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Efficiency Potential and Voltage Loss of Inorganic CsPbl,Br

Perovskite Solar Cells

Max Grischek,* Pietro Caprioglio, Jiahuan Zhang, Francisco Pefia-Camargo,
Kdri Sveinbjornsson, Fengshuo Zu, Dorothee Menzel, Jonathan H. Warby, Jinzhao Li,
Norbert Koch, Eva Unger, Lars Korte, Dieter Neher, Martin Stolterfoht,*

and Steve Albrecht>

Inorganic perovskite solar cells show excellent thermal stability, but the reported
power conversion efficiencies are still lower than for organic—inorganic perovskites.
This is mainly caused by lower open-circuit voltages (Vocs). Herein, the reasons for
the low Vo in inorganic CsPbl,Br perovskite solar cells are investigated. Intensity-
dependent photoluminescence measurements for different layer stacks reveal that
n-i—p and p-i-n CsPbl,Br solar cells exhibit a strong mismatch between quasi-
Fermi level splitting (QFLS) and Voc. Specifically, the CsPbl,Br p—i—n perovskite
solar cell has a QFLS-e- Vo mismatch of 179 meV, compared with 11 meV for a
reference cell with an organic—inorganic perovskite of similar bandgap. On the
other hand, this study shows that the CsPbl,Br films with a bandgap of 1.9 eV have
a very low defect density, resulting in an efficiency potential of 20.3% with a
MeO-2PACz hole-transporting layer and 20.8% on compact TiO,. Using ultraviolet
photoelectron spectroscopy measurements, energy level misalignment is identified
as a possible reason for the QFLS-e - Vo mismatch and strategies for overcoming
this Voc limitation are discussed. This work highlights the need to control the
interfacial energetics in inorganic perovskite solar cells, but also gives promise
for high efficiencies once this issue is resolved.

2,3 [4]

length,! and a tunable band gap
enabled a published record efficiency
of 25.7%,”! that is close to best PCEs of
silicon solar cells. To further increase the
efficiency, perovskite and silicon can be
combined in a tandem solar cell. In such
a tandem solar cell, the perovskite and
silicon subcells absorb different parts of
the solar spectrum due to their different
bandgaps. This leads to broader absorption
as compared with perovskite single-
junction solar cells and to decreased ther-
malization losses as compared with silicon
single-junction solar cells, enabling a best
published efficiency of 29.15%.¢

One prerequisite for successful com-
mercialization of a photovoltaic technology
is the long-term stability of the solar cell.
A solar cell has to withstand humidity,
shading, mechanical stress, and high
temperatures both during operation and
fabrication. At temperatures of 150°C
and above, organic-inorganic perovskites

1. Introduction

Perovskite solar cells are one of the most promising technologies
to further decrease the cost of solar energy conversion. The
exceptional material properties of lead halide perovskites such
as a high absorption coefficient,!"! a long charge carrier diffusion

become unstable.”) However, temperatures of 140-160 °C are
generally used in lamination processes for solar cell encapsula-
tion.”®! This instability is caused by lead halides with organic cat-
ions such as methylammonium (MA") and formamidinium
(FA™) decomposing to volatile products.”! Inorganic cations such
as Cs™ are not volatile at these temperatures. Replacing the
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organic cations in the perovskite material with Cs™ has been
shown to improve the solar cell stability under illumination as
well as at temperatures of 70 °C."!

CsPbX; (X=Cl, Br or I) solar cells have been demonstrated
and a power conversion efficiency (PCE) of 21% has been
reached using CsPbl;."”) However, the photoactive phase of pure
CsPbl; is thermodynamically unstable at room temperature.™"!
In contrast, compositions with iodide and bromide such as
CsPDbI,Br exhibit a stable photoactive phase at room temperature
and at a relative humidity of 30%./") Recently, CsPbI,Br solar
cells with a record PCE of 17.51%" have been reported.
Their large bandgap of 1.9 eV makes them suitable for triple-
junction tandem solar cells, which require a broader-bandgap
top cell than tandem solar cells. In addition, the large bandgap
enables high open-circuit voltages (Voc) which are needed, for
example, for power generation under weak illumination™
and for catalytic devices.™!

To compare inorganic perovskites with their organic—
inorganic counterparts, we summarize the voltage loss for solar
cells with different bandgaps in Figure 1. We define the voltage
loss as Eg—¢-Voc, where Eg is the bandgap energy of the mate-
rial, e is the elementary charge, and Vo is the measured open-
circuit voltage of the solar cell. For all compositions depicted, the
voltage loss in inorganic perovskite solar cells is significantly
higher than in organic-inorganic perovskite solar cells.
Understanding, and consequently reducing, the voltage loss is
therefore essential for further improvements in the field of inor-
ganic perovskite solar cells.

Voltage loss can be caused by various layers or interfaces in a
solar cell. Perovskite solar cells typically consist of a perovskite
absorber, two charge transport layers (CTLs), and two electrodes,
i.e. a metal electrode and a transparent conductive oxide (TCO)
on a glass substrate. The hole-selective CTL, also referred to as
hole-transporting layer (HTL), is more conductive for holes and
the electron-transporting layer (ETL) is more conductive for
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Figure 1. Selected voltage loss (Eg — e-Voc) values for various organic—
inorganic and inorganic perovskite solar cells based on record Vs for
different bandgaps collected from Perovskite Database*? and
studies.[*™*¢ The different compositions are indicated and lines are
included as visual guides.
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electrons. A solar cell with the HTL or ETL on the glass/TCO
substrate is referred to as p-i—n or n—i—p solar cell, respectively.

