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Advanced Characterization and Optimization of
NiO,:Cu-SAM Hole-Transporting Bi-Layer for 23.4% Efficient
Monolithic Cu(In,Ga)Se,-Perovskite Tandem Solar Cells

Ivona Kafedjiska,* Igal Levine, Artem Musiienko, Natalia Maticiuc, Tobias Bertram,
Amran Al-Ashouri, Christian A. Kaufmann, Steve Albrecht, Rutger Schlatmann,

and lver Lauermann

The performance of five hole-transporting layers (HTLs) is investigated in
both single-junction perovskite and Cu(ln, Ga)Se, (CIGSe)-perovskite tandem
solar cells: nickel oxide (NiO,,), copper-doped nickel oxide (NiO,:Cu),
NiO,+SAM, NiO,:Cu+SAM, and SAM, where SAM is the
[2-(3,-6Dimethoxy-9H-carbazol-9yl)ethyl]phosphonic acid (MeO-2PACz)
self-assembled monolayer. The performance of the devices is correlated to the
charge-carrier dynamics at the HTL/perovskite interface and the limiting
factors of these HTLs are analyzed by performing time-resolved and absolute
photoluminescence ((Tr)PL), transient surface photovoltage (tr-SPV), and
X-ray/UV photoemission spectroscopy (XPS/UPS) measurements on indium
tin oxide (ITO)/HTL/perovskite and CIGSe/HTL/perovskite stacks. A high
quasi-Fermi level splitting to open-circuit (QFLS-V, ) deficit is detected for the
NiO,-based devices, attributed to electron trapping and poor hole extraction at
the NiO,-perovskite interface and a low carrier effective lifetime in the bulk of
the perovskite. Simultaneously, doping the NiO, with 2% Cu and passivating
its surface with MeO-2PACz suppresses the electron trapping, enhances the
holes extraction, reduces the non-radiative interfacial recombination, and
improves the band alignment. Due to this superior interfacial charge-carrier
dynamics, NiO,:Cu+SAM is found to be the most suitable HTL for the
monolithic CIGSe-perovskite tandem devices, enabling a power-conversion
efficiency (PCE) of 23.4%, V,_ of 1.72V, and a fill factor (FF) of 71%, while the
remaining four HTLs suffer from prominent V,_ and FF losses.

1. Introduction

Metal-halide perovskites with a general for-
mula ABX, (A: cation like methyl am-
monium, cesium or formamidinium; B:
Pb?+, or Sn?*; X: I, or Br~) have quickly
become one of the most popular ab-
sorber materials for solar cells and have
yielded single-junction solar-cells efficien-
cies above 25%.!') The metal-halide per-
ovskite photo-absorbers are known for their
direct and tunable bandgap,!?! high defect
tolerance,>*] and suitability for monolithic-
tandem integration.[>®! Moreover, integrat-
ing a wide-bangap perovskite as an add-
on, top cell on either silicon (Si) or copper-
indium-gallium-diselenide (Cu(In,Ga)Se,,
CIGSe) in a monolithic tandem configura-
tion is an attractive approach to decrease
the thermalization losses in the Si or CIGSe
single-junction devices and overcome their
detailed balance limit of efficiency.”]

By now, the monolithic Si-perovskite and
CIGSe-perovskite tandem solar cells have
reached efficiencies as high as 33.2%!'l and
24.2%)3] respectively. Although the CIGSe
solar cells, same as the perovskite-based
solar cells, exhibit a direct and tunable
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bandgap,l! are cheap to be manufactured and can be de-
posited on flexible substrates suitable for building-integrated
photovoltaics,['*!!] their integration into the perovskite-based
monolithic tandems has been hindered by the non-negligible sur-
face roughness of the CIGSe cell. Since the top device is currently
predominantly deposited via solution-processing techniques, the
underlying rough surface can possibly lead to poorer shunt resis-
tance even in the best-performing tandem solar cells, as seen by
the current certified world-record device.[®]

One way to overcome this challenge is to co-evaporate CI(G)Se
absorbers with substantially decreased surface roughness, as
demonstrated by the certified CIS-based 23.35%-efficient device
developed by [12]. However, this approach is not very attractive
for large-scale and industrial applications since the current certi-
fied world-record single-junction CIGSe device is obtained with
a sequentially-processed CIGSe absorber with a non-negligible
surface roughness.!*!

Another approach would be to incorporate mechanical polish-
ing of the bottom-cell surface until a smooth surface is obtained,
as demonstrated by the 22.4%-efficient tandem in [14]. However,
this high efficiency was obtained for a very small active area of
0.04cm?, while increasing the area to 0.5cm? already led to a de-
crease of the PCE down to 20.8%./1* The pronounced loss in ef-
ficiency as the active area was increased indicates that the me-
chanical polishing of the bottom cell is a cumbersome approach,
unsuitable for up-scaling of the monolithic CIGSe-perovskite tan-
dem solar cells.

Therefore, the most industrially-attractive approach would be
to use native, rough absorbers and then investigate and opti-
mize the hole-transporting layer (HTL), which is deposited on top
of the bottom CIGSe cell and below the top perovskite solar cell.
The optimal HTL would ensure conformal coverage of the bot-
tom cell, an efficient carrier extraction, and suppress the non-
radiative recombination at the HTL-perovskite interface. In the
tandem solar cells, the HTL additionally plays a crucial role in the
formation of the desired recombination junction with the under-
lying material, thus ensuring an effective recombination of holes
from the perovskite top cell with the electrons from the bottom
cell.”®] Finally, the HTL plays a significant role in the stability!!¢]
and up-scaling of the perovskites solar cells.!”]

