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ABSTRACT: Perovskite/silicon tandem photovoltaics is a promising
technology to exceed the performance limit of single-junction solar
cells. For utility-scale photovoltaic plants, trends and forecasts indicate
that bifacial modules mounted on solar trackers will increasingly
dominate the market in the next 20 years. In line with this roadmap, we
investigate the outdoor performance of perovskite/silicon tandem solar
cells mounted on a horizontal single-axis solar tracker in an
environment with elevated solar insolation and albedo. We
experimentally demonstrate in such conditions that a bifacial
monolithic tandem solar cell installed on a tracker can generate 55%
more power than an equivalent tandem mounted on a fixed rack. On
the basis of our results, we anticipate a significant economic advantage
by coupling bifacial monolithic perovskite/silicon tandem technology
with solar trackers.

Over the past decade, photovoltaics (PV) has become
the technology with the lowest levelized cost of
electricity (LCOE) among all renewable energy

sources in a increasing number of locations.1 To further
reduce the price per watt of PV, which is necessary to rapidly
decarbonize the energy sector, different strategies are pursued
and combined.2 For instance, module manufacturers are
rapidly adopting bifacial modules, i.e., modules that can
boost their power generation by absorbing additional light
from their rear side.3 With minor changes in the module
manufacturing and cost, bifacial modules can generate up to
15% more electricity than their monofacial counterparts,
depending on the proportion of the incident light reflected
from the ground (i.e., the albedo).4 According to the 2021
International Technology Roadmap for Photovoltaic (ITRPV),
50% of the modules produced will be bifacial by 2030.5

Another way to increase the energy yield of a given module
and thus reduce the LCOE is by using solar trackers, which
follow the course of the sun in either 1 (single-axis trackers) or
2 (dual-axis trackers) dimensions. In a utility-scale PV plant,
the simplest way to install modules is to mount them on racks
with a fixed angle of inclination (fixed tilt) dictated by the site
latitude. However, in this configuration, which has the lowest
capital expenditure, a significant fraction of the incoming light
is lost during the day because the panels are not directly facing
the sun. In the horizontal single-axis tracker (HSAT)

configuration, the modules are installed along a torque tube
that is oriented north−south and rotates throughout the day to
follow the sun path. Despite the higher cost of installation, the
energy yield can be increased by up to 20%, making this
technology particularly attractive.6 It is expected that by 2030
tracking installations will represent 40% of the market share of
PV installations.5 Combining bifacial silicon modules and
HSAT offers the largest potential for further reducing the
LCOE where large land is available. As a result, we are now at
the stage of entering the bifacial HSAT era.6−9

Further decreasing the LCOE by increasing the power
conversion efficiency (PCE) of conventional Si modules is
challenging since crystalline silicon (c-Si) solar cells are
approaching their practical efficiency limit of 26−27%.
Monolithic silicon-based tandem solar cells (in particular
metal halide perovskite−silicon tandems) have recently
attracted significant attention because of their higher
theoretical efficiency above 40%.10 On a lab-scale, the
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efficiency of these tandems is already approaching 30%.11,12

Silicon-based tandems can also be designed in bifacial
configuration and thus harvest the photons reaching the rear
side of the device. The higher power generation density
(PGD) of a bifacial monolithic tandem over its monofacial
counterpart has already been demonstrated both theoretically
and practically.13−15 The transition from monofacial to bifacial
tandem devices requires a lower bandgap of the perovskite-
based subcell to ensure current-matching, since only the silicon
subcell is benefiting from the extra photons coming from the
albedo. This implies that the optimal perovskite bandgap used
in a bifacial tandem module will depend to a certain extent on
the module location (albedo and temperature) and the type of
installation (HSAT or fixed tilt).16,17 The requirement of a
lower-bandgap perovskite subcell brings another key advantage
of bifacial tandem over monofacial tandem solar cells in terms
of improved stability, as the required lower-bandgap perov-
skites are based on a lower bromide content, thereby
mitigating the risk for light-induced halide segregration.18

It is plausible that the combination of the tandem device
architecture with bifaciality and trackers could evolve into the
PV technology with the most cost-effective electricity yield at
the utility scale. Onno et al. predicted theoretically that bifacial
tandems on HSAT can generate up to 20% more energy than
on fixed tilt in a year.17 However, currently there is no
experimental data to validate this model, and in general,
outdoor data on perovskite/silicon tandem technology is rare.
Yet, the availability of such data is critical in the possible large-
scale deployment of emerging technologies. For instance, the
deployment of bifacial c-Si modules on trackers via contract
tendering was delayed in recent years because of the lack of
reliable outdoor data. Additionally, accurate energy yield

predictions of bifacial installations remain a major point of
discussion in the PV community.7