In order to reveal the contribution of each CTL to the voltage
loss, photoluminescence (PL) measurements are often used to
quantify the internal voltage or quasi-Fermi-level splitting
(QFLS) of perovskite films and stacks. The quasi-Fermi levels
(QFL) describe the charge carrier density for holes and electrons
in nonequilibrium conditions, such as illumination or charge
injection, and the difference between the quasi-Fermi
levels is called QFLS. In optimized solar cells, the QFLS can
be equal to e-Voc. In most solar cells however, a mismatch
remains between QFLS and e-Voc.

This QFLS—e-Voc mismatch is related to the fact that the
QFLS measured with PL is determined by different recombina-
tion pathways. For various organic—inorganic perovskites, we
have recently shown that the QFLS is mostly limited by interface
recombination at the CTLs, rather than in the perovskite’s
bulk.'®! A large QFLS—¢ Vo mismatch has been mostly attrib-
uted to energy offsets at the perovskite/CTL interface, which
cause a bending of the QFL. This bending of QFL primarily
reduces the Vo, rather than the QFLS.["”) This has been shown
experimentally for a  Cspos5(FAos3MAg.17)0.95Pb(lo.g3Br0.17)3
triple-cation perovskite where the HTLs PEDOT:PSS and
P3HT were compared with PTAA:PEN. As a result, the decrease
in the QFLS was observed to be much lower than the respective
decrease in Voc.'® The mismatch between the QFLS and the
final device Vo is usually very small for thoroughly optimized
organic—inorganic perovskite solar cells. However, this QFLS—
e -Voc mismatch might represent a large contribution to the volt-
age loss and is therefore of high importance, especially in less-
investigated and therefore less-optimized perovskite solar cells.

The majority and minority QFL must collapse and meet at the
electrode as a metal cannot support a QFLS. It is established
knowledge that the QFLS—¢ -V mismatch depends on the rela-
tive bending of the majority and minority QFL in the contact
region as they collapse toward the electrode. The relative bending
depends on the conductivities of the carriers in the region of
interest. This can be expressed as in Equation (1), as stated by
Onno et al.,'” which is based on the work by Wiirfel et al.,!**!
here shown for an HTL.

e VOC — Pce
QFLS Pce + Pch

1)

Here, e is the elementary charge and p.. and p.;, are
the injection-dependent partial specific contact resistances
for electrons and holes, respectively.

Therefore, to achieve a low QFLS—e-Voc mismatch, the
specific contact resistance of the majority carrier (e.g., holes)
in the (e.g., hole-selective) CTL or at the critical interface needs
to be low. This means that the conductivity for these majority
carriers needs to be large. This can be achieved by aligning
the electrode work function with the conduction or valence band
of the absorber layer for the case of well-aligned CTLs and using
doped transport layers. Therefore, the QFLS—e-Voc mismatch
can be caused by an interlayer with low conductivity for the
charge type to be conducted and/or by misaligned energy levels
of the CTLs and/or of the electrode.*” In general, the underlying
reason for the QFLS—¢-Voc mismatch in a specific solar cell is
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often hard to identify and more experiments are needed to
investigate the origin of this important voltage loss mechanism.

As the QFLS-e-Voc mismatch strongly depends on the
absorber and CTL combination, it is important to focus on the
contact materials used for inorganic perovskites. The majority
of published reports on CsPbI,Br perovskite compositions
have used n—i—p device architectures with TiO,, SnO,, or ZnO
as ETL and spiro-OMeTAD, PTAA, or P3HT as HTL.2Y The metal
oxide ETLs typically need annealing temperatures above 200 °C. In
the long run, inorganic perovskites might be integrated as top
cells into tandem solar cell devices with temperature-sensitive
bottom cells. This is why other CTLs have to be tested, for
example, in p—i—n device architecture.

In this work, we investigate both p—i-n and n—i-p CsPbI,Br
perovskite solar cells to analyze the efficiency potential and the
losses caused by each layer. We develop a fabrication process
for CsPbI,Br that uses a low annealing temperature of 160 °C.
This enables us to use an HTL formed by the self-assembling
molecule [2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl|phosphonic
Acid (MeO-2PACz) for the first time in a p—i—n CsPbI,Br solar cell.
The structure diagram of MeO-2PACz is shown in Figure S16,
Supporting Information. A self-assembled monolayer such as
MeO-2PACz achieves a very low thickness of one monolayer with
complete coverage of the sample.”” This leads to substantially
higher fill factors (FF) as compared with other HTLs such as
PTAA.*! We fabricate perovskite films on various CTLs and mea-
sure their radiative efficiency potential using intensity-dependent
PL. With that, we identify the voltage loss and therefore the most
promising CTLs for inorganic perovskite solar cells. In a second
step, we fabricate p—i-n and n-i—p solar cells and quantify the
efficiency potential of the perovskite by adding one layer at a time.

With this layer-by-layer loss analysis, we reveal the contribu-
tion of each interface to the voltage loss. In the n—-i—p CsPbI,Br
solar cells, losses in QFLS are caused in almost equal parts by
ETL and HTL. In the p-i-n solar cells, the main part of the
QFLS losses is caused by the ETL alone. We further find that both
p-i—n and n—i—p solar cells have a high efficiency potential due to
high measured QFLS and high potential FF (pFF). However, the
Voc of the device is substantially lower than the QFLS. This
QFLS—¢ -Voc mismatch is most pronounced in p—i—n solar cells
with a difference of 178 meV. Therefore, we further compare
the voltage losses of inorganic p-i-n solar cells with an
organic-inorganic perovskite solar cell with the composition
Cs0.05(FA9sMAg 5)0.05Pb(10.5Br0 5)3 and examine possible reasons
for the QFLS-¢-Voc mismatch. This comparison reveals that
the organic-inorganic perovskite solar cell exhibits a
QFLS—¢ -Voc mismatch of only 10 meV, although the perovskite
bandgap is the same and similar CTLs have been used. Finally,
we investigate the energy-level alignment in p-i-n CsPbI,Br
solar cells using ultraviolet and X-ray photoelectron spectroscopy
(UPS and XPS) measurements. With this, we identify
energy-level misalignment as a possible reason for the large
QFLS—¢ Vo mismatch.