Former research on the monolithic CIGS-perovskite tandems
has focused on implementing organic HTLs such as PEDOT:PSS
(poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate))!'®! or
PTAA (poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine).'*]
However, these HTLs can be unstable and are additionally
expensive and unsuitable for the rough CIGS surface. The first
promising progress in the field of HTL development for the
monolithic CIGS-perovskite tandem solar cells was seen with
the implementation of an atomic-layer deposited ALD NiO, +
PTAA HTL bi-layer on a cell area of 0.8cm? when a FF of %76%,
V,. of 1.58V, and a PCE of 21.6% was achieved.!*"]

In 2018 the field of HTLs for perovskite solar cells was fully rev-
olutionized by the introduction of a novel, organic self-assembled
monolayer (SAM) which overcame many of the above-mentioned
issues of the other organic HTLs.[?%! For instance, a MeO-2PACz
(12-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid) SAM
yielded a PCE of 23.3% on a cell area >1cm? in a monolithic
CIGSe-perovskite tandem solar cell.l’l Soon after, this perfor-
mance was surpassed and the current certified world-record
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24.2%-efficient monolithic CIGSe-perovskite solar cell with a
Me-4PACz ([4-(3,6-dimethyl-9H-carbazol-9-yl)butyl] phosphonic
acid) SAM as a stand-alone HTL and with a V. of 1.77V and a FF
of 71.2% was manufactured.®!

Despite this outstanding performance, this world-record tan-
dem solar cell has a lower shunt resistance and FF compared
to the 21.6%-efficient tandem solar cell with NiO, + PTAA
as an HTL,"! motivating us to further explore the NiO, po-
tential for the tandem devices. Additionally, NiO, has shown
promising results in terms of its stability in air,[*1?2] good opto-
electronic properties,!?’l and cheap manufacturing via various
techniques!?*28l—characteristics which has made NiO, to be-
come one of the most-investigated inorganic HTL for perovskite
solar cells applications.[?’]

Therefore, this work addresses three important aspects for
the implementation of NiO,, in the monolithic CIG Se-perovskite
tandem solar cells. First, it aims to investigate the suitability of
NiO,-based HTLs in the tandem solar cells with co-evaporated
CIGSe with a non-negligible surface roughness as the bottom
sub-cell. Second, since the in-depth understanding on what truly
limits the NiO,-perovskite interface in the monolithic CIGSe-
perovskite tandem solar cells is so far lacking, our work also
systematically investigates its main limitations in terms of the
interfacial charge-carrier dynamics via various advanced char-
acterization methods. Last, but not least, since the ALD NiO,
used in the 21.6%-efficient monolithic CIGSe-perovskite tandem
solar celll**! required high-temperature annealing!®! unsuitable
for the temperature-sensitive bottom CIGSe device, our work
presents the first implementation of low-temperature radio fre-
quency (RF) sputtered NiO, from a NiO,, target in the monolithic
CIGSe-perovskite tandem solar cells.

One of the highest-reported PCEs for magnetron-sputtered
NiO, at temperatures < 100°C in p-i-n single-junction per-
ovskite devices with negligible hysteresis is 17.6% for a MAPbI,
perovskite.[?’) Reactively-sputtered NiO, (with or without PTAA
surface passivation) from a Ni target has been implemented in
monolithic CIGS-perovskite solar cells only once, but the per-
formance of the tandem solar cells did not exceed 16%.13°) One
possible reason for the tandems’ poor performance could be the
difficulty to sputter NiO,, from a metallic Ni target and optimize
the Ni#*/Ni?* (Ni,0,/NiO) ratio, which determines the opto-
electronic properties of the NiO, film.[3!) Therefore, sputtering
from a NiO, target, as we do in this work, is a much more eas-
ily controllable process. This is also confirmed by Hou et al.
who have followed the sputtering process in pure argon atmo-
sphere described by Aydin et al.l®*! to manufacture monolithic
Si-perovskite tandem solar cells on textured crystalline silicon,
obtaining a certified PCE of 25.7% and a promising stability over
400 h under continuous MPP tracking at 85° and at 45% to 50%
relative humidity.3?!

However, it is questionable if low-temperature sputtered NiO,,
can act as a stand-alone HTL in the perovskite-based (tandem)
solar cells in its pristine form, since NiO,-based single-junction
perovskite devices are notoriously known for their V,. losses.
There are varying hypothesis as to what causes the V,, loss
in the NiO,-based perovskite cells, ranging from poor selectiv-
ity of the NiO,,!*} or dissatisfactory perovskite crystallization
due to an excess of Pbl, caused by an excess of Ni** species,
as shown by Pant et. al®*3¢l and similarly by Boyd et al.l’*”]
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Despite the different approaches, these studies do have one com-
mon conclusion: the excess of the Ni? * species is responsible for
the NiO,’s high defect density, which, in turn, speeds up the re-
combination and negatively impacts the NiO,-perovskite inter-
face.

The two most-common approaches to address this issue and
improve the V,, in the NiO,-based perovskite solar cells are to
either dope the NiO,, or to passivate the defects on the NiO,-
perovskite interface.

NiO, has successfully been doped with zinc,*8! lithium, 3911
cesium,[*?l potassium,[**] magnesium,**) and copper.[**]
Champion p-i-n single-junction MAPbDI; solar cells with low-
temperature solution-processed NiO, have been achieved by
incorporating 5% Cu in a NiO, solution.*¥] Extensive XPS
analysis showed that the detected improvements in the NiO,
work function, carrier concentration, and conductivity occur
predominantly because Cu?* species occupy Ni?* vacancies
(V i+ )- Additionally, TrPL measurements indicated that NiO,:Cu
enabled more efficient charge extraction and a longer effective
lifetime, finally resulting in a 20.26%-efficient champion device
on rigid and a 17.4%-efficient device on flexible substrates with
an area of 1 and 0.08cm?, respectively.*8] In another work, high-
temperature pulsed laser deposited (PLD) NiO, with or without
3% Cu doping has also enabled a PCE of 20.41% and 18.65%, re-
spectively in p-i-n single-junction solar cells in an fluorine-doped
tin oxide (FTO)/NiO,(:Cu)/chloride-doped formamidinium
methylammonium lead iodide (FA,,MA, PbL.Cl,_.)/ [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) / Rhodamine B
(RhB) / lithium fluoride (LiF) / silver (Ag) stack.[*”! Therefore,
Cu is the only NiO,’s dopant that has enabled a PCE > 20%
in single-junction perovskite solar cell, making it the most
promising dopant researched in literature.

