
EES Solar

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

2:
00

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Quantifying the
aFraunhofer Institute for Solar Energy Syste

Germany. E-mail: david.chojniak@ise.fraun
bChair for Photovoltaic Energy Conversio

Engineering (INATECH), University of F

Freiburg, Germany
cOxford PV, Unit 7-8 Oxford Pioneer Park, M

† Electronic supplementary informa
https://doi.org/10.1039/d4el00027g

Cite this: EES Sol., 2025, 1, 66

Received 12th November 2024
Accepted 14th November 2024

DOI: 10.1039/d4el00027g

rsc.li/EESSolar

66 | EES Sol., 2025, 1, 66–77
rear side contribution in bifacial
tandem-photovoltaic devices†

D. Chojniak, *a M. Steiner,a S. K. Reichmuth, ab A. Schmid,a G. Siefer,a S. Hooper,c

D. Bushnell,c D. Kirk,c C. Casec and S. W. Glunzab

Bifaciality is a common approach to increase the power output of photovoltaic devices by capturing

a higher portion of the available irradiance. The combination of bifacial and tandem architecture gained

significant attention in recent years. However, their accurate characterization remains challenging,

hindering device comparisons and the assessment of different development approaches. The procedures

for single-junction bifacial devices outlined in IEC TS 60904-1-2 are not fully applicable to two-terminal

tandem devices due to current limiting effects. In this study, a combination of simulated and measured

data is used to propose new parameters to describe the spectral characteristics of bifacial tandem

devices. Those parameters are the short-circuit current and maximum power gain factors sISC and sPMPP

as well as the rear side irradiance limit (RIL). Based on these parameters a bifacial perovskite on silicon

single-cell module is characterized performing outdoor measurements. Comparing measurements with

an open and a covered rear side, a novel approach to quantitatively determine the bifaciality

characteristics of bifacial tandem devices is introduced. For the first time, this enables scaling of

measured ISC and PMPP values to different rear irradiances. This represents an important step towards

a standardized measurement procedure for such devices. Finally, optimization approaches for bifacial

tandem devices are proposed based on the presented results.
Broader context

As the silicon single-junction solar cell technology approaches its efficiency limit, multi-junction solar cells offer enhanced efficiency by combining sub-cells
with different bandgaps to use a higher portion of the irradiated energy. Combining the tandem technology with bifaciality further optimizes the irradiance
utilization, leveraging ground-reected light for additional energy generation. Commercially viable tandem devices typically feature 2-terminal designs, posing
unique metrological challenges that complicate accurate characterization and therefore comparison with other technologies due to the series connection of the
individual sub-cells. In this article we therefore present novel approaches for characterizing bifacial two-terminal tandem devices. The impact of bifaciality for
tandem devices under various spectral conditions is investigated through simulations and outdoor measurements on a bifacial perovskite on silicon single-cell
module. From these investigations, new parameters are derived to quantify bifaciality effects in tandem devices, facilitating the scaling of measurement results
to varying irradiance conditions for the rst time. Furthermore, optimization potentials for bifacial tandem devices are presented based on the proposed
characterization method. The presented results and procedures mark a crucial step toward standardized measurement methods for bifacial tandem devices and
therefore contributes to the development and commercialization of bifacial tandem devices.
1. Introduction

Silicon single-junction photovoltaic (PV) modules are
approaching their theoretical efficiency limit,1 which can be
overcome if additional sub-cells are applied forming a multi-
junction device. Different material combinations, such as
ms ISE, Heidenhofstr. 2, 79110 Freiburg,
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tion (ESI) available. See DOI:
perovskite on silicon (PSC/Si), perovskite on CIGS or III–V on
silicon are of particular interest for terrestrial PV
applications.2–4

Another approach to increase the power output of PV devices
is to use the concept of bifaciality.5,6 A bifacial PV device can not
only use the irradiance incident from the front but also from the
rear side, e.g. reected from the ground. Therefore, a higher
portion of the available irradiance can contribute to charge
carrier generation and thus increase its overall power output.

Whereas both approaches are commonly followed individ-
ually, there are also applications combining them, resulting in
bifacial tandem modules. While the advantages of monolithic
bifacial tandem devices, their power generation potential as
well as possible optimization approaches have been
© 2025 The Author(s). Published by the Royal Society of Chemistry
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investigated via simulations by different research groups7–14

measurements on real devices10,15–17 are still rare and so are
procedures to accurately determine suitable parameters
describing their characteristics.

In the rst section of this publication, we discuss theoretical
considerations regarding measurement procedures for bifacial
devices with respect to IEC TS 60904-1-2.18 Aer introducing
materials and methods, the simulated and measured results of
a bifacial PSC/Si single-cell module are presented. Based on the
simulated data we suggest new parameters to describe the
characteristics of bifacial tandem devices and apply them to an
outdoor characterization of the investigated device. In the last
section, applications based on the ndings of both the simu-
lated and measured data are described. A new approach based
on outdoor measurements to quantitatively determine the
bifacial current and power contribution for bifacial tandem
devices is presented. Finally, approaches are introduced how to
consider different outdoor conditions in the optimization of
such devices.
2. Theoretical considerations based
on IEC TS 60904-1-2

The measurement procedures for the characterization of bifa-
cial PV devices, specied in the technical specication IEC TS
60904-1-2,18 are so far not considering bifacial tandem PV
devices. However, such devices require different measurement
approaches in several aspects. For two-terminal (2T) devices two
major limitations arise, exceeding the procedures used for
single-junction PV devices. The rst one is that the determina-
tion of the rear side characteristics is not possible with single-
side illumination. A bifacial single-junction device generates
a current and power output according to its quality and char-
acteristics when only illuminated from the rear side. A bifacial
tandem device in contrast will be strongly current limited by the
top-cell which does not receive photons if the device is only
illuminated from the rear side. If the top-cell shows a low shunt
resistance a current and power output can be measured,
however in this case the measurement does not provide
meaningful information about the bifaciality characteristics of
the device and will therefore not be considered in this publi-
cation. The bifaciality factors for short-circuit current 4ISC and
power output 4Pmax

