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ABSTRACT: Perovskite-based tandem solar cells can increase the power
conversion eﬃciency (PCE) of conventional single-junction photovoltaic
devices. Here, we present monolithic perovskite/CIGSe tandem solar cells
with a perovskite top cell fabricated directly on an as-grown, rough CIGSe
bottom cell. To prevent potential shunting due to the rough CIGSe surface, a
thin NiOx layer is conformally deposited via atomic layer deposition on the
front contact of the CIGSe bottom cell. The performance is further improved
by an additional layer of the polymer PTAA at the NiOx/perovskite interface.
This hole transport bilayer enables a 21.6% stabilized PCE of the tandem device at ∼0.8 cm2 active area. We use TEM/
EDX measurements to investigate the deposition uniformity and conformality of the NiOx and PTAA layers. By absolute
photoluminescence measurements, the contribution of the individual subcells to the tandem VOC is determined, revealing
that further ﬁne-tuning of the recombination layers might improve the tandem VOC. Finally, on the basis of the obtained
results, we give guidelines to improve monolithic perovskite/CIGSe tandems toward predicted PCE estimates above 30%.

P

by wet chemical methods such as spin-coating in a monolithic
(2-terminal) stack, ﬂat bottom cells are the substrates of choice
for easy processing. Consequently, the reported highest
tandem PCEs in monolithic conﬁguration have mostly been
achieved using perovskite combined with polished crystalline
silicon as the bottom cell.9−11 One remaining challenge is the
fabrication of perovskite top cells on textured surfaces, such as

erovskite solar cells have recently attracted much
interest in the photovoltaic community due to the
ease of their fabrication and ability to tune their
properties through composition and interface engineering.1−4
This resulted in a steep rise in power conversion eﬃciencies
(PCE) to over 23% in 2018.5 A further increase of PCE to
>30% could be realized by tandem devices utilizing perovskite
as wide bandgap top cell in combination with existing
technologies, such as silicon, perovskites, or copper indium
gallium diselenide (Cu(In,Ga)Se2−CIGSe) as the low band
gap bottom cell.6−8 To implement a top cell that is fabricated
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pyramidal etched silicon12 or rough CIGSe, which is the focus
of the study reported in this paper.
CIGSe solar cells have a bandgap of around 1.1 eV, which is
perfect for eﬃcient tandem performance when combined with
a larger bandgap perovskite top cell. The best CIGSe
standalone single-junction solar cell devices reach a PCE of
22.9%.5 Due to the direct bandgap of CIGSe and the resulting
signiﬁcantly reduced absorber thicknesses, the technology
enables low material and energy consumption. A combination
of perovskite and CIGSe could enable a fully thin-ﬁlm tandem
technology with high PCE at low costs. Furthermore, just like
perovskite, chalcogenide compositions can be tuned to
manipulate the precise band gap to enable current matching
in the tandem architecture.13 First tandem solar cells with
CIGSe bottom cells in a 4-terminal conﬁguration have already
been presented in 2015.14,15 In this conﬁguration, the
perovskite standalone top cell is mechanically stacked on top
of the standalone CIGSe bottom cell. Fabricating both subcells
independently from each other has enabled the rise in PCE of
tandem solar cells in recent years, essentially by improving the
performance of the perovskite cell. Fu et al. have shown up to
22.1% PCE16 in 2015 by utilizing a less absorbing p-i-n
conﬁguration. The current record for 4-terminal conﬁguration
of 23.9% was recently published by Shen et al. and enabled by
widening of the perovskite bandgap to 1.62 eV.8
On the other hand, the fabrication of a monolithic
perovskite/CIGSe tandem has proven to be very challenging,
and up to now only a few reports can be found. One of the
main reasons might lie in relatively rough CIGSe morphology.
A surface root-mean-square (σRMS) roughness of a typical
CIGSe layer is in the range of 50−200 nm, with typical lateral
feature sizes in the order of 500 nm to 1 μm, depending on the
details of the processing.17,18 Consequently, depositing a
perovskite top cell and especially its very thin selective contacts
from solution, which is to date the most common and eﬃcient
way of perovskite fabrication,3,4,19 is not possible without a
high probability of shunting the top cell in the tandem device.
The ﬁrst monolithic perovskite/CIGSe tandem device
reported possessed a PCE of 11%,20 enabled by a thick
PEDOT:PSS hole selective layer between top and bottom cell.
While a thicker PEDOT:PSS layer protected the top cell from
shunting, the overall tandem cell performance might have
suﬀered from reduced VOC due to the PEDOT:PSS/perovskite
interface.21 Alternatively, to fabricate an eﬃcient monolithic
device, new approaches of fabricating the bottom cells suitable
for monolithic tandem cells are needed. Fabricating copper
indium diselenide (CIS) by electrodeposition or spin-coating
resulted in a smoother bottom cell surface and enabled
monolithic tandem solar cell PCEs of 11.0% and 8.55%,
respectively.22,23 Recently, however, Han et al. presented a new
solution as used in perovskite/silicon devices, where the front
surface of the interconnection layers on top of the CIGSe
bottom cell was polished to reduce roughness. In this way, the
spin-coating of perovskite and very thin contact layers can be
implemented without losses due to surface roughness.
Consequently, a record PCE of 22.4% was obtained.24
Nevertheless, this approach of an additional polishing step
might not be favorable for industrial application on large areas
and requires very thick interconnection layers that induce
losses due to parasitic absorption. Furthermore, the rougher
surface, if translated to the front of the device, might lead to
beneﬁcial light trapping eﬀects.