In addition to doping of the NiO,, extensively different ap-
proaches have been adopted to passivate the NiO,-perovskite
interface.5%%] Which surface treatment is adopted can also
vary depending on which deposition technique has been used
to deposit the NiO,. Thus, potassium chloridel®® and various
alkali metal-halide saltsl®3! were adopted for sputtered NiO,;
and a hybrid magnesium-organic interlayer for passivation
of solution-processed NiO,.”%l In addition to these interlay-
ers, surface passivation with organic HTLs, such as spiro-
OMeTAD  (2,2'7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9-
9'-spirobifluorene)l® or PTAAI"! have also been investigated,
but this approach has the downside of introducing possi-
bly unstable and expensive organic molecules unsuitable for
large-scale applications.

However, the surface passivation of the NiO, with organic
HTLs is not completely out of the question if self-assembled
monolayers (SAMs) are used. So far, various SAMs with vary-
ing anchoring groups have been shown to successfully reduce
possible recombination centers at the HTL-perovskite interface
by saturating defects at the surfaces of various metal oxides
(MO) which come in contact with the perovskite absorber. The
SAM-based chemical passivation has also been shown to induce
changes in the MO’s work function (WF) by inducing a dipole
moment;|’273! by passivating some of the MO’s oxygen vacancies
or perovskite defects through chemical bonding;!”+7 by affect-
ing the perovskite crystal growth;!”’] or, by accelerating the charge
extraction at the MO-perovskite interface.l”®!
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Specifically for the SAMs with phosphonic anchoring groups,
it has been shown that compared to other organic HTLs, they
are significantly cheaper, yield superior solar cell performance
and stability, and display excellent compatibility for monolithic
perovskite-based tandem devices,!®! as demonstrated by the
world-record CIGSe-perovskite monolithic tandem solar celll®!
and the >29%-efficient monolithic Si-perovskite solar cells.l””]
Moreover, SAMs have been shown to yield high efficiencies in
monolithic textured Si-perovskite tandem solar cells when de-
posited on top of NiO,, yielding a NiO, + SAM HTL bi-layer
configuration.[3280]

Literature suggests that self-assembled monolayers with
phosphonic anchoring groups like 2PACz ([2-(9H-carbazol-
9-yl)ethyl]phosphonic acid) and Me-4PACz ([4-(3,6- dimethyl-
9H-carbazol-9-yl)butyl]phosphonic acid) are superior in per-
formance to MeO-2PACz ([2-(3,6-dimethoxy-9H-carbazol-9-
yl)ethyl]phosphonic acid), primarily due to much lower dipole
moment across the MeO-2PACz layer and better band alignment
to the perovskite.[>®!] However, the combination of MeO-2PACz
with NiO, has already been shown to yield more reproducible
solar-cell performance than MeO-2PACz as a stand-alone HTL,
without inducing any V,_ losses.[®2]

Motivated by the V. improvements via doping or SAM-based
surface passivation of the NiO,, in our previous research, we
have looked into the performance of NiO, with or without
copper doping with SAM MeO-2PACz surface passivation in
monolithic CIGS-perovskite tandem solar cells with two dif-
ferent types of CIGS absorbers: co-evaporated Cu(In,Ga)Se,
and rapid-thermal processed Cu(In,Ga)(S,Se),.%3] The latter ab-
sorber is an industrially-attractive choice with a surface rough-
ness twice as high as the co-evaporated Cu(In,Ga)Se, ab-
sorbers. Despite this high surface roughness, we have demon-
strated a 21.6%-efficient proof of concept, industrially-attractive
Cu(In,Ga)(S,Se),-perovskite monolithic tandem, which—due to
the integration of NiO,:Cu + SAM as a hole transporting bi-
layer—exhibits promising values for the FF and the V, .18 This
resultis a new milestone for the monolithic CIGS-perovskite tan-
dem solar cells since it shows that when the HTL is suitably
optimized, an underlying rough CIGS surface does not have to
limit the performance of the tandems. This study was followed-
up with an investigation of the FF limitations in monolithic
Cu(In,Ga)Se,-perovskite tandem solar cells.l®*] By performing a
series of spectroscopic and imaging studies, we have identified
that the FF in these tandems can be limited either by the hole-
transporting layer, by the bottom, or by the top device, but un-
derstanding where the shunt is formed is not a straight forward
task.[84]

Despite these findings, the charge-carrier dynamics at the
interface, as well as the question why NiO,:Cu + SAM is a
better performing HTL than NiO, + SAM, remain open topics.
Hence, in this work we investigate thoroughly the performance
of fivxe HTLs in both inverted (p-i-n) single-junction perovskite
and monolithic Cu(In,Ga)Se,-perovskite tandem solar cells: four
NiO,-based HTL configurations (NiO,, NiO,:Cu, NiO, + MeO-
2PACz and NiO,:Cu + MeO-2PACz) and MeO-2PACz as a stand-
alone HTL. Altering the NiO,-perovskite interface in such a step-
wise manner, first by Cu doping and then by SAM passivation,
enables us to gain deeper understanding into the NiO -perovskite
interfacial charge-carrier dynamics and the dominating
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physical mechanisms that play a role during the NiO, dop-
ing or surface passivation. Since the open-circuit voltage (V,,)
is one of the main limiting factors of the NiO,-based perovskite
solar cells, we pay special attention to its variations in the
solar cells. By combining devices’ data with transient surface
photovoltage (tr-SPV), time-resolved photoluminescence (TrPL),
spectroscopic (XPS and UPS) measurements, as well as tr-SPV
simulations, we find that the combination of MeO-2PACz
with NiO,:Cu can lead to the highest V,_ in the tandems. The
substantial V,, improvement is ascribed to the low interface
trap density, low recombination rate, fast charge extraction, and
favorable energetic alignment of the NiO,:Cu-SAM bi-layer in
the CIGSe-perovskite tandem solar cells, eventually yielding a
promising efficiency of 23.4%.