, used to describe the front and rear side
characteristics of single-junction bifacial devices18 are therefore
no longer applicable for tandem devices. Both parameters are
describing the front to rear side ratio of the respective value
when exclusively illuminated from either side with the same
intensity as given in eqn (1).‡

4ISC
¼ ISCr

ISCf

; 4Pmax
¼ Pmaxr

Pmaxf

(1)

As the top-cell limits the current of a bifacial tandem device
if only illuminated from the rear side, both bifaciality factors
‡ For both situations STC (1000 W m−2 AM1.5g, 25 °C) should be met.

© 2025 The Author(s). Published by the Royal Society of Chemistry
will always be close to zero. Therefore, we suggest introducing
gain factors for both the short-circuit current ISC and maximum
power output PMPP. Following the approach of the rear irradi-
ance driven power gain yield, referred to as BiFi in IEC TS 60904-
1-2,18 we suggest the following parameters.

sISC with unit

"
A�

W m�2�
#
; sPMPP

with unit

"
W�

W m�2�
#

(2)

Both parameters describe the bifaciality of the tandem
device per portion of rear side irradiance (RSI) while spectral
conditions according to the IEC 60904-3 (ref. 19) standard test
conditions (STC) are maintained on the modules frontside. The
parameters can be calculated according to eqn (3) and (4).

sISC ¼ ISC
�
EfrontðlÞ;ErearðlÞ

�� ISC
�
EfrontðlÞ

�
RSI

(3)

sPMPP
¼ PMPP

�
EfrontðlÞ;ErearðlÞ

�� PMPP

�
EfrontðlÞ

�
RSI

(4)

where ISC(Efront(l), Erear(l)) and PMPP(Efront(l), Erear(l)) are rep-
resenting the short-circuit current and maximum power output
determined under simultaneous front and rear side irradiance
conditions while ISC(Efront(l)) and PMPP(Efront(l)) are represent-
ing both parameters determined when only illuminated from
the frontside.

Due to current limiting effects the bifaciality factors are
strongly inuenced by the frontside spectral conditions and can
therefore not be considered as constant over a wide range of
RSI. To clarify this, we are theoretically observing both possible
limitation conditions of a dual junction bifacial tandem device
under STC.20
2.1 Scenario 1: top-cell current limitation at STC

If the top-cell limits the device current at STC the RSI, fully
absorbed by the bottom-cell which already provides excess
current cannot contribute to the overall device current. There-
fore sISC, representing the current gain per portion of RSI, equals
zero. Thus, the RSI does only contribute to the device's VOC and
FF and therefore to its power output. Consequently sPMPP

is
a function of the gain in VOC and FF during top-cell limiting
conditions. However, this contribution is small compared to
a direct increase of the device current.
2.2 Scenario 2: bottom-cell current limitation at STC

If the bottom-cell is current limiting at STC the RSI incident to
a bifacial tandem device can contribute to the overall current
and therefore sISC $ 0. Such as in Scenario 1 also the device's VOC
benets from the additional irradiance contribution. The FF in
contrast decreases due to the increased current of the current
limiting bottom-cell, resulting in a decreased current mismatch
between both sub-cells.21 The bifacial power gain for bottom-
cell limiting conditions sPMPP

is therefore driven by changes in
ISC, VOC and FF. As a result, sPMPP

and sISC for Scenario 1 and 2
differ from each other.
EES Sol., 2025, 1, 66–77 | 67
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At a certain RSI, which is dened by the tandem cell design,
the bottom-cell current exceeds the one of the top-cell which
will in turn become current limiting and therefore Scenario 2
may shi back into Scenario 1. Consequently, the gain param-
eters sISC and sPMPP

, describing the bifacial characteristics of the
device can change and thus cannot be assumed constant for
different irradiance conditions. This must be considered if the
gain parameters determined at STC are used to extrapolate the
power output of the tandem device for different scenarios such
as locations or times of a year.

To accurately determine the bifaciality characteristics of 2T
bifacial tandem PV devices in indoor measurements, a solar
simulator with adjustable spectrum and the ability for simul-
taneous front and rear side illumination is required. As such
measurement equipment is rare, outdoor measurements are
used for the characterization of a bifacial tandem device in this
publication.
3. Materials and methods

For the simulation and outdoor measurements, a bifacial 2T
PSC/Si tandem single-cell module, provided by Oxford PV, was
used. A picture of the module, mounted on a dual axis tracker
during outdoor measurements, is presented in Fig. 1. The
module consists of one M6 (274.15 cm2) PSC/Si tandem solar
cell laminated between two 20 cm × 20 cm glass sheets. Four
contacts are provided for individual current and voltage
probing. The “inactive area” of the module was covered from
both sides using black tape to reduce the inuence of internal
reections between the glass sheets.
3.1 External quantum efficiency

The module's front and rear side external quantum efficiency
(EQE) has been determined using a laser based setup.22,23 The
Fig. 1 PSC/Si single-cell modulemounted on a dual axis tracker at our
outdoor measurement setup in Freiburg, Germany, 48.01° N, 7.83° E.

68 | EES Sol., 2025, 1, 66–77
frontside EQE was measured according to the general proce-
dure established for tandem PV devices applying bias light and
voltage to measure each sub-cell individually.24,25 To measure
the module's rear side EQE the top-cell was light-biased using
blue light of high intensity from the frontside to bring the
bottom-cell into current limitation. The EQE was then
measured using monochromatic light incident to the bottom-
cell from the rear side.