2. Results

Inorganic perovskite solar cells are mainly fabricated either in
nitrogen or in clean dry air (CDA) atmosphere. We found that
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a combination of the two yielded the best results. In the fabrica-
tion process we developed, we first spin coated a stoichiometric
CsPbI,Br solution in DMSO in a nitrogen-filled glove box. After
spin coating, we let the films rest in the nitrogen-filled glove box
for 30 min before transferring them to a glove box filled with
CDA for annealing at 160°C for 10 min. While spin coating
in nitrogen atmosphere led to a more reproducible process,
annealing in dry air led to higher solar cell performance than
annealing in nitrogen, as shown in Figure S1 and S2,
Supporting Information. This improved performance has previ-
ously been reported to be caused by oxygen atoms passivating
halide vacancies in the perovskite crystal structure during
annealing.**

The CTL on top of the glass/TCO substrate greatly influences
the perovskite film and interface properties, as it affects the
growth of the perovskite. To identify the most promising bottom
CTL, that is, the CTL on top of which the perovskite is spin
coated, we performed intensity-dependent PL measurements.
This measurement technique was first used for perovskite solar
cells by Sarritzu et al.”® We recently used this method to
identify contact layer-mediated losses for organic—inorganic per-
ovskites.!'®! Other reports have used this technique to compare
the efﬁciency potential of CS().()S(FA()A77MA0A23)0.95Pb(10_77Br0.23)3
perovskite on various HTLs?®! and to quantify the efficiency
potential of silicon—-perovskite tandem solar cells and their sub
cells.?%

We determined the bandgap of the CsPbI,Br perovskite to be
1.896 eV by measuring the external quantum efficiency (EQE) of
a CsPbI,Br perovskite solar cell and finding the maximum of the
first derivative O0(EQE)/04 shown in Figure S3, Supporting
Information, as proposed by Almora et al.””! Bromide-rich
organic-inorganic perovskites show halide segregation under
illumination, which shifts the PL emission peak and changes
the PL quantum yield (PLQY).?®! Here, the PL peak position
remains unchanged over a time of 5min, as shown in
Figure S4, Supporting Information. This excludes halide segre-
gation in CsPbI,Br perovskite films. In addition, all studied films
are free from pinholes, as seen in top-view images from scanning
electron microscopy in Figure S7, Supporting Information. An
SEM image of a cross section of a perovskite film on MeO-
2PACz shows differences in film thickness horizontally but a rel-
atively smooth surface at the broken edge; see Figure S8,
Supporting Information. This perovskite film quality is a prereg-
uisite for the successful use in solar cells.

Figure 2a shows the samples we studied: namely, CsPbl,Br
films on glass, on glass with an indium-doped tin oxide (ITO)
coating, on the HTLs MeO-2PACz and P3CT-N and on the ETLs
tin oxide (SnO,), compact titanium dioxide (TiO,), and a double
layer consisting of compact and mesoporous TiO,. P3CT-N was
synthesized through the reaction of poly[3-(4-carboxylbutyl)thio-
phene (P3CT) with methylamine (CH3NH,).*! The illumination
intensity of the excitation used for PL measurements was cali-
brated by measuring the photocurrent of a solar cell and varying
the intensity until the photocurrent reached the value measured
under illumination corresponding to the AM 1.5G standard solar
spectrum, that is, 1 sun equivalent. Figure 2b shows PL spectra
recorded at different illumination intensities ranging from 0.001
to 4 sun equivalents. The PL spectra for CsPbI,Br on glass reveal
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Figure 2. a) Samples studied with PL measurements: CsPbl,Br films on glass, on glass with indium tin oxide (ITO) coating, on the hole-transporting
layer (HTL) MeO-2PACz, and on various electron-transporting layers (ETLs). b) Absolute PL spectra for various illumination intensities for CsPbl,Br on
ITO. c) QFLS extracted from the PL spectra for various illumination intensities for CsPbl,Br films on glass and glass/ITO as well as different CTLs. The
ideality factor (np) values extracted from fits of the data are 1.2 for the CsPbl,Br film on glass, compact TiO,, and SnO,, 1.3 on ITO and P3CT-N, 1.4 on
mesoporous TiO,, and 1.7 on MeO-2PACz. d) Potential current density-voltage (p/-V) curves extracted from fits of the data shown in panel (b) by

assuming an EQE of 95% as described in the text.

a PL quantum yield (PLQY) of 1.39% under 1 sun equivalent illu-
mination. For comparison, organic-inorganic perovskite films
on glass that we measured in a previous study showed PLQY
of up to 1% for various compositions, but also an exceptionally
high PLQY of 27.7% on CsoosFAo70MAg15Pb(Ios5Bro.15)3
films with potassium passivation as previously shown by
Abdi-Jalebi et al.?”

For each absolute PL spectrum, we calculated the QFLS
according to the method presented in our previous study.’®
The results for QFLS versus intensity are shown in Figure 2c
for the samples presented in Figure 2a. Perovskite on glass yields
the highest QFLS with 1.474 eV and the QFLS were substantially
reduced by the introduction of CTLs. MeO-2PACz/perovskite
yields a high QFLS of 1.441eV, P3CT-N shows a QFLS of
1.42 eV, and the ETL/perovskite stacks show QFLS values from

1.372 to 1.425eV with the highest value for compact TiO,, as
shown in Table 1.

