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ABSTRACT: Very high power conversion efficiencies (PCEs) have been
demonstrated by multijunction cells made of epitaxial III−V semiconductors;
but they are too expensive to manufacture for terrestrial applications.
Multijunction solar cells that can be fabricated with cheap and simple solution-
processing techniques offer a lower-cost alternative to reach high PCEs. Here we
demonstrate the solution processing of efficient all-perovskite triple-junction
solar cells using optimal-bandgap perovskites. Monolithic all-perovskite triple-
junction cells with an open-circuit voltage of 2.8 V and a fill factor of 81.1% are
obtained by developing interconnecting layers that are compatible with the
solution processing of perovskite absorbers. The concept and design here
represent an important step toward efficient all-perovskite triple-junction solar
cells.

Asthe photovoltaic (PV) market has increasingly grown,
the prices of PV modules have rapidly dropped over
the last years.1 The costs of PV systems are currently

dominated by the balance of systems (e.g., installation, cables,
and power electronics), which scale with the area of installed
PV modules. With advances in manufacture technology and
device performance, the mainstream crystalline silicon (c-Si)
solar cells are approaching their practical efficiency limit of
∼27%.2 To further drive down the costs of PV electricity, it is
imperative to develop low-cost PV technologies that can
largely increase the power conversion efficiencies (PCEs) at
the cell and module levels.
Constructing multijunction solar cells with materials having

complementary bandgaps offers the promise of raising the
PCEs beyond the Shockley−Queisser limit of single-junction
solar cells.3−5 Multijunction solar cells using III−V compound
semiconductors have achieved the highest PCEs of 32.8%,
37.9%, and 39.2% under 1-Sun illumination for double-
junction (tandem), triple-junction, and six-junction config-
urations, respectively.6 Extremely high PCEs up to 47.1% have
been attained under concentrated illumination.7 Solar cells
made of III−V semiconductors are, however, too costly to
manufacture and deploy for terrestrial applications.8−10

Utilizing inexpensive materials and processing to fabricate
multijunction cells that can attain equivalently high efficiencies
is thus of high technological interest for PV research.

Solution-processable metal halide perovskites are becoming
attractive for high-efficiency, low-cost multijunction solar cells
because of their high optical absorption coefficient,11 high
defect tolerance,12 simple processing,13 and tunable bandg-
aps.14 The perovskite/c-Si hybrid tandem solar cells have
surpassed the highest PCE achieved by c-Si single-junction
cells, reaching a certified value of 29.2% by early this year.15

Perovskite/perovskite/c-Si triple-junction devices are pre-
dicted to offer the potential of higher efficiency, though the
achieved experimental PCE is only 13.2%.16

The bandgaps of perovskites can be continuously tuned
between 1.2 and 3.0 eV via compositional engineering, which
enables the construction of multijunction solar cells using only
perovskite materials.17,18 Theoretical calculations suggest that
the practically achievable PCEs in all-perovskite multijunction
cells can go well beyond 30%.3,19,20 In the past few years,
monolithic all-perovskite tandem solar cells have seen a rapid
progress in PCEs, mainly because of the advances in
developing efficient mixed Pb−Sn narrow-bandgap perovskite
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solar cells (PSCs) and solvent-tolerant interconnecting
layers.21−25 The highest PCE of 24.8% has been achieved by
combining 1.77 and 1.22 eV perovskite subcells and by using
dense and robust interconnecting layers with a stack of SnO2/
Au/PEDOT:PSS, where PEDOT:PSS is poly(3,4-ethylene-
dioxythiophene) polystyrenesulfonate.26,27 The SnO2 thin
films fabricated by atomic layer deposition (ALD) are compact
enough to protect the as-formed front subcell from damage
during solution processing of the back subcell.
All-perovskite triple-junction solar cells can feasibly provide