In this Letter, we present a monolithic perovskite/CIGSe
tandem solar cell utilizing a CIGSe bottom cell with the typical
roughness mentioned above and without any post-treatment.
Instead, we implement the hole contact of the perovskite top
cell, grown conformally on top of the front contact of the
CIGSe bottom cell. This is achieved by a 10 nm thick NiOx
layer deposited by atomic layer deposition (ALD), capable of
preventing shunting of the top cell. As the NiOx/perovskite
interface is known to be limiting the VOC by interface
recombination more than, e.g., polymeric based charge
transport layers,4,25,3,26 the NiOx interface is further optimized
by introducing an additional layer of the polymer poly[bis(4phenyl)(2,4,6-trimethylphenyl)amine] (PTAA). Thus, a ptype selective contact bilayer is introduced, leading to a
monolithic perovskite/CIGSe tandem device with a stabilized
PCE of 21.6% in maximum power point tracking over 10 min.
The bilayer-based tandem device shows a superior performance as compared to a tandem cell with a NiOx-only hole
transport layer, which achieved 18% stabilized PCE. The
conformal growth of the ALD NiOx is conﬁrmed by TEM and
EDX measurements, highlighting elemental distribution. The
absorber quality of both subcells is investigated by means of
absolute photoluminescence (PL). With the help of absolute
PL measurements, the quasi-Fermi level splitting (QFLS) from
each subcell is determined and with that the contribution to
the tandem VOC is quantiﬁed. A diﬀerence of 100 mV between
the QFLS and the tandem VOC points to the interconnecting
ZnO recombination layer as a component that allows further
optimization. Following this, we present a detailed loss analysis
and guidelines for further possible improvements.
The layout of the fabricated device is presented in Figure 1,
superimposed on a high angle annular dark ﬁeld (HAADF)

Figure 1. Schematic of a monolithic perovskite/CIGSe tandem
superimposed on a HAADF-STEM cross-section image with all the
layers depicted. The inset displays the perovskite top cell in more
detail. Additional top cell STEM images with material composition
analysis from EDX measurements are shown in Figure 2.