The QFLS represents the internal voltage multiplied by the
elementary charge e and is caused by the illumination. The illu-
mination intensity is directly proportional to the generated cur-
rent density in the absorber material.l'® Therefore, by converting
the illumination intensity to the respective current density in the
solar cell as described above and by shifting the potential current
density—voltage (p/-V) curves by the potential short-circuit cur-
rent density (pJsc), suns—QFLS curves can be converted to poten-
tial J-V curves. These pJ-V curves are shown in Figure 2d and do
not only show the potential open-circuit voltage (pVoc) and short-
circuit current density (pJsc), but also the potential FF (pFF) of
the measured film stack without the need for complete solar
cells. We calculated the potential Jsc from the bandgap of the

Table 1. Performance parameters from potential J-V curves of CsPbl,Br perovskite films on different CTLs shown in Figure 2c and the resulting efficiency

potential (pPCE), the measured ideality factor (n,p), as well as PLQY.

CTL pFF [%] pVoc [V] pJsc [mA cm’z] pPCE [%] Nip PLQY [%]
glass 90.0 1.474 16.26 21.6 1.2 1.390
MeO-2PACz 86.6 1.441 16.26 20.3 1.7 0.367
compact TiO, 89.6 1.425 16.26 20.8 1.2 0.203
P3CT-N 89.0 1.42 16.26 20.5 13 0.164
SnO, 89.6 1.409 16.26 20.5 1.2 0.112
mesop. TiO, + LiTFSI 88.2 1.404 16.26 20.1 1.4 0.088
ITO 88.7 1.372 16.26 19.8 13 0.026
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perovskite assuming an EQE of 95%. The resulting potential Js¢
is 16.26 mA cm 2. We consider this potential Jsc as the maxi-
mum achievable value for state-of-the-art perovskite solar cells,
as an average EQE of 95% has been certified for n-i—p solar
cells.P!

The radiative ideality factor (np) is a measure for the amount
of nonradiative recombination and can be determined from the
slope of the QFLS against intensity. Interestingly, all the perov-
skite samples show low ideality factors of 1.0-1.3, except for mes-
oporous TiO, (1.4) and MeO-2PACz (1.7). These low ideality
factors cause exceptionally high potential FF of around 90%.
This results in potential efficiencies of 21.6% for the neat perov-
skite, 20.1-20.8% for the ETLs, and 20.3% and 20.5% for the
HTLs. These values are considerably higher than the highest
published PCE of 17.51% for CsPbl,Br solar cells.!'*

Based on these PL results, compact TiO, and P3CT-N are the
most promising ETL and HTL, respectively, for CsPbI,Br solar
cells. The HTL MeO-2PACz shows the highest pVoc of all CTLs,
which is only 33 meV lower than on glass. The pVoc on compact
TiO, is only 49 meV lower than on glass and the pVoc on
P3CT-N is only 54 meV lower than on glass. This indicates a
low defect density derived from our radiative measurements
at the CTL/CsPbI,Br interface for these three CTLs. The pFF
of the films on compact TiO, and P3CT-N are on par with that
on glass, while the pFF on MeO-2PACz is slightly lower than on
glass.

www.solar-rrl.com

Different CTLs can lead to differences in the crystallinity of
CsPbI,Br, which can influence the PLQY. To investigate differ-
ences in crystallinity, we measured X-ray diffraction (XRD) pat-
terns of CsPbI,Br films on glass and on MeO-2PACz. Despite
visual changes in microscopic images, no substantial differences
were observed in the XRD patterns despite the preferential
orientation; see Figure S5, Supporting Information.

So far, we investigated the efficiency potentials of half cells
comprising only one electrode and one CTL, that is, the transpar-
ent conductive oxide (TCO) such as ITO or FTO and one CTL
such as MeO-2PACz or metal oxides. For a thorough and rele-
vant loss analysis, complete solar cells with all necessary CTLs
and electrodes are required. Therefore, we fabricated complete
solar cells in p-i-n and n—i-p configuration using the CTLs
presented in Table 1. We focus on the best-performing solar cells
which for the n—i—p configuration in this study employed a mes-
oporous TiO, on top of a compact TiO, as ETL. Solar cells using
this ETL performed better than those using only compact TiO,,
as shown in Figure S6, Supporting Information. We spin coated
a lithium bis (tri-fluoromethanesulfonyl) imide (LiTFSI) solution
on top of the mesoporous TiO, followed by annealing to evapo-
rate the solvent and sintering at 450 °C for 30 min. This has been
reported to enhance the electron extraction of the mesoporous
Ti0,.*2 We used spiro-OMeTAD as the HTL and Au as the
metal electrode. A schematic diagram of the complete device
stack is shown in Figure 3a.
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Figure 3. a) Layer stack of n—i—p solar cells analyzed in this work. b) Top-view SEM image of CsPbl,Br film on compact and mesoporous TiO, doped with
Li. c) EDS signals for detected elements in CsPbl,Br films on mesoporous TiO, obtained with an EHT of 10 kV. Note that the detected carbon peak most
likely originates from surface impurities and/or organic contaminations from within the SEM chamber. d) J-V curves for best n—i—p solar cell after 1 night
in dry air glove box (day 1) and after 8 nights in dry air glove box (day 8). e) Potential J-V curves from intensity-dependent QFLS measurements for
different layer stacks and reverse J-V curve of best n-i—p solar cell (day 8). f) Mean QFLS values (average from 2-3 samples) measured for different layer
stacks as in panel (e) and Voc of best n—i—p solar cell taken from the reverse scan on day 8.
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The fabrication process developed for this study resulted in
dense, pinhole-free films with a honeycomb-like structure on
the surface; see Figure 3b. We attribute this structure to a differ-
ent growth on the mesoporous TiO,, as they are not observed on
any compact CTL; see Figure S7, Supporting Information. To
demonstrate the inorganic nature of the perovskite, we applied
energy-dispersive X-ray spectroscopy (EDS) of the perovskite
deposited on different transport layers. The signals for detected
elements in CsPbI,Br perovskite films on mesoporous TiO, are
shown in Figure 3c. Generally, organic-inorganic perovskites
contain considerable amounts of nitrogen originating from
the organic cations of the material. Nitrogen has a characteristic
Ka X-ray emission at 0.392keV and is easily detected by EDS
employing a windowless detector, see Figure S9, Supporting
Information. In the case of our CsPbl,Br perovskite film, the
nitrogen emission peak is not observed, see Figure S9,
Supporting Information. This indicates that there are negligible
amounts of organic moieties in the perovskite film or, if there are
any, that they are below the detection limits of EDS. The resulting
elemental distribution of the inorganic components shows a sto-
chiometric CsPbl,Br composition with a slight excess of Cs on all
CTLs, see Table S1, Supporting Information. The Ka carbon
peak, which is measured at 0.277 keV, can most likely be attrib-
uted to surface impurities and/or organic contaminations within
the SEM chamber and is commonly detected even for purely
inorganic materials such as TCOs, see Figure S9, Supporting
Information.