3.2 Theoretical analysis of outdoor performance

The outdoor simulation is based on the module's front and rear
side EQE as well as 9641 outdoor spectra simulated using
SMARTS2.26 A broad variation of airmass, aerosol optical depth
and precipitable water was applied to cover a wide range of
possible spectral conditions (detailed information about the
parameter variation can be found in the ESI 7.1†). The RSI was
xed to 80 W m−2 § while the diffuse part of the AM1.5g refer-
ence spectrum (AM1.5g(l) − AM1.5d(l)) was used as rear side
spectrum.

To determine the effect of bifaciality on the module's ISC
three differentmeasurement conditions have been investigated.
The bifacial measurement condition considers the effect and
interplay of both sub-cells including the silicon bottom-cell's
rear side contribution. For the monofacial measurement
condition solely the frontside EQE of the device has been
considered. For the top-cell conguration only the current
generation of the perovskite top-cell is evaluated, neglecting
current limitation by the bottom-cell. Detailed information on
the calculation of the respective current shares are provided in
the ESI 7.1.†

3.3 Outdoor measurements

For the outdoor measurements the module was mounted on
a dual-axis tracker such that the direct portion of the irradiance
hits the module perpendicular at each time of the day. Under
these conditions the module was exposed to a wide range of
spectral conditions, ranging from red-rich in the morning to
slightly blue-rich at noon. The measurements have been per-
formed in Freiburg, Germany from the 06th to the 14th of July
2022.

To reconstruct the bifacial and monofacial measurement
conditions, considered in the simulation, IV measurements
have been performed with the module rear side being open and
covered. Due to limitations of the measurement setup solely IV
sweeps from ISC to VOC have been performed with a sweep time
of 10 s. Additional information on the measurement setup as
well as the inuence of this limitation on the measurement
results is discussed in the ESI 7.2.†

3.4 Assessment of outdoor conditions

The total irradiance incident to the module from the front and
rear side has been tracked using pyranometers mounted next to
§ Which is the approximate rear side irradiance available at our outdoor
measurement setup at AM1.5g spectral conditions during the period in which
outdoor measurements have been carried out for this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the module. A component cell{ sensor consisting of three
single-junction cells with spectrally different absorption bands
has been used to monitor the outdoor spectral conditions.27–29

The EQEs of the component cells are shown together with the
AM1.5g reference spectrum in the ESI 7.3.† To categorize the
outdoor spectral conditions spectral matching ratios (SMR) for
all three component cell combinations (SMR12g, SMR13g and
SMR23g) are determined using their short-circuit currents
measured during outdoor exposure as presented in eqn (5).
Based on these values, outdoor spectra can be categorized and
evaluated regarding their spectral distribution. However, it is
not possible to restore the original spectrum from these three
values. A “g” is added to the SMR values, commonly used for
concentrator PV applications, to highlight that global spectral
conditions are evaluated.29,30

SMR12g ¼ ISCj1Meas

ISCj2Meas

$
ISCj2Ref

ISCj1Ref

;

SMR13g ¼ ISCj1Meas

ISCj3Meas

$
ISCj3Ref

ISCj1Ref

;

SMR23g ¼ ISCj2Meas

ISCj3Meas

$
ISCj3Ref

ISCj2Ref

(5)

The variables ISCjxMeas
correspond to the short-circuit currents

measured under outdoor spectral conditions, while ISCjxRef
represent the short-circuit currents measured under reference
spectral conditions. If all three values equal “one” the actual
spectral conditions generate the same current distribution in
the sensor as the AM1.5g reference spectrum19 would.30,31 Due to
the choice of the component cells' bandgaps, making them
sensitive to different ranges of the solar spectrum, the actual
spectrum can be assumed to provide a similar spectral irradi-
ance distribution as the AM1.5g reference spectrum itself.27–29

Throughout this publication especially SMR12g will be referred
to due to the sensitivity range of the device under test which is
mainly covered by sensors number one and two. Therefore, the
SMR12g value provides a good indicator for the sub-cell current
ratio of the PSC/Si device under test (DUT). This statement as
well as the applicability of the utilized component cell sensor
for outdoor measurements of PSC/Si tandem devices at the
outdoor measurement setup has been investigated and proofed
in a previous publication.16 For the indoor characterization of
tandem devices usually a parameter Z is used to dene the
spectral conditions incident to the device, representing the ratio
between the actual and the reference effective irradiance inci-
dent to a sub-cell.21 For a dual-junction device SMR12g can be
rewritten as Z12 according to eqn (6).

Z12 ¼ SMR12g� 1

SMR12gþ 1
(6)
{ A component cell is a single-junction solar cell with identical optical properties
as the multi-junction cell it is based on. To do this, the complete multi-junction
stack is created with only one active pn-junction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
To clearly describe the incident spectral conditions for both,
readers familiar with indoor and outdoor characterization
methods, both parameters, SMR12g and Z12 will be refereed to.
Note that the Z12 values plotted on the upper x-axis are rounded
to three decimal places.

3.5 Data processing and ltering

The outdoor dataset has been ltered to exclude unrealistic
measurements which may originate from unstable outdoor
conditions, malfunction of sensors or inaccurate tracking. A list
of all ltering parameters used for the different evaluations can
be found in the ESI 7.4.†

Themeasuredmodule parameters ISC and PMPP are divided by
the corresponding global normal irradiance (GNI) incident to the
module's frontside throughout this publication. This normali-
zation has been applied to show the inuence of different
spectral conditions on the module's characteristics which would
otherwise be hidden within the variation of these parameters
with intensity. Due to condentiality reasons, all datapoints have
additionally been normalized by the mean ISC and PMPP deter-
mined under reference spectral conditions in the bifacial
conguration. To present the data in 2D graphs all values are
plotted vs. SMR12g on the lower and Z12 on the upper x-axis,
while SMR12g = 1 and Z12 = 0 represent AM1.5g equivalent
spectral conditions, SMR12g < 1 and Z12 < 0 can be attributed to
red-rich and SMR12g > 1 and Z12 > 0 to blue-rich spectra.21

4. Results and discussion

In this section the results of both, the outdoor simulation and
the corresponding outdoor measurement of the single-cell
module are presented and discussed.

