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ABSTRACT: Perovskites with bandgaps between 1.7 and 1.8 eV are optimal for
tandem configurations with crystalline silicon (c-Si) because they facilitate efficient
harvest of solar energy. In that respect, achieving a high open-circuit voltage (VOC)
in such wide-bandgap perovskite solar cells is crucial for a high overall power
conversion efficiency (PCE). Here, we provide key insights into the factors affecting
the VOC in wide-bandgap perovskite solar cells. We show that the influence of the
hole transport layer (HTL) on VOC is not simply through its ionization potential but
mainly through the quality of the perovskite−HTL interface. With effective interface
passivation, we demonstrate perovskite solar cells with a bandgap of 1.72 eV that
exhibit a VOC of 1.22 V. Furthermore, by combining the high-VOC perovskite solar
cell with a c-Si solar cell, we demonstrate a perovskite−Si four-terminal tandem
solar cell with a PCE of 27.1%, exceeding the record PCE of single-junction Si solar
cells.

Inrecent years, hybrid organometallic halide perovskite solar
cells have proven to be promising candidates for low-cost,
wide-bandgap top solar cells in tandem configuration with

market-leading crystalline silicon (c-Si) solar cells.1−6 Perov-
skite−Si tandem solar cells hold the potential of surpassing the
theoretical power conversion efficiency (PCE) limits of
established photovoltaic technologies.6−10 The promise of
high PCE is made possible by the remarkable electronic
properties of the perovskite absorber.11,12 One such property
that is of particular interest for tandem applications is seamless
tunability of the perovskite bandgap (EG) by varying the
stoichiometry of the perovskite absorber.13−15 Bandgap tuning
in the widely used methylammonium lead halide perovskite is
usually achieved by partially substituting the iodide halide for
bromide, with higher bromide content leading to a wider
bandgap. In this fashion, the bandgap of methylammonium
halide perovskite can be tuned from the most common 1.56 eV
up to 2.3 eV.14,16

The possibility of optimizing the bandgap of the top solar cell
based on the bottom solar cell facilitates achieving maximal
tandem PCE by minimizing thermalization losses. In order to
achieve maximal tandem PCE with a perovskite−Si tandem
solar cell, a perovskite with a bandgap of 1.7−1.8 eV (wide-
bandgap) is deemed optimal.7,17 Solar cells employing such
wide-bandgap perovskites, hereon referred to as wide-bandgap

perovskite solar cells, are also expected to exhibit higher open-
circuit voltages (VOC) than the solar cells using the more
common 1.5−1.6 eV perovskites. However, such wide-bandgap
mixed-halide perovskite solar cells currently suffer from VOC

deficits (defined as EG/q − VOC) larger than 0.65 V that limit
their performance.14,15,18−20 Such a large VOC deficit exhibited
by wide-bandgap mixed-halide perovskite solar cells has
previously been attributed to several causes, including light-
induced phase segregation and energy levels of hole transport
layers (HTLs).16,21−23

In this work, we investigate key factors limiting the VOC of
wide-bandgap mixed-halide perovskite solar cells. First, we
demonstrate photostable wide-bandgapmixed-halide perovskite
solar cells with a bandgap of 1.72 eV. Second, we show that key
to achieving high VOC is careful control of the perovskite−HTL
interface. Through effective interface passivation, we fabricate
1.72 eV mixed-halide perovskite solar cells with a VOC deficit as
low as 0.5 V. By combining the high VOC wide-bandgap
perovskite solar cell with a c-Si solar cell, we demonstrate four-
terminal perovskite−Si tandem solar cells exhibiting a PCE of
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27.1%, the highest reported for a perovskite-based four-terminal
solar cell.
The architecture of the perovskite solar cells investigated in

this work is as follows: glass/ITO/SnO2/perovskite/HTL/
ITO/MgF2 (Figure S1). The photostability of two different
mixed-halide perovskites, namely, methylammonium lead
iodide−bromide, CH3NH3Pb(I0.6Br0.4)3 (MAPbIBr) with a
bandgap of 1.77 eV, and cesium formamidinium lead iodide−
bromide, Cs0.15(CH5N2)0.85Pb(I0.71Br0.29)3 (CsFAPbIBr) with a
bandgap of 1.72 eV, was investigated. Details about device
fabrication are described in the Supporting Information. The
phase stability of these perovskite thin films deposited on glass
substrates and light-soaked under continuous AM 1.5G
illumination was characterized by photoluminescence (PL)
measurements. The PL response of MAPbIBr thin films changes
over time, with the PL peak corresponding to the pristine
MAPbIBr perovskite phase splitting into two separate peaks over
time (Figure 1a). The splitting of the PL peak indicates
segregation of the pristine MAPbIBr perovskite phase into
iodide-rich and bromide-rich phases under illumination. The
iodide-rich phase (indicated by the PL peak at 1.56 eV) limits
the electrical performance, resulting in a VOC reduction of the
MAPbIBr solar cells over time (Figure 1b).14 This observation is
in line with previous reports of light-induced phase segregation
in MAPbIBr perovskite thin films.23