Figure 3d shows |-V curves measured under simulated
AM1.5G illumination conditions, comparing the best n—i—p solar
cell one day after fabrication and after seven days stored in dry
air. After storage in dry air, the reverse-scan PCE increased from
12.03% to 14.90%, with a high Voc 0f 1.29V, a FF 0f 72.7%, and
a Jsc of 15.89 mAcm ™2, see Table 2. This shows that the
CsPbI,Br solar cells produced in this study are stable in dry
air and that the FF, Jsc, and Vo are even increased when

Table 2. Performance parameters of n—i—p solar cells shown in Figure 3b
extracted from J-V curves under AM 1.5G illumination measured in
reverse- (from Voc to Jsc) and forward-scanning (from Jsc to Vioc)
direction.

FF [%] Voc V] Jsc [mAcm™] PCE [%]
day 8 reverse 72.7 1.290 15.89 14.90
day 8 forward 40.7 1.193 15.87 7.7
day 1 reverse 64.9 1.240 14.95 12.03
day 1 forward 24.5 1.078 14.80 3.90

www.solar-rrl.com

measuring on day eight. In addition, the substantial hysteresis
between the forward and reverse J-V scans is reduced signifi-
cantly by dry air storage.

To quantify the contribution to Vo and FF losses, we con-
ducted a layer-by-layer analysis of the solar cell using intensity-
dependent PL measurements. The resulting potential -V curves
are compared with the measured J-V curve of the solar cell in
Figure 3e. The resulting potential performance parameters are
presented in Table 3. The pFF of the full solar cells is 87.3%,
which is only 2.7% absolute units lower than the film on glass.
However, the measured FF from the reverse J-V scan is only
72.7%, most likely due to transport losses of photogenerated
charges. The hysteresis between the forward and reverse |-V
scans suggests the presence of mobile ions in the perovskite.
These mobile ions are likely to cause transport losses.

To compare the voltage losses, Figure 3f shows the QFLS of
each stack and the device Voc. Compared with the perovskite
film on glass, the HTL and the ETL cause similar voltage losses,
resulting in a combined voltage loss of around 110 meV when
comparing the perovskite on glass to the full solar cell. This leads
to a reduced pPCE of 19.3% compared with 21.6% for perovskite
on glass and 20.1% on mesoporous TiO,. Intriguingly, the device
Voc (1.29 V) is much lower than the QFLS of the same device
(1.37 eV). We discuss this large QFLS—¢ -Voc mismatch in detail
in the section “Origin of QFLS—¢-Voc mismatch.”

Transport losses seem to limit the FF of n—i—p CsPbI,Br solar
cells and interface recombination losses at both transport layers
limit the Voc. Combined with a large QFLS—¢ Vo mismatch,
this leads to a reverse-scan PCE of 14.9% even though the effi-
ciency potential deduced from intensity-dependent PL of the full
solar cell is 19.3%.

To get more insights into the loss analysis of CsPbI,Br solar
cells with various device configurations, additional p-i-n solar
cells were manufactured and optimized for this study. Almost
all published p—i—n CsPbI,Br solar cells use NiO, as HTL with
some exceptions using P3HT and P3CT."*" For the first time, we
produced CsPbI,Br solar cells using MeO-2PACz as HTL, see
Figure 4a. Figure 4b shows an SEM image of a perovskite film
on MeO-2PACz, revealing a dense and pinhole-free film. As
opposed to mesoporous TiO,, no honeycomb structure can be
observed on the surface. This indicates a more homogeneous
perovskite crystal growth on MeO-2PACz, resulting in a
smoother surface. To verify the inorganic nature of CsPbI,Br
on MeO-2PACz, we performed EDS measurements. As on mes-
oporous TiO,, we do not detect any presence of nitrogen in the
perovskite film, see Figure S9, Supporting Information.
The resulting elemental distribution shows a stoichiometric

Table 3. Potential performance parameters of n—i—p layer stacks extracted from PL measurements and corresponding p/—V curves shown in Figure 3e and
the resulting efficiency potential (pPCE), the measured ideality factor, and PLQY.

PFF (%) PVoc [V] Plsc [mA cm™?] PPCE [%] fip PLQY [%]
perovskite 90.0 1.474 16.26 21.6 12 1.390
perovskite/HTL 87.7 1.421 16.26 20.3 1.5 0.169
ETL/perovskite 88.2 1.404 16.26 20.1 1.4 0.088
ETL/perovskite/HTL 87.3 1.353 16.26 19.2 1.5 0.013
full solar cell 87.3 1.359 16.26 19.3 15 0.015
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Figure 4. a) Layer stack of p—i—n solar cells used in this work. b) Top-view SEM image of CsPbl,Br film on MeO-2PACz. c) Synchrotron-based GIWAXS
image for a CsPbl,Br film on MeO-2PACz. d) J-V curves for the best p-i—n solar cell with and without LiF between the perovskite and Cgo. €) Potential J-V
curves from intensity-dependent PL measurements for different layer stacks and reverse J-V curve of best p—i—n solar cell (with LiF). f) Mean QFLS values
(average from 2-3 samples) of the same layer stacks as in panel (e) and V. of best p—i—n solar cell taken from the reverse J-V scan of samples with LiF.