even higher efficiency than that available by tandem cells.28−30

Hörantner et al. evaluated the efficiency of all-perovskite triple-
junction devices using material parameters that have been
experimentally obtained.31 This suggests that an all-perovskite
triple-junction cell has the potential to raise the feasible
efficiency up to ∼37% under ideal light-harvesting conditions
using perovskites with bandgaps of 2.04, 1.58, and 1.22 eV,
where 1.22 eV is the lowest bandgap value currently achieved
for mixed Pb−Sn narrow-bandgap perovskites. It should be
noted, however, that perovskites with a lower bandgap (i.e., ∼
1.0 eV) should be developed in the future to ensure a
significantly higher practical PCE for all-perovskite triple-
junction solar cells compared to double-junction devices.19 A
recent material calculation study suggests that a small amount
of Cd doping might be able to narrower the bandgap of mixed
Pb−Sn perovskites down to ∼1.0 eV.32

Despite the high potential efficiency, all-perovskite triple-
junction solar cells have rarely been explored experimentally.
McMeekin et al. first reported the fabrication of proof-of-
concept all-perovskite triple-junction solar cell with a PCE of
only 6.7%.33 It remains challenging to fabricate efficient all-
perovskite triple-junction cells because of the following factors.
First, it is nontrivial to obtain high-performance subcells with
optimal bandgaps. Second, solution processing of a perovskite

film often causes damage to the underlying as-formed
perovskite layers. Third, it is difficult to obtain thin and
conformal charge transport layers (e.g., poly(triaryl amine),
PTAA) over surface-rough perovskite subcells by solution
processing.34,35

Here we report solution-processed all-perovskite triple-
junction solar cells with PCEs over 20% via engineering of
perovskite bandgaps and interconnecting layers. We developed
perovskites with optimal bandgaps of 1.99, 1.60, and 1.22 eV
for the front, middle, and back subcells, respectively. We used
NiO/PTAA bilayer as the hole transport layer (HTL) for the
middle subcell, where the thick NiO layer helps fill the rough
surface of the front subcell and thus enables the spin-casting of
a thin and more conformal PTAA layer on top. The triple-
junction cells achieved a champion PCE of 20.1%, together
with a high fill factor (FF) of 81.1% and an open-circuit voltage
(Voc) of 2.8 V.
We first aimed to develop a wide-bandgap perovskite having

the bandgap of ∼2.0 eV to match the bandgap (1.22 eV) of the
back subcell. We fabricated perovskite films with a composition
of Cs0.2FA0.8PbI0.9Br2.1 using a one-step antisolvent method.
Pb(SCN)2 additive (5 mol %) was added into the precursor
solution to obtain larger grains (Figures 1a and S1).36−38 The
X-ray diffraction patterns indicate a single cubic perovskite
phase with a preferred crystallographic orientation along ⟨100⟩
(Figure 1b). The Cs0.2FA0.8PbI0.9Br2.1 perovskite film exhibited
a sharp absorption edge and has a Tauc bandgap of 1.99 eV
(Figure S2a), consistent with its photoluminescence (PL) peak
at 625 nm (Figure 1c).
We then fabricated single-junction solar cells with a p-i-n

structure of glass/ITO/PTAA/Cs0.2FA0.8PbI0.9Br2.1/C60/bath-
ocuproine (BCP)/Cu to evaluate the PV performance. The
champion device delivered a Voc of 1.26 V with a short-circuit
current density (Jsc) of 11.2 mA cm−2 and a FF of 73.5%,

Figure 1. Wide-bandgap (1.99 eV) perovskite with a composition of Cs0.2FA0.8PbI0.9Br2.1. (a) Top-view SEM image, (b) XRD pattern, and (c)
steady-state PL spectrum of perovskite films. (d) J−V curve of the champion device. (e) Steady output at the maximum power point. (f) EQE
spectrum of the champion device.
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leading to a PCE of 10.4% under reverse scan (Figure 1d). The
corresponding device had a stabilized efficiency of 10.3% under
maximum power point tracking over 5 min (Figure 1e). The
integrated Jsc from external quantum efficiency (EQE) is 11.2
mA cm−2, consistent with the Jsc determined from the J−V
characterizations (Figure 1f).
We proceeded to investigate the interconnection between

the front and middle subcells as illustrated in Figure 2a. We
chose 1.60 eV bandgap perovskite with a composition of
Cs0.05FA0.95PbI2.55Br0.45 for the middle subcell (Figure S2b).
The single-junction cells performed well when fabricated on a
flat ITO substrate using PTAA as HTL. However, it became
challenging to obtain an efficient middle subcell on top of the
surface-rough front subcell when deploying an ultrathin PTAA
layer as the HTL (Figure 2d); the necessity of a thin PTAA
(i.e., <10 nm) is mainly constrained by its low conductivity.39