Taking all of this into consideration, our study presents—to
the best of our knowledge—the first systematic investigation of
the charge-carrier dynamics of NiO, and NiO,:Cu with and with-
out MeO-2PACz surface passivation in single-junction perovskite
and monolithic CIGSe-perovskite tandem devices. By correlating
the devices’ data to the charge-carrier dynamics and the band
alignment, we discuss the limitations of the NiO,-based HTLs,
as well as what needs to be understood before and during their
optimization for monolithic tandem applications. Additionally,
by introducing NiO, (:Cu)-SAM bilayers as HTL in the CIGSe-
perovskite monolithic tandem solar cells, we believe that we can
diminish the possible risk of shunting during upscaling of the
SAM-only tandems. Last, but not least, we also point out that any
development in the HTL configuration for the CIGSe-perovskite
tandems can be easily transferred to the textured Si surfaces
as well, especially since by looking at the current Si-perovskite
monolithic tandem record,!! it is not too far-fetched to assume
that the textured Si surface will be unavoidable in the future.

2. Results and Discussion

The results are divided into four main subsections: 1) perfor-
mance of inverted (p-i-n) single junction perovskite and CIGSe-
perovskite tandem solar cells; 2) investigation of the charge-
carrier dynamics at the HTL-perovskite interface by transient
surface photovoltage (tr-SPV), photoluminesence (PL) and time-
resolved photoluminesence (TrPL) studies; 3) simulation of the
tr-SPV data; and, 4) surface chemistry and electronic band align-
ment by XPS and UPS studies.

2.1. Performance of Inverted (p-i-n) Single Junction Perovskite
and CIGSe-Perovskite Tandem Solar Cells With Varying HTLs

In Figure la,b, we present the solar-cell stack and exemplary
JV curves respectively for single-junction p-i-n perovskite solar
cells. In Figure 1c—e, we present the solar-cell stack, exemplary
JV curves, and representative EQE measurements respectively
for monolithic CIGSe-perovskite tandem solar cells. A cross-
sectional SEM view of the tandem devices as well as an AFM
measurement of the CIGSe absorber (o4,,s & 75nm) are shown
in Supporting Information.

Both the single-junction and tandem solar cells are manufac-
tured with the five hole-transporting layer configurations: NiO,,
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NiO,:Cu, NiO +SAM, NiO,:Cu+SAM and SAM as a stand-alone
HTL, where SAM is consistently the MeO-2PACz self-assembled
monolayer. We have opted for using MeO-2PACz instead of
the more-commonly used PACz since our preliminary studies
showed that the NiO, (:Cu) + MeO-2PACz HTL bi-layer is a more
promising configuration than the NiO,(:Cu) + PACz HTL bi-
layer configuration, which exhibited V,, and FF losses (see Sup-
porting Information).

We point out that the SAM-based tandem devices have around
3mA cm~? lower current density compared to the other four de-
vices due to an unfortunate change in the bandgap of the under-
lying CIGSe cell (as seen by the EQE measurements in Figure 1e)
from around 1.06 to around 1.1eV. However, this small alteration
in the bandgap would not influence significantly the parameters
we are primarily interested in: the tandems’ V,_and FF. Neverthe-
less, for completeness, a theoretical JV curve has been presented
in Figure 1d with a dashed violet line under the condition that
the J,. matches the J_ of the other devices, but the FF and the
V,. remain unchanged. Under this assumption, the champion
JV curve with SAM would have had a power conversion efficiency
(PCE) of around 21.5%.

The EQE signals and the ] values of the four tandems with
NiO, (:Cu) with or without SAM surface passivation coincide well
with one another within the measurement error (see Supporting
Information). Still, we do detected small variations in the ] val-
ues across these four samples and we ascribe these to marginally
varying optics - as detected in the 1-R measurements per HTL
configuration (see Supporting Information). The optics might
alter because of a slightly different absorption and crystallinity
of the underlying HTLs (see Supporting Information for XRD
and UV-vis measurements of the NiO, (:Cu)), but also because of
possible variations in the substrate roughness across the differ-
ent CIGSe sub-cells which then affects the bulk properties of the
perovskite.[3°]

However, the tandem device with SAM (MeO-2PACz) as a
stand-alone HTL displays a prominent J_ drop of 2mA cm~2 for
the top and 3mA cm™? for the bottom sub-cell compared to the
remaining four tandems. The reason for this ] loss is due to the
following two reasons.

First, for the bottom/CIGSe sub-cell, the J loss is ascribed
to the different red response of this bottom cell compared to
the other four CIGSe cells. As already mentioned, the CIGSe
cell used in these tandems was mistakenly manufactured with
a different gallium (Ga) back gradient, resulting in an altered
bandgap as displayed by the EQE plot, and consecutively, a low-
ered J,. value.

Second, for the top/perovskite sub-cell, the different underly-
ing surface of the bottom device might affect the morphology
of the top device up to an extent,!® resulting in decreased J .
However, as we will discuss through this article, an even more
prominent reason for the J loss is the poor charge-carrier dy-
namics of SAM in the tandems. Compared to the tandems with
NiO, (:Cu) with or without SAM, SAM as a stand-alone HTL
leads to the poorest hole extraction in the tandems, resulting
in a reduced EQE signal across all wavelengths and thus, a re-
duced J,. across all of the top cell. In addition to the representa-
tive JV curves, we also present a statistics for the reproducibility
of the devices’ performance per HTL configuration in forward-
and reverse-bias scan direction: forty four small-area (0.16cm?)
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Figure 1. a,c) Sketch of the single-junction p-i-n perovskite solar cell and th

e monolitch CIGSe-perovskite tandem solar cell, respectively and a top-view

photograph of the complete tandem solar cell (c). Light comes from the ITO or IZO side during measurement for the single-junction and tandem solar
cell, respectively; b) Representative JV curves for single-junction perovskite solar cells and d) CIGSe-perovskite monolithic tandem solar cells; ) EQE

measurements of the representative tandem solar cells.