scanning transmission electron microscopy (STEM) cross
section image. The bottom cell is fabricated on glass in
substrate conﬁguration with molybdenum as the backelectrode. Then the CIGSe layer is deposited by a threestage evaporation as described in ref 18, which results in rough
ﬁlms with a thickness in the range of 2.5 μm. The bottom cell
is completed in a standard process sequence with a CdS buﬀer
layer and an intrinsic/aluminum doped ZnO (i-ZnO/ZnO:Al)
bilayer as recombination contact for our tandem device. Such a
stack was then used as a substrate for the top cell fabrication.
Due to the typical polarity of a CIGSe device, we select a p-i-n
(so-called “inverted”) perovskite top cell architecture. Typical
hole transporting layers (HTL) in perovskite p-i-n conﬁg584
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Figure 2. Cross sectional HAADF-STEM images (a) and elemental maps (b)−(g) deduced from EDX measurements of the fabricated
tandem device with a focus on the perovskite top cell. (a) STEM of a peak−valley-shaped region, where depletion and agglomeration of
PTAA is visible (see arrows), conﬁrmed by an increased carbon signal in the EDX image (d). Ni (violet), however, covers both the valley and
the peak conformally. Zinc is depicted by green, Ni in violet, carbon (PTAA) in red, cadmium in yellow, tin in turquoise, and indium in cyan.

urations are polymers, such as poly-TPD,27 PTAA,3,28
PEDOT:PSS,29 or metal oxides such as NiOx.26,30,31 These
materials can be processed via spin-coating utilizing a wetchemical process, yielding a ﬁnal thickness in the order of
several tens of nanometers. However, with this deposition
process, such a thickness is not enough to uniformly coat the
rough bottom cell surface with a σRMS of ∼75 nm and thus
results in shunted devices. To produce a conformal HTL on
top of the rough bottom cell surface, we utilized NiOx that was
fabricated via ALD.32,33 This resulted in a uniformly covered
surface, even on rough morphologies (see Figure 2), thus
preventing a direct contact between the perovskite and
ZnO:Al. Our initial tests showed that for optimum performance of NiOx deposited via ALD a postannealing step of 300
°C is needed. However, such high temperatures are not
suitable for completed CIGSe devices due to interdiﬀusion at
the CIGSe/CdS interface. Therefore, the NiOx was adopted as
a pristine layer here without post annealing. Despite conformal
coating of the substrates, the VOC correlated to the perovskite
subcell can be limited when only NiOx was used as HTL for
the perovskite top cell.25,26,30,33Potentially, the VOC could be
increased under light soaking due to lattice expansion or defect
passivation of the perovskite absorber.26,34 However, in our
case we increased the VOC by spin-coating a thin layer of the ptype polymer PTAA on top of the NiOx layer, probably due to
a reduction of recombination at the HTL/perovskite interface
(see section below). This bilayer of ALD NiOx and PTAA
proved to be an elegant way for the fabrication of eﬃcient
tandem solar cells. For the perovskite layer, a multiple cation,
multiple halide (so-called “triple cation”) composition,
Cs0.05(MA0.17FA0.83)Pb1.1(I0.83Br0.17)3, where MA and FA are
methylammonium and formamidinium cations, was chosen.35
This formulation can be spin-coated on top of the rough
surface as the obtained absorber layer thickness is larger than
the peak to valley distance of the bottom cell. The tandem
device is ﬁnished by utilizing a top contact that was developed
and optimized for perovskite/silicon tandem solar cells.11 The
top contact stack is formed by depositing C60 by thermal
evaporation, tin oxide (SnO2) by ALD and indium zinc oxide
(IZO) as a front contact by sputtering. The tandem solar cell is
ﬁnished by evaporating a silver frame around the active area,