The Cs0.2FA0.8PbI0.9Br2.1 perovskite film in the front subcell has
a rough surface with vertical peak-to-valley distance >60 nm
(Figure S3). The morphology of the 1.99 eV perovskite film
was retained after deposition of C60 and ALD-SnO2 layers.
When spin-coated directly on the front subcell, the thin PTAA
layer could not cover the surface conformally, resulting in a
discontinuous HTL layer as illustrated in Figure 2b.
To address this issue, we spin-coated a thick NiO

nanocrystal film (∼80 nm) prior to the deposition of PTAA.
The NiO nanocrystals, with a diameter of ∼5 nm, were
synthesized according to previous work.40 The NiO nano-
crystals could partially fill the valleys after spin coating and give
a less rough surface, which is beneficial to obtain a more
compact and pinhole-less PTAA subsequently (Figure 2b). We
observed a thicker NiO layer (∼80 nm) in the valleys and a

thinner layer (∼20 nm) on the peaks (Figure S4). We found
that the performance of perovskite solar cells was not very
sensitive to the thickness of the NiO layer within the range of
20−80 nm, because of its good conductivity (Figure S5). A
thin PTAA layer (∼8 nm) was further spin-coated on top of
the NiO layer because it increases the Voc of the 1.60 eV
subcell (Figure S6). The surface root-mean-square roughness
of the front subcell obtained from atomic force microscopy
(AFM) was reduced from ∼26 to ∼10 nm after spin coating of
NiO/PTAA bilayer (Figure S7). We achieved a similar PCE in
1.60 eV single-junction cells (deposited on flat ITO substrates)
using the NiO/PTAA bilayer compared to PTAA single layer
(Figures 2c and S6). The use of a thick NiO layer is beneficial
to obtain a compact HTL for the subsequent middle subcell,
leading to better performance in 1.99 eV/1.60 eV double-
junction solar cells (Figure 2d). The double-junction solar cells
with bilayer HTL showed considerable improvements in Voc
and FF and thus PCE, compared with the devices with PTAA
only (Figure 2d,e).
We then fabricated all-perovskite triple-junction solar cells

with a device structure as shown in Figure 3a,b. An ultrathin
Au cluster layer (ca. 1 nm), fabricated by thermal evaporation,
was deployed within the interconnecting layers to facilitate
electron−hole recombination between subcells.26,41 The thick-
ness of the Au layer was optimized to simultaneously have
minimal optical absorption loss and sufficient recombination
between subcells. The mixed Pb−Sn narrow-bandgap perov-
skite in the back subcell has a composition of
MA0.3FA0.7Pb0.5Sn0.5I3 and a Tauc bandgap of 1.22 eV (Figure
S2c). The PEDOT:PSS layer (as HTL for the back subcell) is
around 80 nm thick, which is slightly thicker than that used in

Figure 2. Interconnection between the front (1.99 eV) and middle (1.60 eV) subcells. (a) Device configuration of 1.99 eV/1.60 eV double-
junction cell. (b) Schematic diagram of PTAA and NiO/PTAA layers spin-coated on the front subcell. (c) The J−V curve of a 1.60 eV single-
junction perovskite solar cell with NiO/PTAA as the HTL deposited on flat ITO substrate. (d) Statistical PV parameters (Voc, Jsc, FF, and
PCE) of double-junction cells with PTAA and NiO/PTAA as HTL for the 1.60 eV subcells. (e) J−V curves of the champion double-junction
cells with PTAA and NiO/PTAA for the 1.60 eV subcells.
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single-junction cells to ensure complete coverage on top of the
rough middle subcell. Figure 3c presents a typical J−V curve of
a 1.22 eV perovskite solar cell that exhibited a PCE of 20.1%
under reverse scan. The PV parameters and EQE spectra of the
1.99, 1.60, and 1.22 eV single-junction cells are summarized in
Table 1 and Figure 3d, which clearly show complementary
absorption in the wavelength range of 300−1050 nm.