devices per HTL configuration for the perovskite single-junction
solar cells (Figure 2a—c), and three to four tandem devices with an
area of 1.08cm? per HTL configuration. This modest number of
tandem devices already gives us a first glimpse into the emerging
trends among the solar-cells parameters and enables us to inves-

Adv. Funct. Mater. 2023, 33, 2302924 2302924 (5 of 19)

tigate the charge-carrier dynamics at the interfaces, as we will dis-
cuss later in Subsection 2.2. All of the JV curves (single-junction
perovskite and CIGSe and monolithic CIGSe-perovskite tandem
solar cells) can be found in Supporting Information. When cross-
comparing the cells’ performances for the single junctions and
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Figure 2. a,d) open-circuit voltage; b,e) fill factor; c,f) power-conversion efficiency of single-junction perovskite and CIGSe-perovskite monolithic tandem

solar cells, respectively.

for the tandem devices, the most prominent changes are seen in
the open-circuit voltage V, .. Doping the NiO, with 2% Cu is ben-
eficial for the V,_ for both single-junction perovskite and CIGSe-
perovskite tandem solar cells, with an average V. gain of around
60 and 70mYV respectively (Figure 2a,d). In the single-junction so-
lar cells, passivating the NiO,, or NiO,:Cu with SAM improves the
median value of the V. by 20-30mV compared to the cells with
NiO,:Cu as a stand-alone HTL. In addition, the SAM-passivated
NiO,, and NiO,:Cu yield almost identical V,_ to the devices with
SAM as the stand-alone HTL. Therefore, for the single-junction
solar cells, we conclude: 1) the SAM-surface passivation of the
NiO,:Cu does not yield as high V  gain as it does for the NiO, and
2) we reach a V,_ saturation point already in some of the record
devices with NiO,:Cu as a stand-alone HTL. Nevertheless, despite
the similar V,, the single-junction devices with SAM as a stand-
alone HTL still outperform the NiO,(:Cu)+SAM devices due to
4%-5% higher FF in its median value.

However, as seen in Figures 1d and 2d-{, the situation changes
in the tandem devices, where SAM displays a drop in the V,
and NiO,:Cu+SAM becomes the most efficient HTL with V,_ of
1.7V, FF of 71% and PCE of 23.4%. The NiO,’s V, behaves sim-
ilarly as it does in single-junction devices and it can be improved
either by Cu doping or by SAM surface passivation. However,
NiO,:Cu as well as SAM display a different V,. behavior in the
tandem configuration as opposed to the single-junction config-
uration. More specifically, we see a prominent average gain in
V, of around 100mV (from V; yprap = 1.58 10 Vi 4010, = 1.68V)
when we change from NiO,:Cu to NiO,:Cu+SAM as an HTL con-
figuration in the tandem devices. The average V,_ of the SAM tan-
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dem devices (1.59V) is 50mV smaller than the average V,. of the
NiO,+SAM tandem devices (1.64V) and 90mV smaller than the
average V. of the NiO,:Cu+SAM tandems (1.68V) tandems re-
spectively.

Moving onto the FF, we point out that its analysis in mono-
lithic tandems with current mismatching is not always straight-
forward. Literature points out that the lowest FF is achieved ei-
ther at or close to the current-matching operation, while the maxi-
mum FFis achieved for mismatched cells.¢-#1 Therefore, the FF
in current-mismatched monolithic tandem solar cells, as is the
case with the cells presented in this study, can often recoup the
PCE]losses caused by the J, losses from the current-limiting cell.
With the exception of the CIGSe-perovskite tandem with MeO-
2PACz, all tandems in this study are similarly mismatched, with
a maximum J mismatch between the two sub-cells of 1.1mA
cm~2, This means that the expected increase in the FF due to
the current mismatching would be comparable across all sam-
ples and therefore, the trend in the FF as we move on from one
HTL to the next would remain unchanged.

For the FF and PCE, we detect a similar trend for both the
single-junction and the tandem devices. NiO, and NiO,:Cu yield
almost statistically equal FFhowever, when comparing only these
two HTL configurations, the champion FF of 73.4% in the sin-
gle junctions is obtained with NiO,:Cu, while in the tandems
with NiO, (70%). Combining the record FF and the record V,,
we see a slightly superior PCE of the NiO,:Cu (around 0.7% in-
crease in the median PCE value) in the single-junction devices
and of NiO, (around 1.2% increase in the median PCE value) in
the tandem devices. We also observe a 1mA cm™ decline in the
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J,. in the single-junction solar cells caused by parasitic losses in
the NiO,:Cu films due to higher absorption (Supporting Infor-
mation).

Moving onto the samples with SAM, on the one hand, we see
slightly better FF and PCE in the NiO,+SAM single-junction de-
vices, as opposed to the devices with NiO,:Cu+SAM as an HTL.
On the other hand, for the tandem devices, the situation is re-
versed and - especially if we disregard the worst cell and con-
sider it a statistical outlier - we obtain better FF and PCE for
the tandems with NiO,:Cu+SAM, than for the tandems with
NiO,+SAM, as an HTL.

The stand-alone SAM single-junction solar cells exhibit the
highest FF and therefore PCE, but in the tandems, the champion
FF of the SAM stand-alone devices is around 4% lower compared
to the champion device with NiO,:Cu+SAM. The remaining two
devices with SAM show even more pronounced loss in the FF,
eventually overlapping with the FF obtained with NiO,(:Cu) as a
stand-alone HTL. The PCE of the SAM devices is in the range
of the PCE obtained with NiO, or NiO,:Cu, but one should keep
in mind that the J losses caused by the CIGSe bandgap change
yield highly-underestimated PCE. Thus, for a hypothetical J, of
around 19.5mA cm~2 (as measured for the other devices), the
SAM devices would have had around 3% higher PCE and a cham-
pion device with a PCE of around 21.5%. Nevertheless, the in-
crease in the ], would have still not been enough to compensate
for the losses in V,, and the FF in the SAM-based devices, leaving
NiO,:Cu+SAM as the superior HTL.

