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SOLAR CELLS

A mixed-cation lead mixed-halide
perovskite absorber for tandem
solar cells
David P. McMeekin,1 Golnaz Sadoughi,1 Waqaas Rehman,1 Giles E. Eperon,1

Michael Saliba,1 Maximilian T. Hörantner,1 Amir Haghighirad,1 Nobuya Sakai,1

Lars Korte,2 Bernd Rech,2 Michael B. Johnston,1 Laura M. Herz,1 Henry J. Snaith1*

Metal halide perovskite photovoltaic cells could potentially boost the efficiency of
commercial silicon photovoltaic modules from ~ 20 toward 30% when used in tandem
architectures. An optimum perovskite cell optical band gap of ~1.75 electron volts (eV) can
be achieved by varying halide composition, but to date, such materials have had poor
photostability and thermal stability. Here we present a highly crystalline and
compositionally photostable material, [HC(NH2)2]0.83Cs0.17Pb(I0.6Br0.4)3, with an optical
band gap of ~1.74 eV, and we fabricated perovskite cells that reached open-circuit voltages
of 1.2 volts and power conversion efficiency of over 17% on small areas and 14.7% on
0.715 cm2 cells. By combining this material with a 19%-efficient silicon cell, we
demonstrated the feasibility of achieving >25%-efficient four-terminal tandem cells.

O
ne concept for improving the efficiency of
photovoltaics (PVs) is to create a “tandem
junction”; for example, by placing a wide–
band-gap “top cell” above a silicon (Si) “bot-
tom cell.” This approach could realistically

increase the efficiency of the Si cell from 25.6 to
beyond 30% (1, 2). Given the crystalline Si band
gap of 1.1 eV, the top cell material requires a band
gap of ~1.75 eV in order to current-match both
junctions (3). However, suitable wide–band-gap
top-cell materials for Si or thin-film technologies
that offer stability, high performance, and low
cost have been lacking. In recent years, metal
halide perovskite–based PVs have gained atten-
tion because of their high power conversion ef-
ficiencies (PCEs) and low processing cost (4–11).
An attractive feature of this material is the ability
to tune its band gap from 1.48 to 2.3 eV (12, 13),
implying that we could potentially fabricate an
ideal material for tandem cell applications.
Perovskite-based PVs are generally fabricated

with organic-inorganic trihalide perovskites with
the formulation ABX3, where A is the methylam-
monium (CH3NH3) (MA) or formamidinium
[HC(NH2)2] (FA) cation, B is commonly lead (Pb),
and X is a halide (Cl, Br, or I). Although these pe-
rovskite structures offer high PCEs, reaching >20%
PCE with band gaps of around 1.5 eV (14), funda-
mental issues have been discovered when attempt-
ing to tune their band gaps to the optimum 1.7- to
1.8-eV range. In the case of MAPb[I(1-x)Brx]3,

Hoke et al. reported that soaking it with light in-
duces a halide segregation within the perovskite
(15). The formation of iodide-rich domains with a
lower band gap results in an increase in sub-gap
absorption and a red shift of photoluminescence
(PL). The lower–band-gap regions limit the voltage
attainable with such a material, so this band-gap
“photoinstability” limits the use of MAPb[I(1-x)Brx]3
in tandem devices (15). In addition, when consid-
ering real-world applications, MAPbI3 is inherently
thermally unstable at 85°C, even in an inert atmo-
sphere (international regulations require a commer-
cial PV product to withstand this temperature) (16).
Concerning themore thermally stable FAPbX3

perovskite, an increase in optical band gap has
not resulted in an expected increase in xxxxxx
xxxxxx xxxxx (VOC) (13). Furthermore, as iodide is
substituted with bromide, a crystal phase transi-
tion occurs from a trigonal to a cubic structure; in
compositions near the transition, thematerial is
unable to crystallize, resulting in an apparently
“amorphous” phase with high levels of energetic
disorder and unexpectedly low absorption. These
compositions additionallyhavemuch lower charge-
carrier mobilities in the range of 1 cm2 V−1 s−1, in
comparison to >20 cm2 V−1 s−1 in the neat iodide
perovskite (17). For tandem applications, these
problems arise at the Br composition needed to
form the desired top-cell band gap of ~1.7 to 1.8 eV.
Nevertheless, perovskite/Si tandem PVs have al-