We first compared the PV performance of triple-junction
cells using PTAA and NiO/PTAA in the middle subcells
(Table 2 and Figure 4). The statistical PCEs of PTAA and
NiO/PTAA devices are presented in Figure 4a. The devices
with NiO/PTAA exhibited a significantly higher average PCE
than those with PTAA (19.0% vs 15.9%), consistent with the
results of double-junction cells discussed above. The best-
performing triple-junction cell with PTAA showed a PCE of
only 17.2% (Voc = 2.549 V, Jsc = 8.9 mA cm−2, and FF =
76.2%). The champion NiO/PTAA device had a significantly
improved PCE of 20.1%, together with a Voc of 2.802 V, a Jsc of
8.8 mA cm−2, and a FF of 81.1% under reverse scan (Figure 4b
and Table 2). The device exhibited a stabilized PCE of 19.8%

measured over 3 min (Figure 4c) and a minor hysteresis
(20.1% vs 19.9%, Figure S8). The integrated Jsc values from the
corresponding EQE spectra are 8.5, 9.3, and 10.2 mA cm−2 for
the front, middle, and back subcells, indicating a large current
mismatch between subcells (Figure 4d).
We note that the FF achieved in the triple-junction cell

herein is higher than those achieved in previous work.16,33 The
relatively high FF is mainly attributed to the large current
mismatch between subcells (Figure 4d) and the reduced shunt
paths enabled by the thick and compact mixed Pb−Sn subcell,
as suggested by the significantly increased shunt resistance
(Figure 4b).42,43 Despite their high FF values, all-perovskite
triple-junction cells exhibited a large Voc loss (∼370 mV) in

Figure 3. Device structure of all-perovskite triple-junction solar cells. (a) Device configuration and (b) cross-sectional SEM image of all-
perovskite triple-junction solar cell. (c) The J−V curve of a representative 1.22 eV single-junction perovskite solar cell. (d) EQE spectra of
the 1.99, 1.60, and 1.22 eV single-junction cells.

Table 1. Photovoltaic Parameters of Representative Single-
Junction Subcells

subcell Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

front (1.99 eV) 1.262 11.2 73.5 10.4
middle (1.60 eV) 1.080 22.3 78.8 19.0
back (1.22 eV) 0.828 30.3 80.1 20.1

Table 2. Photovoltaic Parameters of Champion All-
Perovskite Triple-Junction Solar Cellsa

devices direction
Voc
(V)

Jsc
(mA cm−2)

FF
(%)

PCE
(%)