In this study, we report for the first time the behavior of
perovskite/silicon tandems on a single-axis tracker in a sunny,
hot, and humid outdoor environment. We show that on a
single day the gain in energy yield is close to 55% going from
fixed tilt to HSAT for a bifacial tandem. We also demonstrate
that albedo values are only indicative for the module rear-side
irradiance but that large variations may be measured on site,
motivating the need for accurate plane-of-arrays irradiance
data.
Following the device architecture of our recent work, we

have fabricated a bifacial monolithic perovskite/silicon tandem
employing a 1.59 eV bandgap perovskite top cell.14 The device
was vacuum-laminated between two layers of encapsulant
(thermoplastic polyurethane, TPU) and glass using industry-
compatible materials and methods.19 The device architecture is
depicted in Figure 1a. The encapsulated device was tested in
the controlled lab environment under AM1.5G conditions
(without rear light), and the current density−voltage (JV)
characteristic is given in Figure 1b. The device has an open-
circuit voltage (VOC) of 1754 mV, a short-circuit current (JSC)
of 16.5 mA cm−2, and a fill-factor (FF) of 81.8%. Because of
the relatively narrow perovskite bandgap and monofacial
frontside illumination, the silicon bottom cell is current-
limiting. Under these conditions, the solar cell has a power
conversion efficiency (PCE) of 23.7% and shows negligible
hysteresis. Turning to the external quantum efficiency (EQE)
of the encapsulated device, the perovskite subcell can generate
a JSC up to 19.5 mA cm−2 under 1 sun while the Si subcell has
an integrated JSC of 14.7 mA cm−2. The large current mismatch
also explains why the FF of the device is above 80%, which is

Figure 1. (a) Device architecture, (b) JV curves under monofacial AM1.5 G illumination, and (c) EQE of the encapsulated bifacial tandem.
(d) VOC, (e) FF, (f) JSC, and (g) PGD evaluation of the device under different front and rear illumination.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.2c00442
ACS Energy Lett. 2022, 7, 1604−1610

1605

https://pubs.acs.org/doi/10.1021/acsenergylett.2c00442?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00442?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00442?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00442?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c00442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


expected to decrease when rear irradiance is present.20 Note
that the encapsulant absorbs light with wavelengths below 390
nm, lowering the current generation of the perovskite top cell,
which must be accounted for in the cell design when aiming for
current matching under actual operating conditions.
We study the effect of the rear irradiance by measuring the

device with different light intensities directed on the front and

the rear side (details are in the Experimental Methods in the
Supporting Information). Since the term PCE is reserved for
reporting the power conversion efficiency for 1 sun AM1.5G
front illumination without any rear illumination, we use power
generation density (PGD) here to report the power output of a
device when different front and rear irradiances are used. To
define the rear irradiance, we use either absolute irradiance (in

Figure 2. (a) Sketch of a perovskite/silicon bifacial tandem module installed on HSAT. (b) Front and rear irradiance measured in the plane
of array of the fixed tilt and HSAT structures. (c) Ratio between rear and front irradiance. (d) Voc, (e) FF, (f) Jsc, and (g) PGD of the device
mounted on a fixed tilt and HSAT configuration.
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mW cm−2) or the ratio between rear and front irradiance (i.e.,
albedo, dimensionless). For example, 80 mW cm−2 irradiance
on the front and 8 mW cm−2 in the back represents an outdoor
condition where the albedo equals 0.1. Looking at the device,
above 0.6 sun of front illumination, the Voc of the device is
largely independent of the rear illumination. For instance, with
1 sun on the front, the Voc decreased from 1733 mV to 1706
mV with 28 mW cm−2 rear illumination (1.5% relative
change). In the case of current generation for all of the
investigated front irradiances, the Jsc increases with rear
irradiance and saturates above albedo of 0.1 when the
perovskite becomes the limiting subcell. Specifically, with 1
sun illumination in the front, the Jsc increases from 17.1 to 19.1
mA cm−2 with only 10 mW cm−2 on the rear side, close to the
Jsc obtained from the EQE of the perovskite subcell (Figure
1c,f). With 1 sun in the front, the FF goes from 81.6% down to
77.7% with an albedo of 0.1 as a result of approaching current-
matching conditions.20 At higher albedos, the FF slightly
increases again since the device returns to a current mismatch
condition.20 Moreover, the device does not show any
hysteresis even when the perovskite becomes the limiting
subcell at high rear irradiance (Figure S1). Overall, the PGD of
the device under 1 sun increases from 24.2 to 26.1 mW cm−2

with a rear irradiance of 20 mW cm−2. A rear irradiance of 20
mW cm−2 is a realistic value for desert ground types with
albedos around 0.3.3