slightly covering the IZO, and LiF as an antireﬂection coating.
The top perovskite solar cell then has a ﬁnal layer conﬁguration
of NiOx/PTAA/perovskite/C60/SnO2/IZO/LiF, as depicted
in Figure 1. The detailed fabrication process can be found in
the experimental section of the Supporting Information.
Figure 1 highlights the zoomed-in cross sectional HAADFSTEM image of the fabricated tandem solar cell. The obtained
perovskite grains are in the range of a few 100 nm and are welldeﬁned, despite the rough surface base of the CIGSe layer that
can clearly be observed. The σRMS of the ZnO:Al bottom cell
surface obtained from the AFM is ∼75 nm, which is much
higher than for typical ITO (∼3 nm) or FTO (∼15 nm)
coated glass substrate surfaces. Spin-coating on such a rough
surface produces a highly inhomogeneous layer thickness, as
shown by TEM and EDX measurements of the cross section
(Figure 2). In Figure 2 we analyze in more detail a larger grain
of the CIGSe absorber, which sticks out of the surrounding,
being a potential cause of a shunt when spin-coating thin layers
on top. Figure 2a shows the transmission electron microscopy
(TEM) image, while the energy-dispersive X-ray spectroscopy
(EDX) maps in (b)−(g) represent the elemental composition
of the layers, trying to determine the surface coverage of the
thin layers. The ﬁgures were selected to highlight the
properties of the bilayer p-type contact utilized here. From
Figure 2b, clearly a conformal coating of the interconnecting
ZnO layer is visible by the homogeneous zinc (Zn)
distribution of the ca. 150 nm thick ZnO layer, as expected
for the sputter coating. From Figure 2c a distinct, conformal,
and homogeneous NiOx layer with ca. 10 nm thickness on top
of the interconnecting ZnO can be identiﬁed. This is rather
important as only 10 nm NiOx formed via ALD is enough to
protect the perovskite from direct contact to the interconnecting ZnO. Figure 2d shows the carbon signal to identify the
polymeric PTAA layer. Unfortunately, the carbon is not easily
detectable by EDX due to the detection limit of the
microscope. However, as also visible in the TEM image Figure
2a (see darker areas in the valley, marked by arrows), this layer
is not uniform in thickness throughout the rough surface.
Typically, 8−12 nm PTAA is formed on ﬂat surfaces with the
processing conditions applied here, however, on a rough
surface the thickness changes. A negligible thickness can be
585
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Figure 3. (a) J−V characteristics under illumination of the monolithic perovskite/CIGSe tandem solar cell. Solid line shows forward (JSC to
VOC) scan and dashed line reversed (VOC to JSC) scan direction. Three diﬀerent HTLs are investigated, PTAA (black), NiOx (blue), and
NiOx/PTAA (red). The MPP tracking over 10 min of the NiOx/PTAA device is shown as an inset. (b) EQE spectra of the NiOx/PTAA
tandem device measured for the individual subcells and the total reﬂection spectra depicted as 1-R. Perovskite, CIGSe, and 1-R spectra are
denoted with red, blue, and gray lines and areas. Integrated photocurrents and reﬂection losses from EQE and 1-R spectra values are also
shown.

Table 1. Performance Parameters of the Monolithic Perovskite/CIGSe Tandem Solar Cell, the Standalone CIGSe Reference
Cell and Standalone Perovskite Reference Cell with Diﬀerent Hole Transporting Layersa
tandem

PTAA
NiOx/PTAA
NiOx

CIGSe
perovskite

AM1.5G
reduced intensity
PTAA
NiOx/PTAA
NiOx

scan direction

JSC [mA cm−2]

VOC [V]

FF [%]

PCE [%]

JSC to VOC
VOC to JSC
JSC to VOC
VOC to JSC
JSC to VOC
VOC to JSC

15.9
15.9
18.0
18.0
17.4
17.4
35.8
18.3
20.5
20.6
20.4
20.4
19.8
19.6

0.56
0.56
1.58
1.59
1.49
1.50
0.65
0.62
1.10
1.10
1.09
1.09
1.01
1.03

34.9
35.0
76.0
75.7
70.2
68.4
70.6
72.2
77.6
77.9
74.8
75.2
63.4
67.2

3.1
3.1
21.6
21.6
18.2
17.8
16.3
8.2
17.5
17.6
16.7
16.7
12.7
13.6

JSC to VOC
VOC to JSC
JSC to VOC
VOC to JSC
JSC to VOC
VOC to JSC

PCEMPP [%]