On the other hand, the CsFAPbIBr perovskite thin films show
similar PL response with no peak splitting even after 30 min of
light-soaking (Figure 1a). The unchanging PL response of
CsFAPbIBr thin films indicates better photostability of the
CsFAPbIBr perovskite compared to the MAPbIBr perovskite.
The results are consistent with theoretical findings which show
that exchanging the MA cation for Cs and FA cations results in
better photostability likely through a combination of favorable
thermodynamics, crystallinity, and lower halide vacancy
densities.24,25 Additionally, long-term light stability tests reveal
no undue degradation of the 1.72 eV mixed-halide CsFAPbIBr
solar cells compared with standard 1.56 eV pure-iodide
CsFAPbI perovskite solar cells, which have been shown to be
photostable (Figure S2).26 The photostability is also reflected in
the stable VOC of CsFAPbIBr solar cells over time (Figure 1b).
Although these solar cells exhibit stable voltage output, theirVOC
deficit is still 0.62 V. Such a large VOC deficit is unfavorable for
tandem applications considering the limited current density of
wide-bandgap perovskite solar cells.

In addition to phase segregation, the effect of the HTL
ionization potential on VOC of the perovskite solar cells was
investigated. Accordingly, CsFAPbIBr perovskite solar cells with
different HTLs were fabricated and characterized. The layer
stack of the solar cells is shown in Figure S1a. Figure 2 plots the

VOC of CsFAPbIBr solar cells as a function of ionization
potential of the different HTLs. The ionization potential of
CsFAPbIBr perovskite measured with ultraviolet photoelectron
spectroscopy (UPS) is also indicated for reference. The
ionization potentials of the different HTLs were obtained
from the literature.16,27−32 The unpassivated CsFAPbIBr solar
cells with different HTLs exhibit VOC in the range of 0.95 to 1.11
V without clear correlation with the HTL ionization potential,
similar to the observation of Belisle et al.28 The lack of a
conclusive trend suggests the VOC of the perovskite solar cell
may not be simply influenced by the ionization potential of the
HTL as long as there is no barrier for hole extraction. Moreover,
the champion cell still exhibits a considerable VOC deficit of 0.62
V.
To further understand the cause of the high VOC deficit, the

evolution of VOC with temperature was monitored. The VOC of

Figure 1. (a) PL spectra ofMAPbIBr andCsFAPbIBr thin films under continuous AM1.5G irradiation. (b) Evolution of the open-circuit voltage
of MAPbIBr and CsFAPbIBr solar cells under continuous illumination.

Figure 2. Open-circuit voltages of CsFAPbIBr solar cells with
different HTLs with and without 0.8 nm of an ALD Al2O3
passivation layer. The measured ionization potential of CsFAPbIBr
perovskite is shown for reference.
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the CsFAPbIBr solar cell increases linearly with decreasing
temperature (Figure S3). By extrapolating the measured VOC
values to absolute zero temperature, the activation energy (EA)
of the dominant recombination mechanism is estimated using
the following relation33
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where J00 is a prefactor of the reverse saturation current density
J0, Jph is the photocurrent density, n is the ideality factor of the
solar cell, kB is the Boltzmann constant, q is the elementary
charge, and T is the absolute temperature. A significant offset
between EA and the perovskite bandgap implies that VOC of the
solar cell is strongly influenced by nonradiative recombination at
interfaces of the absorber in addition to the bulk.33−35 In
addition, the magnitude of the offset is inversely related to the
quality of the interface. For the CsFAPbIBr solar cells
investigated in this study, the EA varies with the choice of
HTL (Figure S3). The CsFAPbIBr solar cell with spiro-
OMeTAD as theHTL (reference solar cell) has the highest EA of
1.60 eV, which corresponds to an offset of 0.12 eV with the
perovskite bandgap. The offset is smallest for the reference spiro-
OMeTAD devices compared to devices with other HTLs
denoting better interface quality of CsFAPbIBr with spiro-
OMeTAD than that with the other HTLs. The better interface

results in a higher VOC of CsFAPbIBr solar cells with spiro-
OMeTAD as theHTL (Figure 2). These measurements indicate
that the CsFAPbIBr−HTL interface quality is a key factor
influencing VOC of the solar cells.
With a view to reduce the VOC deficit and boost the VOC of

CsFAPbIBr solar cells, we focused on further improving the
quality of the interface between CsFAPbIBr and spiro-
OMeTAD. Inspired by the work of Koushik et al.36 where a
thin Al2O3 layer was used to improve the performance of
methylammonium lead iodide solar cells, we introduce a layer of
Al2O3 at the CsFAPbIBr−HTL interface by atomic layer
deposition (ALD) (Figure S1b). Figure 3a shows the impact
of Al2O3 thickness on VOC of CsFAPbIBr solar cells. It should be
noted that the Al2O3 thicknesses were extracted based on the
number of ALD cycles and the growth rate on polished c-Si
substrates. Although a difference in growth rate on different
substrates can be encountered in ALD deposition, it is typically
accepted that the key parameters for ultrathin layers are the
number of ALD cycles and the corresponding growth rate on c-
Si. In our case, an optimal Al2O3 thickness for improved VOC is
achieved for 45 ALD cycles (∼0.8 nm). Beyond 45 cycles, the
Al2O3 is presumably too thick, creating a barrier for hole
extraction due to its dielectric characteristic. The optimally thick
layer of Al2O3 yields a maximal gain of 110 mV in VOC (Figure
3a). Introducing the ALD-grown Al2O3 improves VOC likely
through passivation of dangling bonds at the interface, thus