We installed the device in our outdoor testing facilities at
KAUST (22.304638°N, 39.108366°E), first on a fixed tilt
installation, then on a tracker to compare the energy output for
both configurations. The same device was used to avoid
variations in device performance. The device behavior on the
fixed tilt installation 10 days before the experiment is reported
in Figure S2 and shows no irreversible degradation during this
period. The experiments took place on the 9th and 11th of
June 2021. The meteorological conditions (temperature,
irradiance, humidity, and wind speed) were similar for both
days (Figure S3). The ground type is clayey with sandy silt and
has an albedo of 0.22 according to the NASA-NEO database
for this location.
The main difference between a module installed on a fixed

rack and an HSAT is the plane of array (POA) irradiance (i.e.,
the amount of light that reaches the module perpendicular to
its surface) over the day. It is also critical to measure the
irradiance reaching the rear side of the module since the albedo
is a first approximation and does not account for the
shadowing of the structures, the movement of the trackers,
and daily variation. To measure the irradiance, we use c-Si cells
as sensors and place them on both sides of the POA of the
fixed tilt and the HSAT structures. Figure 2a depicts the
irradiance of the front and the rear side of both an HSAT and a
fixed tilt structure during a typical day in June. The irradiance
reaching the module installed on a fixed rack is well-known and
depends on the azimuth and the elevation angle of the sun.
The measured irradiance reaches a maximum of 90 mW cm−2

at 12:30 p.m. The irradiance at the back of the fixed tilt
structure has the same profile, and we measure up to 16 mW
cm−2 at the same time. Looking at the irradiance received on a
module installed on a tracker, already at 9:45 a.m. the device is
subject to an illumination close to one sun. The high level of
irradiance is constant and continues for several hours until 4:40
p.m., demonstrating the benefit of this technology. Early
morning and late in the afternoon, when the sun elevation is
low, the panels are not facing the sun (i.e., backtracking time)

and rather stay horizontal to avoid shadowing between rows of
trackers. This higher irradiance of around one sun was
expected as the panels are horizontal and the sun elevation is
approximately 90° at that time of year. Looking at the rear side
of the HSAT, we measure an irradiance up to 23 mW cm−2.
The higher rear irradiance compared to fixed tilt can be
explained by the fact that the module on HSAT is installed at
another location of the outdoor testing field, where the
shadowing condition is different and with a larger field of view.
While the irradiance on the rear side is critical to predict the

gain in energy yield from bifaciality, it is the ratio between the
back and the front irradiance of the panels that determines the
optimal bandgap of the perovskite subcell. Figure 2b shows the
ratio between the rear and the front irradiance. At early hours
in the morning and later in the evening, when the solar panels
are not facing the sun because the sun elevation is low, a
significant fraction of the total light is reaching the rear side of
the modules, increasing the ratio between the rear irradiance
and the front irradiance (illustrated Figure S4). Between 10:00
a.m. and 3 p.m., the ratio is constant around 0.18 for a device
installed on a fixed rack. While the ratio is higher for a device
installed on HSAT, it also varies during the day between 0.15
and 0.24, respectively. The module installed on a tracker
receives the same front-side irradiance due to tracking but
receives more light around noon on the rear side from the
larger field of view (illustrated in Figure S5). While the ratio of
rear/front irradiance measured is consistent with the albedo of
0.22 obtained from the NASA-NEO database, it is necessary to
measure the irradiance in the POA of the modules on both
sides for better accuracy, choosing the adequate perovskite
bandgap and to enable more accurate yield estimations.
We look at the operational parameters of the bifacial tandem