ready been reported in four-terminal (18, 19) and
two-terminal (20) architectures. However, their
reported efficiencies have yet to surpass the opti-
mized single-junction efficiencies, in part because
of non-ideal absorber band gaps. It is possible to
form a lower–band-gap triiodide perovskite mate-
rial and current-match the top and bottom junc-

tions in a monolithic architecture by simply re-
ducing the thickness of the top cell. However, this
method results in non-ideal efficiency.
Here we address the issues of forming a photo-

stable FA-based perovskite with the ideal band
gap for tandem PVs. We partially substituted the
formamidinium cation with Cs and observed that
the phase instability region was entirely eliminated
in the iodide-to-bromide compositional range,
delivering complete tunability of the band gap
around 1.75 eV. We fabricated planar heterojunc-
tion perovskite PVs, demonstrating PCE of >17%
and stabilized power output (SPO) of 16%. To dem-
onstrate the potential impact of this new perov-
skite material in tandem solar cells, we created a
semi-transparent perovskite device and measured
the performance of a silicon PV after “filtering”
the sunlight through the perovskite top cell. The
Si cells delivered an efficiency boost of 7.3%, indi-
cating the feasibility of achieving >25%-efficient
perovskite/Si tandem cells.
The A-site cations that could be used with lead

halides to form suitable perovskites for PVs are Cs,
MA, and FA. CsPbI3 does form a “black phase” pe-
rovskite with a band gap of 1.73 eV, but this ap-
propriatephase is only stable at temperatures above
200° to 300°C, and themost stable phase at room
temperature is a nonperovskite orthorhombic “yel-
low” phase. MA-based perovskites are thermally
unstable and suffer from halide segregation in-
stabilities, and are thus likely to be unsuitable (16).
FA-based perovskites are themost likely to deliver
the best balance between structural and thermal
stability (13, 21–25). However, in F1Fig. 1A, we show
photographs of a series of FAPb[I(1-x)Brx]3 films;
we observed a “yellowing” of the films for compo-
sitions of x between 0.3 and 0.6, which is consist-
ent with the previously reported phase instability
caused by a transition froma trigonal (x<0.3) to a
cubic (x > 0.5) structure (13).
We have previously observed that the band

gap changes from 1.48 eV for FAPbI3 to 1.73 eV
for CsPbI3 (13). Recently it has been shown that
mixing Cs with FA or MA results in a slight wide-
ning of the band gap (26, 27). We considered the
possibility that if we partially substituted FA for
Cs, we could push this region of structural insta-
bility in the Br–to-I phase space to higher ener-
gies, and thus potentially achieve a structurally
stable mixed-halide perovskite with a band gap
of 1.75 eV. In Fig. 1B, we show photographs of
thin films fabricated frommixed-cation leadmixed-
halide FA0.83Cs0.17Pb(I(1-x)Brx)3 compositions. Unex-
pectedly, we did not simply shift the region of
structural instability to higher energy, but we ob-
served a continuous series of dark films through-
out this entire compositional range. To confirm
these observations, we also performed ultraviolet-
visible absorption measurements. We obtained a
sharp optical band edge for all compositions of the
FA0.83Cs0.17Pb(I(1-x)Brx)3 material (Fig. 1, C and D),
in contrast to FAPb(I(1-x)Brx)3, which shows weak
absorption in the intermediate range.
In order to understand the impact of adding Cs