21.6%
18.0%

a

The J−V characteristics under illumination of the tandem cell are shown in Figure 3a, while the J−V characteristics of the reference single-junction
cells are shown in Figure 4. For the reduced intensity measurement, the light intensity was attenuated until the CIGSe single-junction device
generated approximately the same current as the bottom cell in the tandem device.

active area of devices is 0.81 cm2, further masked to have an
illuminated area of 0.778 cm2. First, the PTAA-only tandem
device is characterized by a strongly limited eﬃciency with
indications for shunting, thus showing that spin-coating a thin
layer of PTAA is not suitable for rough CIGSe surfaces and
conﬁrming the need for a conformal deposition of the HTL.
Second, the NiOx-only device already performs well with
18.0% PCE in maximum power point (MPP) tracking (Figure
S2), ﬁtting well with the value obtained from the J−V scan.
Nevertheless, the device is limited by a low VOC ∼ 1.5 V and
FF ∼ 70%. Finally, a remarkable PCE of 21.6% is measured for
the NiOx/PTAA HTL bilayer, which, to the best of our
knowledge, is the highest PCE reported for a perovskite/
CIGSe tandem solar cell with an area larger than 0.2 cm2
(0.778 cm2 for our device). The high PCE was enabled by high
short-circuit current density JSC of 18.0 mA cm−2 and excellent
FF, exceeding 75%. The open-circuit voltage VOC, at 1.59 V is
still below the values from perovskite/silicon tandem solar cells
and a parameter for future improvement. All the parameters
have similar values independent of the scan direction (reverse

found on the peak while layer agglomeration can be observed
in the valley. To further emphasize this, we show in Figure S1
an equivalent sample, where the bilayer was deposited on an
even rougher surface. There we focus on a distinct valley and
peak areas. Again, the NiOx covers the surface conformally, for
both peak and valley areas. For PTAA, however, a negligible
thickness can be found close to the edges of the valley while up
to 60 nm thickness can be found at the bottom. On the peak,
no distinct carbon signal was observed. Here, we would also
like to point out that the nonhomogeneous PTAA layer might
contribute to improved ﬁlm formation conditions for perovskite crystallization due to slight ﬂattening of the surface. Our
TEM results demonstrate that solely spin-coating is not
suitable for such rough surfaces. However, other deposition
techniques, such as sputtering (Zn−ZnO, In−IZO), ALD
(Ni−NiOx, Sn−SnO2) and chemical bath deposition (Cd−
CdS) cover the surface conformally.
Figure 3a shows the J−V characteristics of the monolithic
tandem solar cells under AM1.5G illumination with three
diﬀerent HTLs: PTAA, NiOx, and NiOx/PTAA bilayer. The
586
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Figure 4. J−V characteristics of (a) CIGSe single-junction reference under AM1.5G and reduced light intensity and (b) perovskite singlejunction reference cell with diﬀerent HTLs: PTAA (black), NiOx (blue), and NiOx/PTAA (red) under AM1.5G. Solid lines show forward
(JSC to VOC) scan and dashed lines reverse (VOC to JSC) scan direction. The performance parameters are stated in Table 1.