double-junction PTAA reverse 1.774 9.4 70.5 11.7
forward 1.766 9.4 69.7 11.5

double-junction NiO/
PTAA

reverse 2.029 9.9 73.3 14.7
forward 1.981 9.8 74.3 14.5

triple-junction PTAA reverse 2.549 8.9 76.2 17.2
forward 2.543 8.8 76.8 17.2

triple-junction NiO/
PTAA

reverse 2.802 8.8 81.1 20.1
forward 2.793 8.8 80.7 19.9

aThe performance of 1.99 eV/1.60 eV double junction cells is
included as well.
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comparison to the summed Voc of three subcells, which can be
ascribed to several reasons. The Voc of the front cell was
decreased by ∼80 mV after the deposition of ALD-SnO2
(Figure S9), likely because of the damage from TDMASn and
water.44 The Voc of the front cell was further reduced by ∼30
mV after the spin coating of NiO. Because of the rough surface
of the front subcell, it is challenging to obtain a compact and
pinhole-free ALD-SnO2 layer. This might lead to solvent
penetration into the front subcell during the following solution
processes, causing damage to the front subcell. The
nonuniformity of NiO/PTAA on the rough front subcell also
led to a severe Voc loss of ∼200 mV in the middle subcell,
compared to the devices on flat ITO substrates (see Figure S9
and Table 2). To reduce this Voc loss, conformal coating of
HTL on the rough front subcell should be developed in the
future, such as sputtered NiOx or ALD-grown NiOx, self-
assembled monolayer, and evaporated HTL.45−48 Further-
more, processing of the 1.99 eV wide-bandgap perovskite films
remains to be further improved to reduce the surface
roughness which will be beneficial to obtain a uniform HTL
on top. Several methods have been suggested to form smooth
and uniform morphology, such as tuning the precursor
solvents, slowing down solvent extraction via blowing gas,
and using additives in the precursor solution to slow down
crystal growth.49−51 In general, the middle and back subcells
would have slightly lower Voc values (∼30 mV lower for each)
than in single-junction cells because of the resistance loss in
the interconnecting layers and the reduced light intensity in a
multijunction configuration. In addition to avoiding the Voc
losses mentioned above, it is crucial in the future to

substantially reduce the Voc deficit of each subcell (especially
for the 1.99 and 1.60 eV subcells) to achieve a high Voc for
triple-junction solar cells.
The relatively low Jsc value is another limiting factor for the

PCE of all-perovskite triple-junction solar cells. The low Jsc is
mainly ascribed to the large current mismatch between subcells
and high primary optical reflection at the front side (Figure
4d). We further explored the optical modeling of the triple-
junction cell by using a validated optical model (GenPro4),52

together with experimental optical parameter and thickness for
each layer. We assume that the current density is limited by the
lowest one among the three subcells. The optical simulation
suggests that parasitic absorption losses by the front ITO
transparent electrode and by the multiple charge transport
layers (e.g., C60 and PEDOT:PSS layers) also contribute to the
optical loss in all-perovskite triple-junction solar cells (Figure
S10). The Jsc of all-perovskite triple-junction cells can be
further increased by optimizing the thickness and bandgap of
each absorber to get matched current densities, by reducing
the optical reflection losses, by using a front electrode with
better transparency in the near-infrared spectral region, and by
using more transparent charge transport materials (especially
for the HTL in the back subcell).
We carried out preliminary stability tests for all-perovskite

triple-junction solar cells. The devices maintained 95% of
initial PCE after dark storage in an N2 glovebox for 325 days
(Figure S11a). However, the devices showed a fast perform-
ance decay during operation under full AM 1.5G illumination
(Figure S11b), mainly because of the photoinduced degrada-
tion (e.g., halide segregation) in the 1.99 eV subcell (Figure

Figure 4. Photovoltaic performance of all-perovskite triple-junction solar cells. (a) PCE distribution of triple-junction cells with PTAA and
NiO/PTAA as HTL for the middle subcells. (b) J−V curves of the champion triple-junction cells with PTAA and NiO/PTAA. (c) Steady-
state output of the champion triple-junction cell with NiO/PTAA. (d) EQE and total absorptance (1 − R, where R is reflectance) spectra of
the champion triple-junction cell. The total EQE, sum of the three subcells’ EQE, is included as well.
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S12). Further studies are required to enhance the photo-
stability of wide-bandgap perovskites with a high content of Br.
In summary, we fabricated 20.1%-efficient monolithic all-

perovskite triple-junction solar cells by combining perovskites
with bandgaps of 1.99, 1.60, and 1.22 eV, where all the
perovskite layers were solution processed. A thick bilayered
NiO/PTAA was developed and deployed for the HTL in the
middle subcell. Compared to PTAA single layer, the bilayered
HTL can achieve a better surface coverage on top of the rough
front subcell, leading to significantly improved Voc and FF.
Nevertheless, there remain challenges that need to be
addressed to leverage the full potential of all-perovskite
triple-junction solar cells. Overall, we here demonstrate that
high-performance all-perovskite triple-junction solar cells can
be fabricated with commonly used solution-processing
techniques. Given the explosion of interest and rapid progress
in all-perovskite multijunction solar cells, we anticipate that
PCEs beyond 30% could be achieved in the near future.
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(46) Josť, M.; Bertram, T.; Koushik, D.; Marquez, J. A.; Verheijen,
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