The changes we detect in the V,_ across the different HTL con-
figurations as well as we change from single-junction to tandem
solar cells, open up several important questions. First, why does
the V,, in the single junctions have a different trend than in the
tandems? Second, why is the SAM surface passivation beneficial
for the V. obtained in the NiO,-based solar cells (both in sin-
gle junctions and tandems), but for NiO,:Cu, the effect is much
more pronounced in the tandems? Last, why does SAM not yield
as high V,_as NiO,:Cu+SAM in the tandem devices, similarly to
the way it does in the single-junction devices? We try to answer
these questions in the following sections, first by analyzing the
charge-carrier dynamics at the interfaces and then by performing
X-ray and UV photoelectron spectroscopy (XPS and UPS) studies
in order to discuss the reasons behind the devices’ V, trends.

2.2. Charge-Carrier Dynamics at the HTL-Perovskite Interface:
TrPL and tr-SPV Study

We now investigate the charge-carrier dynamics at the HTL-
perovskite interfaces and dwell deeper into the physical reasons
behind the changes we detect in the devices’ V,.. We do so by mea-
suring transient surface photovoltage (tr-SPV)!®"l and absolute
and time-resolved photoluminesence (Tr)PL®! of the perovskite
films with varying HTLs (NiO,, NiO,:Cu, NiO, + SAM, NiO,:Cu
+ SAM or SAM) and substrate (ITO vs CIGSe), but without the
presence of the electron-transport layers. With this approach, we
probe only the impact of the HTL on the V, but one should keep
in mind that further limitations might be introduced by the ETL-
perovskite interface as well.

We have decided to focus our discussion on the V, since
out of all solar-cell parameters (V,., ], FF, and PCE), the V,
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is the most suitable parameter for correlating the charge-carrier
dynamics at the HTL-perovskite interface to the device perfor-
mance. When we are performing the TrPL and tr-SPV measure-
ments on the substrate + HTL + perovskite stacks, we are looking
at the differences in the charge carrier dynamics only at the var-
ied HTL-perovskite interface at open-circuit conditions. There-
fore, our choice of characterization methods enables us to con-
fidently correlate the charge-carrier dynamics and the V,, but
since the FF and the V, are fundamentally interlinked to one an-
other, the discussion on the V, with respect to the charge-carrier
dynamics can be extended up to an extent to apply to the FF
as well.

However, the FF and its reproducibility from one tandem to
the next are not influenced only by the charge-carrier dynamics
at the HTL-perovskite interface, but also by the above-discussed
current mismatch or the formation of morphological defects and
ohmic shunts, that might not necessarily affect the V,, but affect
the FF and the formation of S-shaped JV curves.!®¥ Hysteresis
can also have a larger impact on the FF than on the V,, but with
the exception of two devices, our tandem solar cells do not ex-
hibit strong hysteresis (refer to Supporting Information). Next,
when we are looking at open-circuit conditions with the TrPL
and tr-SPV measurements on the substrate + HTL + perovskite
stacks, we are omitting the influence of the parallel and shunt
resistances — both of which heavily affect the FF, but not nec-
essarily the V.. The FF is also influenced by the dropping of the
anti-solvent — varying distance to the sample and/or dropping the
anti-solvent a second or two too late can influence the crystalliza-
tion of the perovskite and the FF in the cells. Next, we also as-
sume identical ideality factors across all bottom cells, identical
surface roughness, absence of any lateral inhomogeneities, and
identical micro- or macroscopic defects in both the bottom and
the top devices. However, in reality, variations in these param-
eters are to be expected from one tandem to the next, explain-
ing the increased statistical deviation in the median FF values
compared to the statistical deviation in the median V,_ values in
Figure 2.

Taking this into consideration, this work focuses exclusively
on the charge-carrier dynamics at HTL-perovskite interface and
how it affects the V. and the FF of both single-junction and
tandem solar cells. By exploring the five HTLs on two different
substrates and correlating their ten tr-SPV/TrPL measurements
(Figure 3) to the devices’ V,, we are providing a unique approach
to systematically probe the HTL-perovskite interface. We inves-
tigate the charge-carrier extraction and recombination, and un-
derstand which performance-inhibiting processes are present at
the HTL-perovskite interface. Finally, we also investigate whether
the charge-carrier dynamics alters with respect to the substrate
and show that when it comes to developing an HTL for tandem
applications, the single-junction results might not be always di-
rectly transferable to the tandems. With respect to the tr-SPV sig-
nals, we consider three aspects. First, for the measurements per-
formed at f = 125kHz, it is investigated if the signals are posi-
tive or negative. Positive tr-SPV signals indicate that the intro-
duced HTL traps electrons, while negative tr-SPV signals can be
induced by extracted free holes or hole trapping in the HTL. Sec-
ond, it is considered when the signals reach their amplitude: the
faster the tr-SPV maximum is reached, the faster the hole extrac-
tion is, which, in turn, should translate to a gain in the FF of the

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

8SUB01 7 SUOWILLIOD BARERID 8|l (dde au) Aq peusenoh a1 sajo e O ‘88N JO S9N oy A%eiqT8UlUO /8|1 UO (SUORIPUOD-PUR-SLLBY /WD A3 1M A1q 1/ou 1 UO//SARY) SUORIPUOD PUe SWiB | 8U) 88S *[£20Z/TT/0T] uo A%iq1T8uluo AB|IM N4 uleg wniuez-z)oyweH Aq 72620£202 WPe/Z00T OT/I0p/w0d" A3 1M Al 1[euluo//Sdny woiy papeojumoq ‘vE ‘€202 ‘820£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