(VOC to JSC) and forward (JSC to VOC)), showing little to no
hysteresis. The MPP PCE is stable at 21.6% during the 10 min
tracking (see inset in Figure 3a). The main diﬀerence between
the NiOx-only and NiOx/PTAA devices is in the lower VOC
and FF of the NiOx-only device, pointing to the limiting NiOx/
perovskite interface, especially considering that both devices
were prepared in exactly the same way, except for the
additional PTAA layer. The issue will also be brieﬂy discussed
below. All the performance parameters are summarized in
Table 1.
The photocurrent contribution from each subcell of a NiOx/
PTAA bilayer tandem device was further analyzed by external
quantum eﬃciency (EQE) and reﬂectance measurements (1-R
depicted), as shown in Figure 3b. The EQE spectra of the
perovskite and CIGSe subcells were measured independently
and the corresponding photocurrent values, when AM1.5G
illumination is assumed, are presented. The photocurrents of
the two subcells are strongly mismatched (∼2 mA cm−2),
leaving some room for the improvement by ﬁne-tuning the
perovskite bandgap or its thickness for current matching. The
1-R spectrum shows that only 2.62 mA cm−2 are lost in the
device due to reﬂection. This is a rather low value and could be
caused by rough interfaces in the device, which improve the
light management and consequently reduce total reﬂection, as
indicated in the introductory text. The small diﬀerence
between EQE and 1-R spectra reveals minimal losses due to
parasitic absorption in the range between 400 and 1000 nm,
enabled by a highly transparent n-type top contact. In the UV
and infrared region the parasitic absorption is higher due to
absorption in C60 and IZO, limited CIGSe absorption near its
bandgap, and free carrier absorption in ZnO. Nevertheless, all
this indicates already excellent optical performance of our
tandem solar cell, which could be further improved by
reducing the current mismatch between the two subcells or
by proper light management from, e.g., textured foils as
previously shown for perovskite single-junction cells36 or
perovskite/silicon tandem cells.11
Despite the promising integration of the thin conformal ptype contact directly on top of the rather rough CIGSe bottom
cell, the tandem device performance is below theoretical limits,
especially when VOC is considered. To analyze this in more
detail, single-junction devices, corresponding to both subcells,
were fabricated and tested. Figure 4a shows the CIGSe
reference cell, which was ﬁnished with a Ni/Al/Ni metal grid
as the front contact. The solar cell device reached a PCE of
16.3%. Further improvements in PCE may be possible by alkali
postdeposition treatment, in order to improve the VOC, and by

eﬃcient light trapping (e.g., antireﬂection coating), to improve
the JSC. We have also measured the CIGSe single-junction
device under reduced light intensity, imitating the current that
is generated in the tandem device. A signiﬁcantly reduced VOC
(∼30 mV) was measured for the CIGSe device, showing that
the low intensity response needs to be analyzed in more detail.
The perovskite reference single-junction solar cells were
fabricated in the superstrate conﬁguration on a planar,
commercial ITO coated glass. Instead of a SnO2/IZO top
contact as implemented in the tandem architecture, they were
ﬁnished with opaque BCP/Cu as a back electrode for higher
reproducibility and comparison.37 The representative J−V
measurements are shown in Figure 4b. Three diﬀerent hole
contact layers (HTL) are analyzed and compared: ﬁrst, a single
layer of PTAA; second, a single layer of NiOx formed via ALD
similarly as for the tandem solar cells; and third, a NiOx/PTAA
bilayer. Clearly, a single layer of PTAA outperforms the bare
NiOx hole contact. The PCE for PTAA based HTL is well
above 17%, and with NiOx, 13% are reached. The reason for
such low performance of the NiOx grown via ALD is likely due
to a high interface recombination at the NiOx/perovskite
interface, reducing the VOC. Compared to NiOx-only, the
NiOx/PTAA bilayer works surprisingly well, with only 1%
absolute eﬃciency loss compared to PTAA as a single HTL.
The loss seems to be due to the slightly reduced FF from
increased series resistance induced by the additional NiOx.
Overall, the diﬀerence in VOC between NiOx-only and NiOx/
PTAA bilayer is comparable between single-junction and
tandem devices. Interestingly, the FF of the NiOx-only device
is better in the tandem conﬁguration as compared to the single
junctions due to the fact that CIGSe bottom cell is limiting the
photocurrent and thus dictating the tandem FF. The
parameters from the J−V characteristic from the corresponding
subcells are also shown in Table 1.
Finally, we analyze the measured VOC of the tandem cell in
more detail by recording an absolute hyperspectral photoluminescence (PL) image. This technique has recently been
demonstrated to be an eﬀective way of estimating the losses
determining the quasi-Fermi level splitting (QFLS) in singlejunction solar cells.3 In the ideal case, the measured QFLS
directly translates into VOC (VOC = QFLS/q), revealing the
voltage potential of a solar cell device. Here, for the ﬁrst time,
this method is applied for monolithic tandem solar cells. When
the monolithic tandem solar cell is measured, each of the
subcells has to be excited separately; thus, two independent
measurements are required. In our case, we excited the
perovskite subcell with 450 nm light and the CIGSe subcell
587