CsPbI,Br with slight Cs excess; see Table S1, Supporting
Information.

In order to investigate the quality of the CsPbI,Br crystal struc-
ture grown on MeO-2PACz, we conducted synchrotron-based
grazing-incidence wide-angle X-ray scattering (GIWAXS) meas-
urements. Figure 4c shows a GIWAXS 2D image of the CsPbI,Br
film at an incidence angle of 2°. The crystals are highly oriented
in out-of-plane direction, as shown by the intensity peak of the
(100) plane at 90° azimuthal angle. To probe the crystallinity of
bulk and surface of the films, we varied the incidence angles.
Patterns for all incidence angles show the same preferential ori-
entation, as shown in Figure S10, Supporting Information. The
material shows no & phase both in the bulk and at the surface, as
proven by the absence of a peak between 7° and 12° in
Figure S11, Supporting Information. This GIWAXS data prove
that a homogeneous film in pure y phase can be fabricated at
temperatures as low as 160 °C.%*! This is essential for perovskite
deposition on temperature-sensitive CTLs or on temperature-
sensitive bottom cells for tandem integration.

The J-V curves for the p-i—n CsPbl,Br solar cells are shown in
Figure 4d. We measured J-V curves with and without a LiF inter-
layer at the interface with Cgo. The LiF interlayer improves the
reverse scan Voc from 1.10 to 1.21V, resulting in a PCE of
14.67%, see Table 4. The best published PCE for p-i-n
CsPbI,Br solar cells is 17.46%°% with InCl; additive and
15.4%") for pure CsPbl,Br. Here, a large hysteresis is observed

Sol. RRL 2022, 6, 2200690 2200690 (7 of 12)

Table 4. Performance parameters of p—i—n solar cells extracted from J-V
curves under AM 1.5G illumination shown in 5b measured in reverse-
(from Voc to Jsc) and forward-scanning (from Jsc to Vioc) direction.

FF [%] Voc V] Jsc [mAcm™?] PCE [%]
with LiF reverse 76.0 1.207 15.99 14.67
with LiF forward 56.0 0.777 15.93 6.93
without LiF reverse 749 1.097 15.26 12.54
without LiF forward 54.7 0.811 15.21 6.75

for p—i-n solar cells which is higher as compared with the n-i—p
device architecture. The stabilized efficiency after 10 min of MPP
tracking is 9.3% and the integrated photocurrent from EQE
is 14.11mAcm 2 as shown in Figure S12, Supporting
Information. The integrated photocurrent from EQE is
1.88 mA cm ™ lower than the Jsc from J-V scans. This might
be caused by device instability during the EQE measurement
over 5-10 min or by an overestimation of the Jsc due to the used
scan speed. In similar perovskite solar cells, such current loss
was attributed to mobile ions which accumulate at the perov-
skite/CTL interface, flattening the bands and decreasing charge
extraction efficiency.*®! A p—i—n CsPblI,Br solar cell retained 85%
of the initial PCE after MPP tracking over 10 h with an initial
stabilized PCE of 10%, see Figure S12, Supporting Information.

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Table 5. Potential performance parameters of p—i-n layer stacks from PL measurements and corresponding pJ-V curves shown in Figure 4e and the
resulting efficiency potential (pPCE), the measured ideality factor as well as PLQY.

PFF [%] PVoc V] Plsc [mAcm™?] pPCE [%] no PLQY [%]
perovskite 90.0 1.474 16.26 21.6 1.2 1.390
HTL/perovskite 86.6 1.441 16.26 20.3 1.7 0.367
perovskite/ETL 87.5 1.393 16.26 19.8 1.5 0.060
HTL/perovskite/ETL 88.2 1.389 16.26 19.9 1.4 0.052
full solar cell 87.3 1.371 16.26 19.5 1.5 0.024

The layer-by-layer loss analysis shown in Figure 4e and Table 5
reveals that the main part of the loss in QFLS is caused by the
ETL. The MeO-2PACz/CsPblL,Br interface introduces a QFLS
loss of 33 meV, while the CsPbI,Br/Cg interface is responsible
for QFLS losses of 81 meV. Both CTLs together induce a QFLS
loss of 85 meV and a slight loss in pFF. Very interestingly, the
resulting pPCE of the full p—i-n solar cell (19.5%) is even higher
than for the full n—i—p solar cell (19.3%) thanks to a higher pVoc.

Figure 4f shows the average QFLS values for the different layer
stacks. Intriguingly, the QFLS—e-Voc mismatch is even larger
than the mismatch in n—i—p solar cells. One possible reason
for the QFLS—e -Voc mismatch is recombination at a direct inter-
face between the perovskite and the metal contact (here copper).
This could be caused by inhomogeneous film formation of the
23 nm Cgo and 8 nm BCP in between perovskite and copper. To
exclude any physical contact between the copper and the perov-
skite, we increased the thickness of the Cgy layer to 75 nm.
However, the same V¢ and QFLS was observed, which indicates
that no direct copper—perovskite interface is formed also for thin-
ner layers of Cqo. Nevertheless, we cannot exclude that the mis-
match might be related to energy-level misalignment of the
perovskite and the metal electrode. The unchanged Voc with
75nm of Cgo also shows that the electron conductivity in the
Ceo bulk is not responsible for the QFLS—e-Voc mismatch.
However, a thicker layer of Cgq can still affect the performance
at the maximum power point (MPP), when significant current
flows in the device.