Figure 3. (a) Effect of interfacial Al2O3 layer thickness on the open-circuit voltage of CsFAPbIBr solar cells with spiro-OMeTAD as theHTL. (b)
Evolution of the open-circuit voltage with temperature for CsFAPbIBr solar cells without Al2O3 (reference) andwith an 0.8 nm interfacial Al2O3
layer (passivated). The dashed lines show linear extrapolation of measured values of the open-circuit voltage to absolute zero temperature. The
horizontal dotted line indicates the bandgap of CsFAPbIBr divided by the elementary charge.

Figure 4. (a) Current density−voltage characteristics of semitransparent CsFAPbIBr solar cells without Al2O3 (reference) and with a 0.8 nm
interfacial Al2O3 layer (passivated) measured in forward and reverse directions. (b) Transmittance spectra of a passivated semitransparent
CsFAPbIBr solar cell.
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reducing nonradiative recombination of charge carriers.36,37

Introducing the ALD Al2O3 layer results in significant VOC
increase also in the cases where HTLs other than spiro-
OMeTAD are used (Figure 2). Moreover, upon passivating the
perovskite−HTL interface, the spread in VOC is limited when
varying HTLs. The passivated CsFAPbIBr solar cells with spiro-
OMeTAD as the HTL exhibit the highest VOC of 1.22 V with a
VOC deficit of just 0.5 V. The Al2O3 passivation also increases the
EA in the solar cell to 1.68 eV, reducing its offset with the
bandgap to a negligible value of 0.04 eV (Figure 3b). The
reduced offset implies improved interface quality and reduced
impact of interfacial recombination on VOC. Because the
reduced offset is marginal, it also implies that VOC of the
passivated CsFAPbIBr solar cell is now limited by nonradiative
recombination in the bulk of the perovskite. Further improve-
ment in VOC can be expected by improving the bulk quality of
the perovskite layer through effective processing techniques that
lead to fewer bulk defects.
The current−voltage characteristics of reference and

passivated CsFAPbIBr solar cells are shown in Figure 4a. The
Al2O3 passivation significantly improves theVOC and fill factor of
the solar cells, boosting the PCE from 11.7 to 13.8% in the case
of 0.13 cm2 cells (Figure 4a). Detailed photovoltaic parameters
are tabulated in Table 1. Furthermore, the CsFAPbIBr solar cells
exhibit an average transmittance of 90% in the wavelength range
of 700−1200 nm (Figure 4b). The high transmittance coupled
with high VOC makes the passivated CsFAPbIBr solar cells
attractive for highly efficient tandem solar cells. To that end,
four-terminal tandem solar cells were fabricated by combining
the passivated CsFAPbIBr solar cells with IBC c-Si solar cells.
Their wider bandgap of CsFAPbIBr allows additional light to
reach the bottom Si solar cell, enabling efficient harvesting of
solar irradiation (Figures S4 and S6). The resulting
CsFAPbIBr−Si tandem solar cells exhibit a PCE of 27.1% on
0.13 cm2, the highest reported for a perovskite-based four-
terminal tandem solar cell, exceeding the record PCE of single-
junction Si solar cells (Table 1).38 Furthermore, semitransparent
mini-modules employing seven serially interconnected passi-
vated CsFAPbIBr perovskite subcells with an overall aperture
area of 4 cm2 were fabricated by the procedure described in our
earlier work.4 The semitransparent CsFAPbIBr mini-modules
were stacked on top of IBC c-Si solar cells in a module-on-cell
architecture to realize 4 cm2 tandem solar modules where the
dimensions of top and bottom devices are identical. The
module-on-cell tandem devices exhibit an overall PCE of 25.3%
on a 4 cm2 aperture area, significantly surpassing the stand-alone
PCEs of the individual devices (Table 1).
In summary, the factors affecting VOC in wide-bandgapmixed-

halide perovskite solar cells were investigated. In solar cells with

phase-stable wide-bandgap perovskite, the choice of HTL
material has an impact on VOC not simply due to its ionization
potential but through the quality of the perovskite−HTL
interface. Passivation of the perovskite−HTL interface by Al2O3
significantly enhances VOC, reducing the VOC deficit in wide-
bandgap mixed-halide CsFAPbIBr solar cells to just 0.5 V. The
high VOC and transmittance of the passivated CsFAPbIBr solar
cells enable 27.1% efficient four-terminal CsFAPbIBr−Si
tandem solar cells, surpassing the current record of single-
junction Si solar cells. Our results provide valuable insights into
the VOC deficit in perovskite solar cells and suggest a path toward
high VOC perovskite solar cells.
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