DOI: 10.1021/acsenergylett.9b00135
ACS Energy Lett. 2019, 4, 583−590

Letter

ACS Energy Letters

Figure 5. Quasi-Fermi level splitting (QFLS) maps and histogram obtained from absolute PL mapping of the perovskite/CIGSe tandem
device: (a) CIGSe bottom cell and (b) perovskite top cell. From the histogram, the QFLS of 0.613 eV for CIGSe and (b) 1.086 eV for the
perovskite can be estimated.

In the tandem device the full VOC potential of the singlejunction device was not reached, which indicates that the
recombination layers could be limiting the VOC. Moreover,
improving the NiOx/perovskite interface, implementing proper
interlayers3 or another conformally grown hole transport layer,
such as by self-assembled monolayers (SAMs)39 could be
alternative strategies to improve the VOC.
In conclusion, a highly eﬃcient monolithic perovskite/
CIGSe tandem device with a perovskite subcell deposited
directly on top of a rough bottom CIGSe cell by implementing
a bilayer p-type contact was presented. This double hole
transport layer is formed by a conformally grown ALD NiOx
layer and spin-coated PTAA ﬁlm. The conformal growth of
NiOx was conﬁrmed by TEM/EDX analysis, revealing a
uniformly thick layer of NiOx on both the peaks and valleys of
the rough CIGSe substrate. However, there were indications
that the spin-coated PTAA agglomerates in the valleys and
uncovered substrate peaks were found, causing shunting of the
device, thus highlighting the need for a conformal deposition
on rough surfaces. With our conformal hole contact approach,
shunting of the top cell, which is typical for perovskite solar
cells on rough surfaces, was prevented. With that, a stabilized
tandem eﬃciency of 18% was reached for the NiOx hole
contact. Further utilizing the NiOx/PTAA bilayer improved
the resulting monolithic perovskite/CIGSe tandem solar cell to
21.6% PCE on 0.778 cm2 active area, stable over 10 min of
maximum power point tracking. Optically, the fabricated
champion device works very well, enabling high photocurrents
similar to perovskite/silicon tandem devices. Absolute photoluminescence measurements of the tandem cell were also
presented for the ﬁrst time; the results showed the
contribution of the subcells to the tandem VOC, revealing
that additional ﬁne-tuning of the interconnection layers
between the two subcells might improve the tandem VOC
further. Our results show a step toward eﬃcient, true thin ﬁlm
monolithic perovskite/CIGSe tandem solar cells that are likely
to enable the predicted eﬃciencies of over 30% in the near
future.

