdoor performance will always
be a compromise, which delivers the best balance over time.51 With increasing lumines-
cent coupling efficiency the losses from periods, where the cell is bottom-cell limited,
will become smaller while losses from top cell limitation are not affected.52 This ex-
plains the shift of the optimal bandgap to lower values, where the overall absorption in
the top cell is increased. As an example, the energy yield of perovskite/silicon tandem
solar cells with 1.64 eV bandgap triple cation perovskite top cell is found to increase
by 21.5% when additionally considering a luminescent coupling efficiency of 30% and
bifacial operation on a 30% reflective ground.

Four-terminal tandem solar cells barely show any performance improvement be-
cause of luminescent coupling, as both subcells are operated individually at their max-
imum power point, where only very little radiative recombination is present.

4. Conclusions

In conclusion, we calculated the energy yield of perovskite/silicon tandem solar cells
considering luminescent coupling between the two sub-cells and bifacial illumination
of the device. To do so, we first studied idealized solar cells by using the Shockley-
Queisser limit and Richter’s limit for the perovskite and the silicon sub-cells, respec-
tively. We found that additional backside illumination around 10%-20% is sufficient
to shift the optimum perovskite top-cell bandgap in two-terminal tandem solar cells
from 1.71 eV to the 1.60-1.64 eV range. We further found that luminescent coupling can
strongly reduce the current-mismatch if the tandem solar cell is bottom-cell limited.

As a second step, we performed optical simulations in order to evaluate the rele-
vance of luminescent coupling for perovskite/silicon tandem solar cells. On the basis
of experimental photoluminescent quantum yield values we found that more than 50%
of excess electron-hole pairs generated in the perovskite top cell can be re-used by the
silicon bottom cell. Particularly for configurations with perovskite top cell bandgaps
below the current matching optimum this significantly enhances the energy yield.

Last, we performed energy yield calculations based on typical meteorological year
(TMY3) weather data of Seattle, USA, and applied an illumination model considering
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the spectral irradiance at the front and back sides of a solar module in a big PV field.
In agreement with the calculations using standard testing conditions, we found that
the operation of perovskite/silicon tandem solar cells in bifacial configuration allows
to utilize 1.60-1.65 eV bandgap perovskites for optimal performance and luminescent
coupling further minimizes the impact of current-mismatch in case of (silicon) bottom-
cell limited devices, i.e. less photons absorbed in the silicon than in the perovskite ab-
sorber layer. The results can change a paradigm in developing the optimum perovskite
material for tandem solar cells.

A. Perovskite solar cell

We assume the current density (J) – voltage (V) characteristic of the perovskite top cell
to be that of a one-diode equation,

Jtop(V) = J0,top

[
exp

(
eV
kT

)
− 1
]
− Jph,top, (10)

with the elementary charge e, the Boltzmann constant k, the temperature T and the
photon current density Jph,top. The dark current density J0,top is calculated according to
the Shockley-Queisser limit,27 where only radiative recombination is considered in the
solar cell, while non-radiative recombination processes like Shockley-Read-Hall recom-
bination or Auger recombination are not accounted for. For calculating the radiative
recombination rate, the solar cell is considered to be in thermal equilibrium with the
surrounding at T = 300 K and emits like a black body for photon energies higher or
equal to the perovskite bandgap Epero. Therefore, we find

J0,top = 2eπ
∫ ∞

Epero

2
c2h3

E2 dE
exp

( E
kT − 1

) , (11)

where the first factor 2 arises from the solar cell emitting thermal radiation from both
the front and back sides. For the photon current density we assume that the perovskite
absorbs step-like: all photons with energies larger or equal to the bandgap are assumed
to be absorbed in the solar cell,

Jph,top = e
∫ hc

Epero

0
Φ f (λ)dλ, (12)

where Φ f is the photon flux impinging on the solar cell front. (For calculating the SQ
limit, Φ f would be according to the AM1.5 standardized solar spectrum.)
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B. Silicon solar cell

Silicon is an indirect-bandgap material, which means that also Auger recombination
has to be considered – the Shockley-Queisser limit would overestimate the theoretical
limit. Here, we follow a recent approach by Richter et al., who calculated the theoretical
limit for silicon solar cells to be 29.4%.2