upon the crystallization of the perovskite, we per-
formed x-ray diffraction (XRD) on the series of films
covering the I–to-Br compositional range. In Fig. 1E,
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we show the XRD patterns for FAPb(I(1-x)Brx)3,
zoomed in to the peak around 2q ~ 14° [the com-
plete diffraction pattern is shown in fig. S1, along
with more details on fitting this data (28)]. For
the FA0.83Cs0.17Pb(I(1-x)Brx)3 perovskite, the ma-
terial is in a single phase throughout the entire
composition range. The monotonic shift of the
(100) reflection that we observed from 2q ~ 14.2° to
14.9° is consistent with a shift of the cubic lattice
constant from 6.306 to 5.955 Å as the material in-
corporates a larger fraction of the smaller halide,
Br [in fig. S2, we show the complete diffraction
pattern (28)]. Thus, for the FA0.83Cs0.17Pb(I(1-x)Brx)3
perovskite, we have removed the structural phase
transition and instability over the entire compo-
sitional range [in figs. S3 to S5 we show details of
varying the Cs concentration and the Br–to-I con-
centration (28)]. Over the entire Br-to-I range, and
for a large fraction of the Cs-FA range, the variation
in lattice constant, composition, and optical band
gapprecisely followsVegard's law[fig. S6 (28)], sowe
had total flexibility and predictability in tuning the
composition and its impact on the band gap. For
the results that follow below, we used the precise
composition FA0.83Cs0.17Pb(I0.6Br0.4)3, which has
an optical band gap of 1.74 eV as determined by a
Tauc plot [fig. S7 (28)].
Photoinduced halide segregation has been re-

ported in methylammonium lead mixed-halide
perovskites (15). A red shift in PL upon light
illumination, for intensities ranging from 10 to
100mW cm−2 occurs, with the shift to lower ener-
gies resulting from the formation of iodine-rich
domains that have lower band gaps. This limits
the achievable open-circuit voltage of the solar cell
device by introducing a large degree of electronic

disorder. In F2Fig. 2, we show the PL from films of
MAPb(I0.6Br0.4)3 perovskite and the mixed-cation
mixed-halidematerial FA0.83Cs0.17Pb(I0.6Br0.4)3, im-
mediately after prolonged periods of light expo-
sure, using a power density of ~3 mW cm−2 and a
wavelength of 550 nm as an excitation source. We
confirmed the results observed by Hoke et al., in
which we saw a time-dependent red shift in PL
for the MAPb(I0.6Br0.4)3 film, which exhibited a
130-meV PL red shift after only 1 hour of illumi-
nation.We also show the time evolution of the PL
fromMAPb(I0.8Br0.2)3, a composition previously
reported in other devices (29), which shifts from
1.72 to 1.69 eV [fig. S8 (28)]. In contrast, although
we saw a rise in PL intensity, we observed no
significant red shift in PL emission for the
FA0.83Cs0.17Pb(I0.6Br0.4)3 precursor after 1 hour
of identical light illumination (which we show
in Fig. 2B). Furthermore, we exposed a similar
FA0.83Cs0.17Pb(I0.6Br0.4)3 film to monochromatic ir-
radianceofmuchhigher irradianceof 5Wcm−2 and
observedno red shift after 240 s of illumination [fig.
S9, (28)]. Under these identical conditions, we did
observe a red shift in the PL for the single-cation
FAPb(I0.6Br0.4)3 perovskite, as we have previously re-
ported (17). In addition, under thermal stressing at
130°C,we observed that the optical bandgapand the
crystal lattice of FA0.83Cs0.17Pb (I0.6Br0.4) were stable,
in contrast to those of MAPb(I0.6Br0.4)3 (fig. S10).
Beyond halide segregation, a further deleteri-

ous observation previously made formixed-halide
perovskites has been that the energetic disorder in
the material is greatly increased in comparison to
the neat iodide perovskites. The ultimate open-
circuit voltage that a solar cell material can gen-
erate is intimately linked to the steepness of