with light of 850 nm wavelength. By using an excitation
wavelength of 850 nm, we can probe the photoluminescence
properties of the bottom cell as this wavelength will not be
absorbed by the top cell (see Figure 3b). The results in Figure
5a show that the QFLS of the bottom cell is around 0.613 eV.
This value ﬁts well with the VOC of the CIGSe single-junction
device measured under reduced light intensity (0.62 V). The
VOC of the reference CIGSe single-junction (Figure 4a) solar
cell is 35 mV larger, which, however, is also fully consistent
with the QFLS measurement on the tandem, when the higher
illumination level in the absence of the top cell is considered
(see experimental section). This indicates that quite a
signiﬁcant voltage loss is induced in the bottom absorber
layer by its incorporation into the tandem device architecture
through being illuminated with lower intensity. Figure 5b
shows that the perovskite QFLS is 1.09 eV, which again ﬁts
well with the VOC of the reference perovskite device. This
indicates that no signiﬁcant voltage losses are added into the
perovskite subcell by its implementation into the tandem
architecture either, despite a nonﬂat surface of the substrate for
spin-coating. Both subcells show great uniformity of the
absorber layer over the active area of ∼0.8 cm2. Translated to
voltage, the VOC of the tandem should be as high as 1.70 V,
which is 70 mV lower than in the current world record
perovskite/CIGSe monolithic tandem device.24 The diﬀerence
might lie in a diﬀerent top contact system and/or subcell
absorber quality utilized here as compared to the work by Han
et al.24 For our device, it means that in the actual J−V
measurement, 100 mV are lost in the tandem device as
compared to the sum of the QFLSs. This indicates a limiting
recombination loss at the subcells’ interconnection/tunnel
junction in the tandem or the transparent top contact. We
propose that this is most likely due to the nonoptimized ZnO
recombination contact. Only with an eﬃcient recombination
contact with well aligned energy levels can we assume that the
QFLS of both subcells can be summed-up for the complete
stack.
To reach the predicted tandem eﬃciency potential of over
30% for this purely thin ﬁlm tandem design, some improvements still need to be developed. First, the bilayer champion
device is still limited by the current mismatch between the
individual subcells. Detailed optical simulations, similar to
those in perovskite/silicon tandem devices6,11 are needed to
enable optimal current generation and possible light management schemes for perovskite/CIGSe tandem devices.38
Second, the presented tandem solar cells are limited by VOC.
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Rehermann, C.; Jošt, M.; Tejada, A.; Eisenhauer, D.; Becker, C.;
Guerra, J. A.; et al. CsxFA1−xPb(I1−yBry)3 Perovskite Compositions: The Appearance of Wrinkled Morphology and Its Impact on
Solar Cell Performance. J. Phys. Chem. C 2018, 122 (30), 17123−
17135.
(31) Wang, Y.; Wenisch, R.; Schlatmann, R.; Lauermann, I.
Inorganic Materials as Hole Selective Contacts and Intermediate
Tunnel Junction Layer for Monolithic Perovskite-CIGSe Tandem
Solar Cells. Adv. Energy Mater. 2018, 8 (30), 1801692.
(32) Seo, S.; Park, I. J.; Kim, M.; Lee, S.; Bae, C.; Jung, H. S.; Park,
N.-G.; Kim, J. Y.; Shin, H. An Ultra-Thin, Un-Doped NiO Hole
Transporting Layer of Highly Efficient (16.4%) Organic−inorganic
Hybrid Perovskite Solar Cells. Nanoscale 2016, 8 (22), 11403−11412.
(33) Zhao, B.; Lee, L. C.; Yang, L.; Pearson, A. J.; Lu, H.; She, X.-J.;
Cui, L.; Zhang, K. H. L.; Hoye, R. L. Z.; Karani, A.; et al. In Situ
Atmospheric Deposition of Ultrasmooth Nickel Oxide for Efficient
Perovskite Solar Cells. ACS Appl. Mater. Interfaces 2018, 10 (49),
41849−41854.
(34) Brenes, R.; Guo, D.; Osherov, A.; Noel, N. K.; Eames, C.;
Hutter, E. M.; Pathak, S. K.; Niroui, F.; Friend, R. H.; Islam, M. S.;
et al. Metal Halide Perovskite Polycrystalline Films Exhibiting
Properties of Single Crystals. Joule 2017, 1 (1), 155−167.
(35) Saliba, M.; Matsui, T.; Seo, J.-Y.; Domanski, K.; Correa-Baena,
J.-P.; Nazeeruddin, M. K.; Zakeeruddin, S. M.; Tress, W.; Abate, A.;
Hagfeldt, A.; et al. Cesium-Containing Triple Cation Perovskite Solar
Cells: Improved Stability, Reproducibility and High Efficiency. Energy
Environ. Sci. 2016, 9 (6), 1989−1997.
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