In the Richter limit, the J-V characteristic of a silicon solar cell is given by

Jbot(V) = e · dSi · Rintr(V)− Jph,bot (13)

with the silicon thickness dSi and the voltage-dependent intrinsic radiation rate Rintr,
which accounts for both radiative and Auger recombination. We use a linear model for
low doping concentrations according to eqn (21) of a work by Richter et al.53

Rintr = np
(

8.7 · 10−29n0.91
0 + 6.0 · 10−30 p0.94

0 + 3.0 · 10−29∆n0.92 + Btot

)
(14)

with the electron and hole concentrations n and p, the respective equilibrium concen-
trations n0 and p0, which are connected to each other via n = n0 + ∆n and p = p0 + ∆n
with the excess carrier concentration ∆n, given by

∆n = ni

(
exp

eV
2kT

− 1
)

. (15)

The effective intrinsic carrier concentration is given by

ni = n0 = np = ni,0 exp
∆ESi

2kT
(16)

with ni,0 = 8.28 · 109 cm−3 and ∆ESi = 0.005 eV, which accounts for bandgap narrowing2.
Finally, the coefficient Btot = (1 − PPR)Blow contains the radiative recombination coeffi-
cient for low-doped Si, Blow = 4.73 · 10−15 cm3s−1,54 and the photon-recycling probability
PPR, as described by Richter et al.2

The short-circuit current density for the silicon cell is given by

Jsc, Si = e
∫ λSi

λpero

A(λ)Φ f (λ)dλ + e
∫ λSi

0
A(λ)Φb(λ)dλ + JLC (17)

with the photon fluxes Φ f and Φb reaching the front and back sides of the silicon
cell, respectively, and the current density JLC due to luminescent coupling, which is
treated in apendix C below. The absorption A(λ) is calculated according to the Tiedje-
Yablonovitch limit,55 hence we assume perfect light trapping.

A(λ) =
αSi(λ)

αSi(λ) +
(
4n2

SidSi

)−1 . (18)
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Here, αSi and nSi are the absorption coefficient and refractive index of silicon, respec-
tively. Assuming a sharp absorption edge as for the perovskite top cell would not be a
good assumption for silicon because of its indirect bandgap characteristic, which makes
silicon weakly absorbing for a large wavelength range.

C. Luminescent coupling

Luminescent coupling can affect the performance of high quality multi-junction solar
cells significantly. In general, luminescent coupling describes a process, where photons
generated by radiative recombination in a high-bandgap subcell are absorbed in an
adjacent subcell with a lower bandgap. Different methods were developed to model
luminescent coupling, most are based on equivalent circuits for diodes.48

Here, we derive a simple model for luminescent coupling in a tandem solar cell with
idealized top and bottom cells. As mentioned above, the top cell is described by a
one-diode equation with infinite parallel and zero series resistance,

Jtop = Jph,top − J0

[
exp

(
qV
kbT

)
− 1
]
= Jph,top − Jrec,top, (19)

where Jph,top is the photocurrent density from external recombination, J0 is the satura-
tion current density, V is the bias voltage of the top junction and Jrec,top is the recombi-
nation current density. The recombination of the idealized top coll is exclusively radia-
tive. Therefore, the additional current density in the bottom cell because of luminescent
coupling JLC can be described as

JLC = ηLC Jrec,top, (20)

where ηLC is the luminescent-coupling efficiency. In an idealized solar cell this effi-
ciency only depends on the optical properties of the solar cell, because light generated
in the top cell only can escape the perovskite layer through the top, where is it lost;
into the bottom cell, where it can be absorbed; or it is absorbed in another layer of
the solar cell, as discussed in appendix D and also shown in Fig. 4. In real solar cells,
depending on the type of semiconductor and the material quality, ηLC is often domi-
nated by electrical effects, because usually only a fraction of the recombination occurs
radiatively.56,57

The overall electrical current density in the bottom cell including LC is given by

Jbot(Vbot) = Jph,bot − Jrec,bot(Vbot) + ηLC Jrec,top(Vtop) (21)

If the tandem cell is build as a monolithic two-terminal cell, the electrical current den-
sities flowing through the top and bottom cells are identical,