As shown earlier, a main loss mechanism in both cell archi-
tectures is the QFLS—e -V mismatch. While the potential V¢ is
higher for p-i-n as compared with n-i—p devices, the measured
Voc is lower. The QFLS—¢ -Voc mismatch amounts to 68 meV for
n—i—p and to 153 meV for p—i-n. To reveal the influence of the
specific perovskite absorber composition and the interface
formed to the respective CTLs, we compare p—i—n CsPbI,Br
solar cells to organic-inorganic triple-cation (3Cat) perovskite
solar cells. The 3Cat composition of Csggs(FAgsMAgs)o.9s
Pb(IosBro )3 was chosen here to have a reference solar cell with
a similar bandgap and comparable transport layers as the
CsPbI,Br solar cells. Figure S13, Supporting Information, shows
the maxima of the first derivative d(EQE)/d\ of CsPbI,Br and
3Cat perovskite solar cells to prove that their bandgap is very
similar.

The neat 3Cat film on glass yields a QFLS and PLQY of
1.363 eV and 0.0714%, respectively. This PLQY is higher than
for MAPDI; films in our previous study but lower than the
PLQY of 3Cat composition of lower bandgaps, which showed
values close to 1%.1" 3Cat solar cells were produced as described
by Pefia-Camargo et al.”® and MeO-2PACz was replaced by
2PACz to avoid charge extraction issues.

Very interestingly, CsPbI,Br layer stacks show overall much
larger QFLS than the layer stacks of the 3Cat, see Figure 5a.
However, the final Vo of the best CsPbI,Br solar cell is much
lower as compared with 3Cat devices, as shown in Figure 5c and
Table S2, Supporting Information. The CsPbI,Br stack exhibits a
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Figure 5. Comparison between p—i—n CsPbl,Br and triple-cation perovskite with similar band gap (Csg os5(FA0.sMAos)0.05Pb(lo.sBros)s). a) Mean QFLS
values from two samples measured for different layer stacks and Voc of best solar cells. b) Bar chart displaying the origin of the voltage loss based
on QFLS and Vo shown in panel (a). c) Reverse J-V curves of CsPbl,Br and triple-cation perovskite solar cells.
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QFLS of 1.39 €V and a final device V¢ of 1.21 V, while the 3Cat
shows lower QFLS of only 1.29 eV, but a higher Vo of 1.28 V.
That sums up to a QFLS—¢ -Voc mismatch of only 10 meV being
in line with well-optimized perovskite solar cells,*”) whereas the
difference is more than 15 times larger for CsPbI,Br solar cells.

The main QFLS loss for 3Cat solar cells stems from the HTL/
perovskite interface, as shown in Figure 5b. This has also been
observed for double-cation perovskite solar cells with a bandgap
of 1.7-1.8 eV using PTAA as HTL.””) While the QFLS losses at
the HTL/perovskite interface are much lower for CsPbI,Br than
for 3Cat films, the losses at the perovskite/ETL interface are
larger. This indicates potential differences in band alignment
with the transport layers, which we investigate in the following
section. The resulting reverse-scan -V curves of CsPbl,Br and
3Cat solar cells are shown in Figure 5c. The J-V curves show
almost the same Jsc and FF values but a higher Voc for the
3Cat perovskite, resulting in a higher reverse-scan PCE of
15.8% compared with 14.67%.

3. Origin of QFLS—e-Voc mismatch

As discussed in the introduction, the QFLS—e -V mismatch has
mostly been attributed to three possible mechanisms or a com-
bination of those: energy-level misalignment, poor charge selec-
tivity, and a low-conductivity interlayer.

To investigate the energy-level alignment at the perovskite/
ETL interface, we measured UPS and XPS on CsPbI,Br films
with and without a 23 nm Cg, layer. The parameters obtained
from the UPS data are shown in Table S3, Supporting
Information, and the spectra are shown in Figure S14,
Supporting Information. The valence band maximum (VBM)
and highest occupied molecular orbital (HOMO) positions were
extracted from the UPS data following the procedures as
described in other studies.*®*! The conduction band minimum
(CBM) and lowest unoccupied molecular orbital (LUMO) posi-
tion were then calculated using the optical bandgap of
CsPbI,Br, see Figure S3, Supporting Information, and the elec-
tronic band gap of Cq as given in the study by Akaike et al.*°.

www.solar-rrl.com

Note that the work function, VBM, and HOMO have been
measured on the surfaces of the respective materials.

The resulting energy-level diagram for CsPbI,Br is shown in
Figure 6a. It reveals an energy offset between the perovskite CBM
and the LUMO of the Cgo. This energy-level misalignment is
responsible for the observed QFLS—e -Voc mismatch, as the band
offset limits the V¢ of the CsPbI,Br solar cell, as shown in the
study by Stolterfoht et al."® We note that at this point we do not
exclude other contributions to the QFLS—e-Voc mismatch.
Figure 6b shows the energy levels from measurements on a
CsPbI,Br/1 nm LiF/23 nm Cg, stack. By adding the LiF inter-
layer between the perovskite and the Cgp, the Cqo LUMO is
shifted upward, that is, away from the Fermi level. The vacuum
level is also higher as compared with the CsPbI,Br/Cg stack, but
the difference between vacuum level and LUMO, that is, the
electron affinity, is slightly reduced.

Figure 6¢ shows the energy levels of a 3Cat perovskite film
with a bandgap of 1.88 eV. The parameters obtained from the
UPS data are shown in Table S3, Supporting Information,
and the spectra are shown in Figure S15, Supporting
Information. Here, relative to the ITO Fermi level, 3Cat and
Cgo show a higher CBM and LUMO than CsPbI,Br and Cqy.
In addition, the offset between the perovskite and Cgo vacuum
levels is smaller as compared with CsPbI,Br. The offset in the
vacuum level gives rise to the built-in voltage of the junction, that
is, the sum of the band bending in both perovskite and Cyg and of
eventual dipoles.