2 Structure: ITO + HTL + perovskite
f=1kHz
0 -
24
-4
-6
5 g
£
8 -104
S
= a)
S -12 " " . "
£ Structure: CIGSe + HTL + perovskite
© f=1kHz
> 0
»
£ 2
-4
-6
HTLs:
e ——NiOx
—— NiOx:Cu
10] —— NiOy + SAM
: —— NiOx:Cu + SAM
12 b) — SAM
0.01 0.1 1 10 100 1000
Time [us]
2
Structure: ITO + HTL + perovskite
f=125kHz
04 .
-2
-4 |
s 64
E
% -8 xtraction recombination >
S
=
3 -10 - - e
£ Structure: CIGSe + HTL + peravskite
< f=125 kHz
> 04 —
o
@
s 24
-4
HTLs:
64— Nioy
—— NiOx:Cu
-8 {——NiOx + SAM
——NiOx:Cu + SAM
1ol==3AM f)
0.01 0.1 1 8

Time [ps]

V.. [V] and QFLS [V]
o
&

TrPL [a.u.]

www.afm-journal.de

1.20

1454

1.104

1.05+

1.00

c) §ingle-junction (p-i-n) perovskite solar cells

1.75

17 |
o ==

r1.55

r1.45

d) CIGSe-perovskite tandem solar cells 135
NiO, NiO,:Cu NiO, NiO,:Cu SAM

+SAM +SAM

:ITO + HTL + perovskite
f=125kHz
extraction
0.14
g)
HTL
NiO,
0.019 NiO,:Cu
NiO, + SAM
NiO,:Cu + SAM
SAM
0.001 . ! ! . .
Structure: CIGSe + HTL + perovskite
f=125kHz
0.1 50
’bé//_)
S
h) 7,
HTL 7 [ps]
0.014 NiO, 0.2
NiO,:Cu 0.5
NiO,+SAM 0.5
NiO,:Cu+SAM 1.1
SAM 0.7
0.001 T T T 7
0.00 0.05 0:10 0.15 { 3
Time [ps]

Figure 3. a,b) Tr-SPV measurements at f = TkHz, c¢,d) V,, and QFLS (only for ITO + HTL + perovskite, dashed line), e,f) tr-SPV measurements at f =
125kHz, and g,h) Tr-PL measurements at f = 125kHz for single-junction perovskite (LHS) and CIGSe-perovskite monolithic tandem solar cells (RHS).
The RHS is symmetrically mirrored to the LHS. The QFLS of the tandem configuration was not measured due to set-up limitations.

full device. Third, for the measurements performed at f= 1kHz,
the tr-SPV amplitude, which can be influenced by charge-carrier
recombination and serves as an indicator of where a higher V,_
can be expected, is analyzed and also fitted with a numerical
model. In the simplest case, the higher the tr-SPV amplitude at f
= 1kHz, the higher the V. However, in these complex systems,
with varying substrates and HTLs, as well as competing effects in
the cells, considering only the tr-SPV amplitude as the main indi-
cator for the device’s V,, could be misleading. Instead, it should
be first identified whether electron trapping, delayed hole extrac-

Adv. Funct. Mater. 2023, 33, 2302924 2302924 (8 of 19)

tion, or both of these mechanisms limit the V,_ of the NiO, de-
vices, and then analyze how either the Cu-doping or the SAM
passivation affect these V,_ inhibitors.

Next, we correlate the tr-SPV measurements to TrPL measure-
ments performed at the same repetition rate (f = 125kHz) as
the tr-SPV measurements. Combining the tr-SPV and the TrPL
measurements allows us to distinguish between two possible
reasons for a fast decay in the PL signal: 1) due to fast charge
extraction,[®**l or 2) due to electron trapping./®!! Finally, by per-
forming an exponential-decay fit of the TrPL signals between
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1 and 4 ps, we extract the effective PL lifetime of the carriers,
which together with the quasi-Fermi level splitting can also pro-
vide insight into the dominant recombination processes in the
solar cells.

The NiO,:Cu+SAM HTL bi-layer yields the most straight-
forward results since it is not influenced by the change in
substrate and displays very similar behavior in the tr-SPV and
TrPL measurements for both the single-junction and the tan-
dem configuration. We detect efficient charge carrier extraction,
since the tr-SPV signals reach their amplitude in around 0.7ps
(Figure 3e—f) and the TrPL signals show the steepest decay in
the first 0.03 ps from all HTLs (Figure 3g-h). The continuous
negative tr-SPV signals indicate there is no trapping of carri-
ers, and the extracted effective PL lifetime is sufficiently large
(around 1ps) for both single-junction and tandem configuration
(Figure 3g-h). Finally, the quasi-Fermi level splitting (QFLS) ex-
tracted from the photoluminesence quantum yield (PLQY) points
to a small QFLS-V,_ deficit in the single-junction solar cells
(Figure 3c), indicating that the non-radiative recombination at the
NiO,:Cu+SAM-perovskite interface is not the dominant recom-
bination mechanism.[®] This argument is further strengthened
by the tr-SPV simulations presented in the next section, where we
show that the concentration of interfacial traps, and not of non-
radiative recombination defects (both surface and bulk), plays a
crucial role in the performance of NiO,:Cu as an HTL in the so-
lar cells.

The partially-positive tr-SPV signals detected for NiO, as a
stand-alone HTL (Figure 3a,b,e,f) indicate that NiO,, exhibits pro-
nounced trapping of electrons in both single-junction and tan-
dem solar cells. Interestingly, in the single-junction solar cells,
the trapping of the electrons (positive tr-SPV signals) occurs
first, then the holes are poorly extracted (relatively slow evolution
of the tr-SPV minima, low TtPL signal decay in the extraction-
regime) and finally, the extracted carriers recombine slowly (rel-
atively long tr-SPV decay and long TrPL-extracted effective time
of 1.1ps).