4.1 Outdoor simulation results

Fig. 2 shows the front and rear side EQE of the investigated
single-cell module. Due to condentiality reasons, the
Fig. 2 Front and rear side EQEs of a bifacial PSC/Si single-cell module.
All three EQEs have been normalized to 1.

EES Sol., 2025, 1, 66–77 | 69
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presented EQEs are normalized to unity, whereas non-normal-
ized EQEs were used for the simulation. The blue squared and
red circular datapoints correspond to the frontside EQE of the
perovskite top- and silicon bottom-cell, the black triangular
datapoints are showing the rear side EQE of the bottom-cell.
While both sub-cells are sharing the frontside irradiance all
useable photons incident from the rear side are absorbed by the
silicon bottom-cell.

The results of the outdoor simulation are presented in Fig. 3.
The blue circles are showing the simulation results assuming
bifacial measurement conditions (open rear side), while the
black triangles correspond to the results if monofacial
measurement conditions are applied (covered rear side). The
red squared datapoints correspond to the top-cell's ISC per GNI
(assuming no current limitation by the silicon bottom-cell). To
improve readability the 9641 calculated datapoints have been
binned on identical SMR12g values with a step size of 0.001.

The simulation results are divided into three different areas,
highlighted with blue, gray and red backgrounds. The module's
characteristics that arise in the different spectral ranges for all
Fig. 3 Simulated outdoor measurement based on the front and rear
side EQEs shown normalized in Fig. 2 and 9641 outdoor spectra
simulated using SMARTS2.26 The results for all three configurations
have been binned in SMR12g increments of 0.001 by averaging the
results that fall within the respective range. The red squared datapoints
have been simulated using the EQE of the top-cell only. The black
triangular datapoints are representing an outdoor simulation assuming
a monofacial single-cell module, while the blue circular datapoints are
representing the outdoor simulation assuming a bifacial configuration.
All datapoints have been normalized by the mean ISC/GNI calculated
for spectral conditions resulting in SMR12g values between 0.97 and
1.03. The blue, gray and red areas are highlighting spectral ranges in
which the bifaciality characteristic of the single-cell module changes
due to current limitation effects while the vertical dash-dotted line
highlights the reference spectral conditions in this graph (SMR12g = 1
and Z12 = 0). The maximum amount of RSI that can contribute to the
device current at reference spectral conditions is represented as blue
arrow.

70 | EES Sol., 2025, 1, 66–77
three simulation approaches are explained and discussed in the
following.

4.1.1 Blue area – SMR12g < 0.85. In the blue area all three
simulation conditions result in the same ISC per GNI values
which are constantly increasing following the spectral condi-
tions from red-rich (low SMR12g) to blue-rich (high SMR12g).

Due to the red-rich spectral distribution, the top-cell, which
only receives photons from the frontside, limits the current of
the device. Consequently, there is no detectable current
contribution of the incident RSI and therefore no difference
between the bifacial, monofacial and top-cell simulation
results. With increasing SMR12g the portion of high energy
photons in the frontside spectrum increases, resulting in higher
ISC per GNI values of the current limiting top-cell. Under these
spectral conditions sISC = 0 and therefore sPMPP

is driven by
changes in FF and VOC (compare Scenario 1 in Section 2).

4.1.2 Gray area – 0.85 < SMR12g < 0.96. In the gray area the
datapoints resulting for the bifacial and monofacial measure-
ment conditions are splitting up, while the ISC per GNI values
solely considering the top-cell EQE are still identical with the
bifacial measurement condition. For higher SMR12g values the
ISC per GNI rises for the bifacial and top-cell only simulation,
while a linear decline is visible for the monofacial condition.

In the monofacial case the silicon bottom-cell becomes
current limiting, due to the increasing blue-shi of the front-
side spectrum. While the current generation for the monofacial
condition solely relies on the frontside spectrum, the module's
bifaciality allows for additional charge carrier generation in the
bottom-cell, resulting in higher ISC per GNI values. However, the
amount of RSI that can contribute to the device current is
limited by the difference between the current of the top- and
bottom-cell, fully dened by the frontside spectrum. While the
frontside spectral distribution becomes more blue-rich the ISC/
GNI of the bifacial simulation increases as the ISC/GNI of the
top-cell does. Simultaneously, the ISC/GNI of the bottom-cell
decreases resulting in a higher portion of RSI that can effectively
contribute to the device ISC. The rear side ISC/GNI contribution
is highlighted as green area corresponding to the difference
between the datapoints resulting from the monofacial and
bifacial simulation. Under these spectral conditions the bifacial
yield parameters sISC and sPMPP

are changing aer reaching
a certain threshold of RSI, which is again dened by the
difference between the top- and bottom-cell's ISC. This situation
corresponds to a mixture of Scenario 1 and 2 (Section 2),
dependent on the RSI, demonstrating that yield parameters
cannot be considered as constant for bifacial tandem devices.

4.1.3 Red area – SMR12g > 0.96. In the red area the top-
cell's ISC per GNI continuously increases as spectral conditions
are becoming more blue-rich. For the bifacial simulation
a decrease with increasing SMR12g is visible, which proceeds
parallel to the black datapoints representing the monofacial
measurement conditions.