To compare the band offsets between perovskite and Cg in the
three stacks, we use the Anderson rule. This rule states that the
vacuum levels of two semiconductors forming a heterojunction
should align.""! The band offset at the perovskite/Cg, interface is
then equal to the difference in electron affinity of the two mate-
rials. The resulting band offsets are 0.75 eV for CsPbI,Br/Cgo,
0.71eV for CsPbI,Br/LiF/Cso, and 0.57 eV for 3Cat/Cgo. This
could explain why the QFLS—¢ -V mismatch is largest for solar
cells with CsPbl,Br/Cgo, lower with CsPbI,Br/LiF/Cso and low-
est with 3Cat/LiF/Cgo. As we do not expect the presence of inter-
face dipoles, we consider these values to be a good estimate of the
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4.59 —_— 480
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Figure 6. Energy-level diagram for a) CsPbl,Br, b) CsPbl,Br with 1 nm of LiF, and c) triple-cation perovskite, from UPS and XPS measurements on MeO-
2PACz/perovskite films with and without 23 nm of Cgo. The measurements were conducted with reduced photon flux of the excitation source. All values
shown in the energy-level diagram are in units of eV and refer to the Fermi level. The shown Fermi level is obtained by contacting the ITO substrate under

the perovskite and is assumed to stay constant throughout the layer stack.
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real band offsets at the interfaces that are caused by band bend-
ing. The calculated band offsets do not consider effects such as
hybridization, introduction of interface states, or energy-level
pinning. However, if such effects occur, they most likely occur
in both CsPbI,Br and 3Cat samples. Therefore, we expect the
trends in the band offset to be reliable.

The reduction of the band offset by the LiF interlayer is a pos-
sible explanation for the improved Voc in solar cells with LiF as
shown in Table 4: LiF had a similar effect for both CsPbI,Br and
3Cat solar cells, as solar cells with 3Cat/Cgqy showed a
QFLS-¢ -Voc mismatch of 90 meV compared with 11 meV with
3Cat/LiF/Cgp. Solar cells with CsPbI,Br/Cs, showed a QFLS—
e-Voc mismatch of 272meV compared with 179 meV with
CsPbI,Br/LiF/Cs. We note that there are generally at least
two contributions giving rise to increased nonradiative recombi-
nation in the presence of a CTL, which is the energy-level offset
and the interfacial defect density. While both effects lower the
PLQY and thus the QFLS, the energy-level offset causes a further
reduction of the Vo¢ to values below the QFLS. Here, the LiF
interlayer substantially decreases the QFLS—e-Voc mismatch
of CsPblI,Br solar cells. This confirms that LiF improves the
Voc by reducing the energy level offset.

In conclusion, we show that energy-level misalignment
between CsPblI,Br and Cg contributes to the QFLS—¢ Vo mis-
match and that a LiF interlayer decreases the misalignment and
increases the device Voc. How much of this QFLS—e -Voc mis-
match stems from low charge selectivity of the CTL and a low-
mobility interlayer forming on the interface requires further
investigation.

4, Conclusion

In this work, we investigated in detail the efficiency potential of
CsPDbI,Br films and solar cells by studying both material proper-
ties revealed by PL and solar cell characteristics. We showed that
the fabrication method developed for this study yielded purely
inorganic perovskite films with good morphology and pure y-
phase. We fabricated perovskite films on various CTLs to identify
the most promising bottom CTL for p—i—n and n—i—p CsPbI,Br
solar cells using intensity-dependent PL measurements. These
measurements allowed us to construct potential -V curves
for films and stacks, revealing an efficiency potential of 21.6%
for perovskite films on glass, 20.8% on compact TiO,, 20.5%
on P3CT-N, and 20.3% on MeO-2PACz. The QFLS on MeO-
2PACz is only 33 meV lower than on glass. On compact TiO,
and P3CT-N, the QFLS is only 49 and 54 meV lower than on
glass, respectively. This suggests a very low density of defects.
For the first time, we demonstrated p—i—n CsPbI,Br solar cells
using the HTL MeO-2PACz. On the best-performing solar cells,
we performed a layer-by-layer loss analysis. This revealed that in
the n—i-p CsPDbI,Br solar cells, losses in QFLS are caused in
almost equal parts by ETL and HTL, while in the p—i-n solar cells,
the main part of the QFLS losses is caused by the ETL. As both
configurations show a large QFLS—¢ -Voc mismatch not observed
in organic-inorganic solar cells, we further investigated the
energy-level alignment using UPS and XPS measurements.
We identified energy-level misalignment as a possible reason
for the large QFLS—e Vo mismatch in p-i-n CsPblI,Br solar
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cells. The negative effect of this energy-level misalignment is
reduced by introducing a LiF interlayer between CsPbI,Br and
Cso, increasing the Voc by 110 meV. On MeO-2PACz, the effi-
ciency potential of CsPbI,Br is 20.3% with a pVoc of 1.44 V. A
more well-aligned ETL will push the PCE of p—i—n CsPbI,Br solar
cells closer to this efficiency potential.

Overall, the voltage loss of inorganic perovskite solar cells is
still higher than for organic-inorganic perovskites. We show that
the Vo is not limited by the inorganic composition, as the QFLS
of a CsPbI,Br layer stack is higher as compared with an organic—
inorganic perovskite with similar bandgap and CTLs. As we show
here, intensity-dependent PL measurements create the opportu-
nity to quickly compare the efficiency potential of perovskite with
different CTLs without the need to fabricate and optimize full
devices.
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