Jbot ≡ Jtop ≡ Jtandem (22)
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In order to model the J-V characteristic of a two-terminal cell with luminescent cou-
pling, both eqn (19) and (21) need to be satisfied at the same time. To find a solution
for the cell voltage, the J-V characteristic needs to be calculated as a function of the
current density Jtandem . Therefore, the voltage-dependent recombination current den-
sity needs to be inverted. While this is easily done for a one-diode model with a cell
obeying the Shockley-Queisser limit, it is not straight forwards for the characteristic
of a silicon solar cell according to considerations of Richter et al.2 We use a numerical
approach by solving the forward function in the dark for a very fine grid of voltages
and use a linear interpolation to approximate the inverse function. With the inverse
function approximation we can calculate the power of the cell,

Jrec,top = Jph,top − Jtandem,

Jrec,bot = Jph,bot + ηLC · Jrec,top − Jtandem,

Ptandem = Jtandem ·
[
Vtop(Jrec,top) + Vbot(Jrec,bot, Jrec,top)

]
.

(23)

Because all components of eqn (23) only depend on the current density of the tandem
cell and the photocurrent densities generated in the top and bottom cells, the power can
be computed very fast on a regular grid. For every time step of radiation data in the
TMY3 time series we first calculate the photocurrent densities in the top and bottom
cells, Jph, top and Jph, bot. Subsequently we calculate the cell voltages of the subcells for
a grid between 0.1 and 50 mA/cm2 with a resolution of 0.1 mA/cm2. With the sum of
the voltages and the corresponding current density, the output power density is found,
where the maximum is taken as maximum power point (MPP) power output.

For the case of four-terminal cells the output power density is calculated indepen-
dently for each subcell. To account for luminescent coupling first the maximum power
output of the top cell is evaluated. The recombination current at this working point
Jmpp
rec,top is then used to calculate the current contribution in the bottom cell from lumi-

nescent coupling. This contribution is in general very low, because the radiative recom-
bination at the maximum power point is low.

Ptop = Jtop · Vtop(Jrec,top),

Pbot = Jbot · Vbot(Jrec,bot, Jmpp
rec,top)

Ptandem = Ptop + Pbot.

(24)

D. Optical modeling of luminescent coupling

We performed optical simulations to assess, (1) how much of the light generated in
the perovskite layer can leave a single-junction perovskite cell, and (2) how much light
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reaches the silicon layer in a perovskite/silicon tandem solar cell. The optical simu-
lations are performed with the MATLAB-based package GenPro4, which is based on the
net-radiation method.29 This package mimics the coherence properties of light by al-
lowing the user to decide, in which layers light behaves coherently and incoherently,
respectively.

Figure 7 illustrates the optical simulations for single-junction perovskite solar cells,
based on the solar-cell structure by Liu et al.8 The layer stack, shown in Fig. 7(a), con-
sists of Corning Eagle XG glass,58 indium tin oxide (ITO), poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA), methylammonium lead iodide (MAPbI3) as perovskite,43

phenyl-C61-butyric acid methyl ester (PCBM), bathocuproine (BCP),59 and silver.60 For
ITO, PTAA and PCBM, we used in-house measured n, k data. The glass substrate was
treated incoherently, all other layers were treated incoherently by GenPro4. Figure 7(b)
shows the absorption of this structure, when light is incident via the glass side.

To calculate luminescence in the solar cell, we have to combine two sets of simula-
tions. Figure 7(c) shows the simulation setup, where we study, how light emitted into
the upper hemisphere interacts with the layer stack on the front side of the solar cell. To
simulate emission within the perovskite layer, we assume an infinitely thick perovskite
layer on bottom, from which light is incident on the structure, because GenPro4 cannot
treat light emitted from within the structure. From this simulation, we can derive the
fraction E(θ) of light, that leaves the solar cell when light has an angle of incidence θ

in the perovskite layer. Further, the simulation delivers the reflection of the front lay-
ers R f (θ) and the absorption A(θ) for all layers. Note that the simulation accounts for
absorption in the perovskite above the position of emission. Figure 7(d) shows the sim-
ulation setup for the lower layers of the solar cell for light that is emitted into the lower
hemisphere. To mimic the emission within the perovskite, light is simulated as inci-
dent via an infinitely thick perovskite layer on top. From this simulation, we retrieve
the reflection from the back Rb(θ) and – if wanted the absorption in the different layers.