In the bifacial case the available RSI can fully contribute to
the device current. Anyhow, there is not enough RSI available to
bring the top-cell into current limitation. Therefore, a higher
amount of RSI could contribute to the device ISC. The amount of
theoretically useable RSI is highlighted with a dark red area
© 2025 The Author(s). Published by the Royal Society of Chemistry
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k Fit ranges for the determination of the monofacial current match: SMR12g =

0.77 to SMR12g = 0.82 (top-cell limiting, R2 = 0.94) and SMR12g = 0.84 to
SMR12g = 1.03 (bottom-cell limiting, R2 = 0.99). Fit ranges for the
determination of the bifacial current match: SMR12g = 0.6 to SMR12g = 0.9
(top-cell limiting, R2 = 0.98) and SMR12g = 0.97 to SMR12g = 1.02 (bottom-cell
limiting, R2 = 0.82).

** An increasing module temperature leads to a narrowing of the bandgap of the
silicon bottom-cell and thus to an increase in its current. In addition, the silicon
bottom-cell does also not lose current in the short-wavelength range due to the
negative ISC temperature coefficient of the perovskite top-cell.32
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between the top-cell only and the bifacial simulation. As the
frontside spectrum becomes more blue-rich, the distance
between both simulation results increases due to the decreasing
irradiance the silicon bottom-cell receives from the frontside.
Since the RSI is xed to a constant value for this simulation the
course of the datapoints representing the monofacial and
bifacial simulation is parallel in the red area. The distance
between both courses is determined by the amount of RSI
available. This situation corresponds to Scenario 2 (Section 2)
with sISC $ 0 and sPMPP

being dened by the increase in VOC and
ISC as well as a decrease in FF.

4.2 Parameters for bifacial tandem devices

Based on the simulation results different interaction scenarios
between front and rear side irradiance, affecting the perfor-
mance of a bifacial tandem device under varying spectral
conditions, have been explained. Following these ndings, we
are suggesting new parameters for the characterization of
bifacial tandem devices.

The position of the sub-cells' current match is an important
characterization parameter for tandem devices as it typically
corresponds to spectral conditions where the maximum
tandem cell efficiency is reached.21 For bifacial tandem devices
we are expanding this parameter dening a “monofacial current
match” and a “bifacial current match”. Both parameters are
crucial describing a bifacial tandem device under given spectral
conditions, since its bifacial characteristic signicantly changes
on either side of these points as described before. While the
position of the monofacial current match is basically dened by
the design of the tandem device, the position of the bifacial
current match changes based on the RSI conditions for
different albedo, locations or applications. Knowing the posi-
tion of both parameters and therefore under which conditions
a bifacial tandem device operates at STC or any other condition
of interest is vital to correctly interpret measurement results.
This statement especially holds if results are corrected or
extrapolated by scaling irradiance conditions (e.g. for yield
simulations).

If scaling of the RSI needs to be applied, e.g. to scale outdoor
measurement results to STC, it is crucial to know at which RSI
the bifacial characteristic of the device changes. We therefore
introduce the RSI limit (RIL), which denes the maximum
amount of RSI that can be used by the bottom-cell to contribute
to the ISC of the device under a given spectral condition, e.g.
AM1.5g reference conditions. In other words, the RIL denes
the amount of RSI required to change the sub-cell limitation
condition from bottom- to top-cell current limitation and
therefore change the bifaciality characteristic of the device.

4.3 Outdoor measurement results

In Fig. 4 the results of the outdoor measurements are shown. In
both graphs the blue circular datapoints correspond to
measurements with an open, the black triangular datapoints
with a covered rear side. The vertical dotted lines represent the
spectral position of the monofacial current match and the
dashed lines the one of the bifacial current match. Both current
© 2025 The Author(s). Published by the Royal Society of Chemistry
matching points have been determined applying linear ts to
the respective top- and bottom-cell limiting branches of the
datasets.k The dash-dotted lines highlight SMR12g = 1 and
therefore an AM1.5g like current balancing of the single-cell-
module's sub-cells with respect to the frontside irradiance.

Comparing the ISC/GNI vs. SMR12g graph shown in Fig. 4a
with the simulation results a very good qualitative agreement is
found, which enables a clear interpretation of the outdoor
measurement data. The module's monofacial current match is
reached at SMR12g ∼ 0.83, while the bifacial current match
appears at SMR12g values around 0.94. The rather rounded
peak of the resulting curve can be explained by the continuous
change of the incident RSI under real measurement conditions,
which in contrast was kept constant for the simulation. The
black solid line represents a linear t (R2 = 0.96) to the data-
points measured with an open rear side for SMR12g < 0.83 and
serves as extrapolation of the top-cell limiting branch of the
presented data. At the intersect with the dash-dotted vertical
line at SMR12g = 1 the theoretical maximum ISC/GNI of the
module under frontside reference spectral conditions can be
extracted. This extrapolation is required since, for a two
terminal tandem device, it is usually not possible to measure
the ISC of the top-cell individually. The green area corresponds
to the RSI used under the given spectral conditions, while the
red area shows the amount of RSI that could theoretically
contribute to the device ISC if it was available. The increase in
the module's ISC/GNI at very blue-rich spectral conditions
(SMR12g > 1.02) can be explained by increases in the module's
temperature** and RSI (plotted together with the GNI in
Fig. S3†), both contributing to the ISC of the current limiting
silicon bottom-cell.