the absorption onset just below the band edge,
which can be quantified by theUrbach energy (Eu)
(30, 31). This Eu reported by De Wolf et al. and
Sadhanala et al. forMAPbI3was 15meV (31),where
small values of Eu indicate low levels of electronic
disorder. In contrast, the Eu forMAPb(I0.6Br0.4)3
perovskite increased to 49.5meV (32).We deter-
minedEu by performing Fourier-transform photo-
current spectroscopy (FTPS) on complete planar
heterojunction solar cells (details of the solar cells
are discussed below), and in Fig. 2Cwe show the
semi-log plot of external quantum efficiency (EQE)
absorption edge of a device fabricated with the op-
timized precursor solution and annealing proce-
dure.We calculated anEu of 16.5meV,which is near
the values reported for the neat iodide perovskites.
In order to further assess the electronic quantity

of FA0.83Cs0.17Pb(I0.6Br0.4)3, we performed optical
pump terahertz-probe (OPTP) spectroscopy,which
is a noncontact method of probing the photo-
induced conductivity and effective charge-carrier
mobility in the material. In Fig. 2D, we show the
fluence dependence of the OPTP transients, which
exhibit accelerated decay dynamics at higher
initial photoinjected charge-carrier densities, as
the result of enhanced contributions from bimo-
lecular and Auger recombination. We may extract
the rate constants associatedwith different recom-
bination mechanisms by global fits to these tran-
sient of the solutions to the rate equation

dnðtÞ
dt

¼ −k3n3−k2n2−k1n ð1Þ

We found that FA0.83Cs0.17Pb(I0.6Br0.4)3 ex-
hibits an excellent charge-carrier mobility of
21 cm2 V−1 s−1. For comparison, the corresponding
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neat FA perovskite FAPb(I0.6Br0.4)3 only sustains
charge-carrier mobilities <1 cm2 V−1 s−1 that are
related to the amorphous and energetically dis-
ordered nature of these materials (17). Conversely,
FA0.83Cs0.17Pb(I0.6Br0.4)3 displays a mobility value
intermediate to those we previously determined
(17) for FAPbI3 (27 cm2 V−1 s−1) and FAPbBr3
(14 cm2 V−1 s−1), which suggests that it is no lon-
ger limited by structural disorder.
We further assessed thepotential of FA0.83Cs0.17Pb

(I0.6Br0.4)3 for incorporation into planar hetero-
junction PV architectures by deriving the charge-
carrierdiffusion lengthL= [mkBT/(eR)]

0.5 as function
of the charge-carrier densityn, whereR= k1+ nk2 +
n2k3 is the total recombination rate, kB is the
Boltzmann constant, T is temperature, and e is the
elementary charge. In Fig. 2E, we show that for
charge-carrier densities typical under solar illumina-
tion (n~ 1015 cm−3) a value of L ~ 2.9 mm is reached,
which is comparable to values reported for high-
quality thin films of neat lead iodide perovskites
(17, 33). The high charge-carriermobility and slow
recombination kinetics, and the long charge car-
rier diffusion length, imply that thismixed-cation,
mixed-halide perovskite should be just as effective

as a high-quality solar cell absorber material as
the neat halide perovskite FAPbI3.
We fabricated a series of planar heterojunction

solar cells to assess the overall solar cell perform-
ance [in fig. S11 we describe in more detail and
show data for solar cells fabricated with a range
of compositional and processing parameters (28)].
We show the device architecture inF3 Fig. 3A, which
is composed of a SnO2/phenyl-C60-butyric acid
methyl ester (PC60BM) electron-selective layer, a
solid FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite absorber
layer, and Li-TFSI–doped (TFSI, xxxxx xxxxx xxxx)
spiro-OMeTAD (xxxxx xxxxx xxxxxxx xxxxxxx) with
4-tert-butylpyridine (TBP) additive as the hole-
collection layer, caped with an Ag electrode. We
measured current-voltage (I-V) characteristics of
such devices under a simulated air mass (AM) 1.5,
under 100 mW cm−2 of sunlight, and show the I-V
characteristics of one of the highest-performing
devices in Fig. 3B. It delivered a short-circuit cur-
rent density of 19.4 mA cm−2, a VOC of 1.2 V, and a
PCE of 17.1%. By holding the cell at a fixed max-
imum power point forward-bias voltage of 0.95 V,
we measured the power output over time, reach-
ing a stabilized efficiency of 16% (Fig. 3C). The