device installed outdoors on fixed tilt and HSAT racks. The
VOC of the device installed on the tracker reaches 1733 mV,
slightly more than when installed on fixed tilt, and VOC,HSAT is
constant from 8 a.m. to 5 p.m. Over the day a slight decrease in
FF was observed for both configurations, from 80 to 76% for
the fixed tilt and from 79% to 72% for the tracker. This
decrease in FF during the day is reversible, and we have
previously reported a detailed explanation of the origin of such
reversible degradation behavior.21 Since the reversible
degradation is induced by the temperature of the module
(related to outdoor temperature and irradiance, Figure S6), it
is likely that for the module installed on a tracker, the higher
temperature during a longer period induces a more severe
reversible loss in FF. As expected from the irradiance
measurements, the main difference between HSAT and fixed
tilt is the Jsc measured during the day. The Jsc of the device
mounted on a fixed tilt rack depends on the elevation of the
sun and steadily increases during the morning to reach a
maximum of 15.9 mA cm−2 at 12:30 p.m. before decreasing
until 6:00 p.m. On the other hand, the Jsc of the device is
already close to its maximum value of 19.3 mA cm−2 at 9:45
a.m. when the device is on a tracker. Between 9:00 a.m. and
4:00 p.m., the Jsc stays above 90% of its maximum value, which
is close to the integrated EQE Jsc value of the perovskite subcell
(19.5 mA cm−2). The gain in Jsc during the day is reflected in
the PGD. While the device mounted on a fixed tilt has a
maximum PGD of 20.7 mW cm−2 at 12:30 p.m., the device
mounted on the tracker has a higher PGD for most of the day,
peaking at 24.9 mW cm−2 at 11:20 a.m. The energy yield is
calculated by integrating the PGD over the hours of the day
and is represented by the area under the PGD curves. We
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calculate an energy yield of 143 mWh cm−2 for the tandem
installed on a fixed rack and 221 mWh cm−2 for the tandem
installed on the tracker, corresponding to a gain of 54.5%.
To further demonstrate the high power of a bifacial tandem

installed on a tracker, we also include the energy production of
a monofacial tandem with a 1.68 eV bandgap perovskite
subcell. The detailed characterization of the encapsulated
monofacial tandem (PCE, EQE, and outdoor performance on
fixed tilt and HSAT) is provided in Figures S7−S9. In Figure
3a we depict the PGD of the monofacial and bifacial tandems
installed on fixed tilt and a tracker for 1 day. The bifacial
tandem generates more electricity than its monofacial
counterpart, and devices mounted on trackers are better
performing than those on fixed tilt, independent of the tandem
technology.
As the experiment took place in the middle of June, near the

summer solstice when the sun path is ideal for horizontal
trackers, the difference in energy production between HSAT
and fixed tilt is expected to be the largest and does not
represent the energy gain for an entire year. To evaluate the
gain in energy yield of trackers throughout a year, we use
PVsyst software that enables yield calculations for PV systems
installed on fixed rack and HSAT. The main assumption in the
simulation is that we treat the perovskite/silicon tandem
modules as silicon modules. In particular, we defined a
pseudobifacial factor for the bifacial tandem based on the
device performance with 200 mW cm−2 of rear irradiance since
the bifacial factor of a perovskite/silicon tandem is not relevant
and equal to zero. By only reporting the gain in energy yield
using trackers instead of fixed racks, we are mitigating the error
of absolute yield estimations.
The details of the modeling are discussed in the Supporting

Information, and the gain in energy production using trackers
instead of fixed racks is summarized in Figure 3b. As stated
earlier, the gain is the highest during the summer months and
peaks in June (+34% for a bifacial tandem), while modules
placed on fixed racks performed slightly better during 3
months in winter. The difference in gain between months is
explained by the orientation of the modules and the sun path
(Figures S10 and S11). The difference in gain values between
the simulation and our field data has multiple sources that
include shading, rear-side irradiance (Figure S12), and module
temperature (Figure S13). However, over an entire year, we

estimate that the energy yield of bifacial modules can be
boosted by approximately 15% when mounted on HSATs,
making this technology a promising candidate for bifacial
perovskite/Si tandems to reach the PV market.
In conclusion, perovskite/silicon tandem solar modules

could play a significant role in electricity production in the near
future. To exploit fully their high efficiencies, we showed that
they can be placed on sun trackers where a significant gain in
energy yield is measured. In particular, bifacial tandems
mounted on HSAT systems is the combination that generates
the most electricity. Similar to bifacial single-junction c-Si
modules, predicting correctly bifacial tandem behavior is
challenging but of critical importance to facilitate their large-
scale deployment toward a sustainable supply of electricity.
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