Fig. 4b shows the module's PMPP/GNI vs. SMR12g. For the
monofacial measurement condition the spectral range resulting
in the highest PMPP/GNI values is blue shied compared to the
position of the monofacial current match. For an ideal tandem
device the spectral conditions of the maximum PMPP/GNI
matches the maximum ISC/GNI.21 The deviation can be
explained by a strong increase in the module's ll factor FF
under silicon limiting conditions, presented in Fig. 5, which
overcompensates the drop in current.21 In contrast to the
module's ISC/GNI a decrease in PMPP/GNI is visible at very blue
rich spectral conditions (SMR12g > 1.02). This can be mainly
attributed to the temperature driven decrease in the module's
VOC (compare Fig. S4†) as well as a decrease in FF as it can be
seen in Fig. 5. This FF reduction results from a decreasing
current mismatch between both sub-cells, driven by the
described inuences of temperature and RSI on the current of
EES Sol., 2025, 1, 66–77 | 71
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Fig. 4 In both graphs blue circular datapoints are representing measurements carried out with an open, black triangular datapoints
measurements carried out with a covered rear side. All values are normalized by their respective mean value measured under reference spectral
conditions (0.97 < SMR12g, SMR13g, SMR23g < 1.03). The spectral position of the important module parameters, monofacial current match and
bifacial current match as well as SMR12g = 1 are highlighted with vertical lines in both graphs. (a) Short-circuit current per global normal irra-
diance ISC/GNI vs. SMR12g. The green area represents the RSI contributing to the device current while the red area represents the amount of
additional RSI which could contribute to the device current under the given spectral conditions. The RIL is graphically represented as blue arrow.
(b) Maximum power per GNI (PMPP/GNI).

Fig. 5 FF measured with an open (blue circles) and covered (black
triangles) module rear side. All datapoints have been normalized to the
mean FF measured with an open rear side at reference spectral
conditions (max. ±3% deviation of unity for SMR12g, SMR13g and
SMR23g). The position of the monofacial and bifacial current match,
determined based on the data shown in Fig. 4a, are highlighted as
vertical dotted and dashed line.

†† For the measurements carried out with a covered rear side the monofacial
current match is reached at signicantly lower SMR12g values and therefore
earlier in the morning and later in the aernoon. During those times of the day
the incident frontside spectrum changes faster16 and therefore the change in
the module's temperature is, compared to noon, lower in relation to the change
in frontside spectral conditions. Additionally, the RSI does not inuence the
bottom-cell's current under monofacial measurement conditions. Therefore, the
compensation of the spectrally induced mismatch, visible under bifacial
measurement conditions, is less pronounced for the measurement under
monofacial conditions, resulting in a steeper increase in the module's FF.
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the silicon bottom cell, but also by the negative ISC temperature
coefficient of the perovskite top-cell.32 Similar observations have
been observed and described in detail in ref. 16. Note that the
PMPP and FF values under top-cell limiting conditions are
underestimated due to hysteresis in the IV curves the plotted
datapoints are based on. Additional information regarding this
limitation can be found in the ESI 7.2.†
72 | EES Sol., 2025, 1, 66–77
The FF increase under silicon limiting conditions (SMR12g >
0.94) is less pronounced for the measurements carried out with
an open rear side as the module's temperature and RSI increase
simultaneously. Both effects contribute to the ISC of the silicon
bottom-cell and therefore reduce the current mismatch driven
by the blue shi of the frontside spectrum.†† As a result, the
highest PMPP/GNI values occur close to the bifacial current
match for the measurements carried out with an open rear side.

While the increasing module temperature and RSI result in
higher ISC/GNI values at nearly constant frontside spectral
conditions (SMR12g ∼1.02) visible in Fig. 4a, the modules PMPP/
GNI visible in Fig. 4b decreases. This decrease can be attributed
to the decreasing current mismatch between both sub-cells,
resulting in decreasing FF values as visible in Fig. 5.16,21

Based on the measurement results, it is obvious that the
module is designed for higher rear side intensities as those
available at our measurement setup. Since the highest PMPP/GNI
values are measured close to the spectral position of the bifacial
current match, it would be benecial to adjust this position to
receive the maximum energy yield at a specic location, based
on the conditions prevailing there. For the investigated case,
where the amount of RSI is not high enough for the actual cell
design, this could be achieved by adjusting the sub-cell's
© 2025 The Author(s). Published by the Royal Society of Chemistry
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current balancing in a way that the silicon bottom-cell receives
more photons from the frontside spectrum. This in turn would
shi the bifacial current match towards more blue rich spectral
conditions. Such optimization potentials drawn from outdoor
measurement results are discussed in detail in the following
section.
5. Applications

To obtain meaningful results and draw conclusions for the
optimization of the investigated device a quantitative charac-
terization of the module's bifaciality characteristics is required.
In the following we present an approach to receive such infor-
mation from the outdoor data presented above and provide
optimization guidelines for bifacial tandem devices based on
these results. In addition, the introduced characterization
approach also enables scaling of measurements to different rear
side irradiance levels which is a crucial step towards a stan-
dardized measurement procedure for bifacial tandem devices.
5.1 Quantitative evaluation of the rear side irradiance
contribution

The outdoor measurement results show that the silicon bottom-
cell limits the device current under reference spectral condi-
tions, resulting in the situation described as Scenario 2 in the
theoretical considerations section. Knowing that in this opera-
tion condition the RSI fully contributes to the device ISC, enables
the calculation of sISC by comparing the measurements carried
out with open and covered rear side. Therefore, the datapoints
are ltered according to ref. 29 which includes that SMR12g,
SMR13g and SMR23g are within ±3% of unity. A temperature
correction was applied to the remaining datapoints to correct
their temperature to 41.8 °C, which was found to be the mean
operating temperature of the investigated module during
reference spectral conditions at our setup with a standard
Fig. 6 (a) Calculation of the module's sISC based on a comparison of me
triangles) rear side of the module. All datapoints are temperature correc
deviation: 1.3 °C) of the module at reference spectral conditions. (b) Cal

© 2025 The Author(s). Published by the Royal Society of Chemistry
deviation of 1.3 °C. Information about the determination of
temperature coefficients can be found in the ESI 7.7.† The
modules sISC can then be calculated from the outdoor
measurement data presented in Fig. 4a using eqn (7).