highest jxxxxx vxxxxx (JV) efficiency we measured
was 17.9% [fig. S12 (28), along with a histogram of
performance parameters for a large batch of de-
vices in fig. S13 (28)]. To demonstrate that these
cells can also operate with larger area, we fabri-
cated 0.715-cm2 active layers in which the cells
reach a stabilized power output of >14% [fig. S14
(28)]. In Fig. 3D, we show the spectral response
of the solar cell, which confirms the wider band
gap of the solar cell and also integrates over the
AM 1.5 solar spectrum to give 19.2 mA cm−2, in
close agreement to the measured xxxxxx xxxxxxx
xxxxxx (JSC).
This performance is very competitive with that

of the best reported single-junction perovskite
solar cell reported so far (30, 34), especially con-
sidering the wider band gap of our material,
which should result in a few percentage points of
absolute efficiency drop with respect to a 1.55-eV
material (35). Importantly for tandem solar cells,
this 1.74-eV material appears to be capable of
generating a higher VOC than the 1.55-eV tri-
iodide perovskites in planar heterojunction solar
cells. Following Rau et al. (36), from the integra-
tion of the EQE over the blackbody radiation
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spectrum, we estimate the maximum attainable
VOC for our FA0.83Cs0.17Pb(I0.6Br0.4)3 device to be
1.42 V (details shown in fig. S15), which is 100 mV
higher than that estimated for MAPbI3 devices by
Tvingstedt et al. and Tress et al. (30, 34).
In order to demonstrate the potential impact of

using this new perovskite composition in a tan-
dem architecture, we fabricated semitransparent
perovskite solar cells by sputter-coating ixxxx
txxxx oxxxx (ITO) on top of the perovskite cells,
with the additional inclusionof a thin “buffer layer”
of solution-processed ITO nanoparticles between
the spiro-OMeTAD and the ITO. The efficiency of
the semi-transparent FA0.83Cs0.17Pb(I0.6Br0.4)3 solar
cells is 15.1%, as determined by the I-V curve, with a
stabilized power output of 12.5%. Because JSC is
similar to that of the cell with the Ag electrode, we
expect that the slight drop in VOC and SPO will be
surmountable by better optimization of the ITO
sputter-deposition procedure and buffer layer. We
measured a Si heterojunction (SHJ) cell, with and
without a semi-transparent perovskite cell held in
front of it, and determined an efficiency of 7.3%
filtered and 19.2% when uncovered. These results
demonstrate the feasibility of obtaining a com-

bined tandem solar cell efficiency ranging from
19.8%, if we combine with the stabilized power
output of the semi-transparent cell, to 25.2% if we
combine with the highest JV measured efficiency
of the FA0.83Cs0.17Pb(I0.6Br0.4)3 cell. Considering
further minor improvements in the perovskite, op-
ticalmanagement and integration, and choice of Si
rear cell, it is feasible that this system could deliver
up to 30% efficiency. In addition, this monotonic
tunability of the band gap across the visible spec-
trum within a single crystalline phase, will have
direct impact on the color tunability and optimiza-
tion of perovskites for light-emitting applications.
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Fig. 3. Device architecture and I-V characteristics for FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite and Si PVcells. (A) Scanning electron microscope image of a
cross-section of a planar heterojunction solar cell. PCBM, pxxxx cxxxx bxxxx mxxxx. (B) Forward bias to short-circuit I-V curve for the best perovskite devices
fabricated, using either a Ag metal or semi-transparent ITO top electrode, measured at a 0.38 V/s scan rate. FF, fxxxxx fxxxxx. We also show the I-V curve of
aSHJ cell, measured with direct light or with the simulated sunlight filtered through the semi-transparent perovskite solar cell (37). The SHJ cells were
measured at the Centre For Renewable Energy Technologies, Loughborough, UK, under an extremely well-calibrated solar simulator. (C) Photocurrent density
and power conversion efficiency measured at the maximum power point for a 30-s time span. (D) EQE spectrum measured in short-circuit (JSC) configuration
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