To calculate the total amount of escaping light Et(θ), we also must take reflection
from the back side into account, leading to a geometric series,

Et = E (1 + Rb)
[
1 + R f Rb +

(
R f Rb

)2
+ . . .

]
=

E (1 + Rb)

1 − R f Rb
, (25a)

where we omitted the dependency on θ for brevity. The summand Rb in the numerator
accounts for light, which is emitted into the lower hemisphere and reflected back. Note
that we can use eqn (25a) also for calculating the total absorption in the layers above the
position of emission via replacing E with the respective absorptance A. For calculating
the total absorption in layers below the position of emission, we have to slightly adapt
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Figure 7: Optical simulations on single-junction perovskite solar cells. (a) Illustrating
the solar cell layer stack, which is based on recent work by Liu et al.8 (b) Ab-
sorption profile for this layer stack when light is incident from the air above
the glass. The position of the perovskite bandgap (MAPbI3, 1.56 eV) is indi-
cated. (c) Layer stack for assessing, how light emitted in the perovskite layer
interacts with the layers above perovskite. The dashed yellow line marks the
position of the light emission. (d) Same as (c), but for layers below the per-
ovskite layer. (e) Relative distribution of photons with 795 nm wavelength,
which are isotropically emitted at three different positions in the perovskite
layer. The emission depths has only little effect on the fraction of light reach-
ing the silicon. The colors correspond to the legend in (a). The yellow dashed
lines separate the fraction absorbed in the perovskite above and below the
position of emission.
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eqn (25a) and find

At =
A
(
1 + R f

)
1 − R f Rb

. (25b)

Note that we omit effects due to coherence in eqn (25). Finally, we have to integrate
over all angles, because light will be emitted isotropically in the perovskite layer.

Eint
t =

1
4π

∫ 2π

0

∫ π
2

0
Et sin θ dθ dφ. (26)

By replacing Et with the total absorptance At for a specific layer, the integrated absorp-
tion in that layer can be calculated. Note that the integral only extends over hemisphere,
and not over the full sphere, because the other sphere is accounted for in the summands
Rb and R f in the nominators of eqn (25).

Figure 7(e) shows, where light emitted in the perovskite layer ends up for three dif-
ferent depths of emission de. We see that de hardly affects the picture. For all depths,
the emitted fraction is Eint

t = 7.8%. Around 65% are reabsorbed in the perovskite layer.
The largest parasitic absorption occurs in the ITO, where around 17% are lost. If no light
was reflected from the back (Rb = 0) around 3.6% of the emitted light would leave the
layer stack. This fraction is less then half of Eint

t , because light, which is originally emit-
ted into the upper hemisphere but then reflected back into the lower hemisphere, can
be reflected upwards again when the back is reflected but it is lost otherwise. The low
fraction of emission can be explained by total internal reflection. At 795 nm wavelength,
for which we study luminescence, the refractive index of the perovskite is n = 2.47.43

Hence, all light that is emitted into angles larger than θ > 23.83° is trapped inside they
layer stack because of total internal reflection. Note, that we did not consider photon
recycling here: light, that is reabsorbed in the perovskite can lead to another generated
photon.

The layer stack considered for the simulations of the tandem solar cell is shown in
Fig. 4(a): lithium fluoride (LiF),61 indium zinc oxide (IZO), silicon oxide (SnO2), C60,
MAPbI3,43 PTAA, ITO, intrinsic amorphous hydrogenated silicon (i a-Si:H), crystalline
silicon (c-Si),62 i a-Si:H, p-doped a-Si:H, aluminium-doped zinc oxide (AZO), and silver
(Ag).60 For all materials, where no reference is given, the nk-data were determined in-
house.

Figure 8 shows more details on the optical simulations on the tandem solar cell struc-
ture, which is discussed in Fig. 4 of the main manuscript. Figure 8(a) shows the absorp-
tion profile for the tandem solar cell structure shown in Fig. 4(a), when light is incident
from top. The layer thicknesses were adapted such, that we have current matching be-
tween top and bottom cells for front-side illumination under STC. Figure 8(b) shows,
how the emission depth of the light in the perovskite layer affects the fractions of the
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emitted light ending up in the different layers. As for the single-junction cells [Fig. 7(e)],
the emission depths has only little effect.
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