sISC ¼ ðISC=GNIÞopen � ðISC=GNIÞcovered
RSI

$
GNI

GNIref
(7)

With (ISC/GNI)open and (ISC/GNI)covered being the short-circuit
currents per global normal irradiance measured with an open
and a covered rear side at same spectral conditions. GNIref
represents the reference global normal irradiance (1000 W m−2

for terrestrial applications). To receive a pair of ISC/GNI values
for each remaining datapoint measured with an open rear side
a linear t (R2 = 0.97) has been applied to the datapoints
measured with a covered rear side. The resulting graph is pre-
sented in Fig. 6a. Taking the mean value of the 83 resulting
datapoints the modules sISC is determined with a relative stan-
dard deviation of 2.4%. The correlation between RSI and ISC
increase which additionally results from this evaluation is
plotted in Fig. S6a.†

The resulting sISC can now be used to scale the measured
datapoints to different RSI levels. However, a linear scaling can
only be applied up to the module's rear side irradiance limit (RIL).
Scaling the incident RSI to values exceeding this limit without
considering the resulting changes in the module's bifaciality
characteristics leads to wrong results. The RIL can be determined
based on the measurement carried out under monofacial condi-
tions as well as the extrapolated maximum ISC/GNI presented in
Fig. 4. Using eqn (8) a RIL of 135 W m−2 is determined for the
investigated module under AM1.5g conditions.

RIL ¼

max:ðISC=GNIðSMR12g ¼ 1ÞÞ � ðISC=GNIðSMR12g ¼ 1ÞÞcovered
sISC

(8)
asurements carried out with an open (blue circles) and covered (black
ted to 41.8 °C, which was the mean operation temperature (standard
culation of the modules sPMPP

analogous to the procedure in graph (a).
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The same procedure (replacing ISC with PMPP in eqn (7)) can
be applied to determine the bifacial contribution to the
module's output power as presented in Fig. 6b. Applying this
procedure, the module's sPMPP

is determined with a standard
deviation of 3.6%. As for the ISC, the resulting correlation
between RSI and PMPP increase is shown in Fig. S6b.† The
higher scatter of the datapoints measured with an open rear
side can be attributed to uncertainties in the temperature
correction. Knowing both module parameters, sISC and sPMPP

, the
potential ISC and PMPP of the module assuming different RSI
values can be calculated.

By correcting the module's temperature to 25 °C its perfor-
mance under e.g. bifacial name plate irradiance (BNPI) condi-
tions, requiring a temperature of 25 °C as well as 1000 W m−2

front side irradiance‡‡ and 135 W m−2 RSI can be determined.
If the top-cell limits the device current under AM1.5g spectral
conditions, gratings or lters can be applied to the measure-
ment setup to party block the incident RSI to bring the bottom-
cell into limitation again. The same approach can also be fol-
lowed if it is required to scale the RSI beyond the RIL. In this
case the top-cell will limit the device current and therefore
additional RSI will result in an increase in FF and VOC as
described for Scenario 1 in Section 2. To determine the resulting
effect on the module's PMPP the presented procedure can be
applied comparing measurements carried out with and without
blocking only a portion of the RSI. In this case the attenuation
must be as low that even with the reduced RSI the top-cell still
limits the device current.
5.2 Optimization potentials for bifacial tandem solar cell
modules

Besides a better understanding of the operation characteristics
of bifacial tandem devices the results and conclusions pre-
sented in the previous sections can also be used to improve
bifacial tandem devices for real world operating conditions.
According to Fig. 4b the spectral conditions the investigated
module generates the highest ISC/GNI values approximately
match the conditions the highest PMPP/GNI values are measured
under bifacial measurement conditions. Reaching a high ISC
under relevant spectral conditions (usually AM1.5g for terres-
trial applications) is therefore a key factor to achieve high power
outputs.

Fig. 7 shows the module's ISC/GNI plotted as color map vs.
SMR12g on the x- and the incident RSI on the y-axis. The black
dots represent the maximum amount of RSI which can
contribute to the device current under the different spectral
conditions. The data is based on the measurement results
presented in Fig. 4a as well as a linear t through the top-cell
limiting branch of the open (R2 = 0.96) and bottom-cell limiting
branch of the covered (R2 = 0.99) measurement respectively.
The sISC determined in the previous section has been utilized to
calculate the useable amount of RSI. Even though the graph
uses some simplications it is still valuable to investigate the
interplay between RSI, frontside spectral distribution and the
‡‡ With AM1.5g spectral conditions.

74 | EES Sol., 2025, 1, 66–77
resulting ISC/GNI as well as the potential of different optimiza-
tion approaches for bifacial tandem modules.

Based on the black datapoints, neglecting temperature effects,
the amount of RSI which can directly contribute to the device
current is dened by the frontside spectral conditions. The more
blue-rich the frontside spectrum themore photons, incident to the
rear side, can contribute to the device ISC.While the distribution of
the frontside spectral irradiance, respectively SMR12g, is deter-
mined by the location the sub-cell's current balancing can be
adjusted e.g. by changing the bandgap of the top-cell or making it
semi-transparent. Both approaches would result in a different
spectral position of the monofacial current match, graphically
represented by a shi of the color map in x-direction.

Therefore, the amount of RSI that can contribute to the
device current e.g. at AM1.5g spectral conditions (SMR12g = 1)
can be changed, adjusting the design of the bifacial tandem
device. The potential ISC/GNI increase when adjusting the top-
cell's bandgap based on the available RSI as well as the potential
of the device if a sufficient RSI is reached can be estimated from
the presented graph.

To exemplarily optimize the investigated module to the
conditions prevailing at our measurement setup during the
investigated period (∼80 W m−2 RSI and close to AM1.5g
spectral conditions at noon), the bandgap of the perovskite top-
cell needs to be increased such that the silicon bottom-cell
receives more photons from the frontside. This adjustment
would graphically result in a right shi of the color map while
the x-axis remains xed, as it can be seen in the right graph in
Fig. 7. Comparing the actual operating condition (red circle in
the le graph) with the ISC/GNI achievable if the top-cell
bandgap is adjusted to the available RSI of 80 W m−2 (blue
triangle in the right graph), a potential ISC/GNI increase of 4.3%
can be estimated. However, if the maximum useable RSI of 135
W m−2 would be available§§ for the investigated device (green
square in the le graph) an ISC/GNI increase of 9.3% can be
estimated at SMR12g = 1 without adjusting the top-cell's
bandgap.

Another approach to optimize a bifacial tandemmodule and
therefore manipulate the presented graph is to improve the EQE
of the bottom-cell's rear side. This would decrease the slope of
the maximum useable RSI. When improving the rear side EQE
of a bifacial tandem device a top-cell with a lower bandgap can
be used for a xed RSI, since less current needs to be generated
in the bottom-cell by light impinging on the module's frontside.
This in turn would graphically result in a le shi of the color
map, and thus potentially enable higher ISC/GNI values (reddish
areas in the graph).

Such high ISC/GNI values can also be reached in regions or
applications with a high RSI. However, the color map indicates
that the proposed improvements always need to be based on
a precise investigation of the expected RSI. Considering a sub-
cell design with a frontside current balancing strongly shied
towards the top-cell under STC a very high ISC/GNI could be
reached with enough RSI. However, if the expected RSI is not
§§ This could be achieved, for example, by adapting the installation conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 ISC/GNI as a function of RSI (y-axis) and frontside spectral conditions (SMR12g on the lower and Z12 on upper x-axis). The data utilized for
the graphs is based on the presented outdoor measurements. The black circular datapoints correspond to the maximum amount of RSI
contributing to the current of the investigatedmodule. The vertical dotted and dashed lines represent the positions of themonofacial and bifacial
current match. (Left graph) The open red circle represents the position of the actual AM1.5g operating condition. The open green square
represents the ideal operating condition that could be reached if a higher amount of RSI would be available. (Right graph) The blue triangle
represents the operating conditions that could be reached if the bandgap of the top-cell is increased to achieve a current match of the sub-cells
under AM1.5g frontside spectral conditions and an RSI of 80 W m−2. If the bandgap of the top-cell is increased the silicon bottom-cell receives
more current from the frontside spectrum. This results in a right shift of the whole color map.
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reached the device current strongly drops due to the current
limitation by the bottom-cell. For the investigated module this
effect becomes visible comparing the ISC/GNI values resulting
for different amounts of RSI at SMR12g = 1.

Improving the rear side EQE or adjusting the bandgap of
a bifacial tandem solar cell's top-cell for applications with
a high amount of RSI is especially benecial for PSC/Si tandem
devices since low bandgap perovskite materials tend to be more
stable than high bandgap compositions.10,17,33 Therefore, the
approaches introduced in this section are supporting the
development and commercialization of stable PSC/Si tandem
devices which are optimized for bifacial operation.34–36
6. Summary and conclusion

In this publication, we investigated the bifaciality characteris-
tics of bifacial tandem devices utilizing a single cell bifacial
PSC/Si tandemmodule. Through theoretical considerations and
a simulation of the module's outdoor performance we
described the underlying operation mechanisms, which arise
from different sub-cell limitation conditions.

While both sides of a bifacial single-junction device can be
characterized individually, bifacial tandem devices require simul-
taneous illumination from the front and rear side to determine
their bifaciality characteristics. As such, we propose substituting
the bifaciality factors 4ISC and 4Pmax

used for single-junction bifacial
devices with bifacial yield parameters sISC and sPMPP

for bifacial
tandem devices. These parameters need to be determined under
dened frontside spectral conditions (e.g., AM1.5g) and are used to
quantify the gain in ISC and PMPP per portion of RSI.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The bifaciality characteristics of a tandem device are not
constant but dependent on the actual sub-cell current limita-
tion, which in turn is determined by the incident frontside
spectrum, the RSI as well as the device temperature. To address
the resulting complexity, we introduced three novel character-
ization parameters: monofacial current match, bifacial current
match, and the rear side irradiance limit (RIL).

Outdoor measurements of the investigated bifacial tandem
device with an open and covered rear side demonstrate a good
agreement between our simulation results and real-world
measurements. Furthermore, the relevance of the newly intro-
duced characterization parameters is revealed by showcasing
their applicability to describe the sub-cell current limitation
characteristic of the bifacial tandem device under different
spectral conditions.

Based on our ndings from simulation and outdoor
measurements, we presented for the rst time a quantitative
method to determine the bifacial yield parameters of a tandem
module. This in turn enables scaling of measurement results to
different RSI conditions, which is a crucial step towards
a standardized measurement procedure for bifacial tandem
devices which is not available so far.

Building upon the characterization of the bifacial tandem
device throughout our work, we nally present different opti-
mization approaches. Our ndings underscore the signicance
of precisely determining the amount of available RSI, which is
essential for enhancing the performance of bifacial tandem
devices. Specically, when a perovskite top-cell is incorporated
into a tandem device designed for applications with high RSI,
adjusting the top-cell's bandgap to match the incident RSI can
EES Sol., 2025, 1, 66–77 | 75
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View Article Online
contribute to produce more stable tandem devices, as a low
bandgap top-cell can be used.

In summary, our study provides valuable insights into the
bifaciality characteristics of bifacial tandem devices, proposes
a quantitative characterization procedure to determine the
bifacial current and power gain and presents an approach to
determine optimization potentials based on outdoor measure-
ment results.
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