In contrast, for the tandem solar cells with NiO, as an HTL,
the hole extraction occurs first, then the charge carriers recom-
bine quickly (fast tr-SPV decay and fast TrPL decay with effec-
tive lifetime of ~0.2us, (Figure 3g-h), possibly due to the detected
electron trapping at the later times (as indicated by the positive
tr-SPV signals). The improved extraction compared to the single-
junctions is not sufficiently strong to overcome the negative im-
pact of the carriers trapping and the high recombination rate
in the tandem configuration. Therefore, both the single-junction
and the tandem devices with NiO, exhibit unfavorable interfacial
charge-carrier dynamics, yielding a significant QFLS-V,_ deficit
in the single-junction and a low V,_ in both the single-junction
and tandem devices (Figure 3c,d).

On the one hand, doping the NiO, with Cu greatly improves
the NiO, in the single junctions, primarily because it completely
cancels the charge trapping and then slightly speeds up the
charge extraction (Figure 3a,b,e,f). On the other hand, passivating
the NiO, surface with SAM, improves the NiO, in single-junction
solar cells in a twofold manner: first, the incorporation of the
SAM suppresses the charge trapping, similarly to the NiO,:Cu,
but in addition to this, it also enables a significantly faster charge-
carrier extraction in the single-junction solar cells than the stand-
alone NiO, and NiO,:Cu films (Figure 3a,b,e f).
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Comparing the extractions of the three HTLs (NiO,, NiO,:Cu
and NiO, + SAM), we see that in the single junctions the ex-
traction regime and not the effective PL lifetime, is a better in-
dicator of how high V,. we can achieve in the devices. To be
more precise, the effective lifetimes are comparable and they de-
crease only slightly from 1.1 to 0.9us and finally to 0.7us, but the
charge extraction improves alongside with the average devices’
V,. from 1.03 to 1.09 and finally to 1.12V as we move from NiO,,
to NiO,:Cu and finally to NiO, + SAM, respectively. SAM as a
stand-alone HTL in the single junctions displays very similar ex-
traction (Figure 3e) and recombination regimes (Figure 3g) to the
NiO, + SAM. Thus, unsurprisingly, SAM and NiO, + SAM yield
similarly-performing single-junction perovskite solar cells, espe-
cially with respect to the V.

However, the situation for NiO, :Cu, NiO, + SAM, and SAM in
the tandems is not so straight-forward as in the single junctions.
In the tandem devices, the HTL does not only enable the extrac-
tion/separation of the carriers as it does in the single-junctions,
but also an effective recombination of the holes from the per-
ovskite with the electrons from the CIGSe cell.l*) Therefore, ana-
lyzing the charge-carrier dynamics in the tandems is much more
complex, since both the extraction and the recombination play a
major role, but it is hard to quantify which one has a more pro-
nounced effect as well as what happens when we slightly worsen
one of these but significantly improve the other mechanism.
This trade-off between the extraction and the effective lifetime
is present in almost all samples, as we will continue to discuss
throughout this section.

One of the most interesting findings is how differently the
NiO, :Cu behaves in the single-junction compared to the tandem
configuration. First, the tr-SPV amplitude of the NiO,:Cu at f=
1kHz is significantly decreased as we move on from the tr-SPV
measurement for single junctions (Figure 3a) to the measure-
ments for tandems (Figure 3b). Connecting the amplitude sup-
pression to the devices’ V,, we see that in the single-junction so-
lar cells, the NiO,:Cu has a small QFLS-V,_ deficit. However, in
the tandems, where the tandem’s V_ is the sum of the two sub-
cells V, -s, we see non-negligible V,_ losses. Poor extraction is not
very likely to be the cause for these losses since both tr-SPV and
TrPL indicate a superior extraction of the NiO,:Cu in the tandem
compared to the single-junction devices. The decreased effective
PL lifetime (from 7 = 0.9 to = = 0.5ps) in the tandems, which in-
dicates faster recombination in the tandems compared to the sin-
gle junctions, could partially explain why we detect V,_losses in
the tandems with NiO,:Cu. However, the effective lifetime is not
very likely to be the only reason for the worsened performance
of the NiO,:Cu, since NiO, + SAM has the same effective life-
time as NiO,:Cu, but statistically higher V,, while SAM yields
higher effective lifetime (0.7ps), but the V,_is in the same regime
as NiO,:Cu.

Looking at the tr-SPV measurement for NiO, + SAM in the
tandem configuration at f = 125kHz (Figure 3f), it might seem
like NiO, + SAM has delayed extraction compared to NiO, and
just as fast extraction as NiO,:Cu, since both NiO,:Cu and NiO,,
+ SAM reach their maxima at the same time and later than NiO,.
However, looking more closely at the TrPL measurements, we see
that NiO, + SAM, with its fast-decaying signal, exhibits a signifi-
cant improvement in the extraction compared to NiO, and up to
an extent, to NiO,:Cu. In addition, the extraction regime of NiO,,
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+ SAM actually improves when moving from a single-junction
to a tandem configuration, as seen by the much faster decaying
TrPL signal in the tandem (Figure 3h) than in the single-junction
(Figure 3f) configuration. Comparing the recombination regimes
of the NiO, + SAM and NiO,:Cu, we see that the effective PL life-
time of NiO,, + SAM decreases by around 30% (from 0.7 to 0.5ps)
and of NiO,:Cu by around 45% (from 0.9 to 0.5us) as we move on
from a single-junction to a tandem configuration (Figure 3f~h).

Moving onto the tr-SPV signal of SAM, one might expect that
the extraction with SAM in the tandems is more efficient than
the extraction of NiO, + SAM since the tr-SPV signal reaches
its minimum slightly faster than NiO, + SAM (Figure 3f). How-
ever, the smaller amplitude of the SAM tr-SPV signals compared
to the NiO, + SAM tr-SPV signals at f = 1kHz (Figure 3b) in-
dicates that NiO, + SAM would yield higher V,_in the tandem
solar cells. A closer look at the TrPL measurements indicates that
SAM does not extract the charge-carriers as effectively as NiO,
+ SAM (Figure 3h), explaining why SAM yields V,_ losses in the
tandems, despite the equal effective PL lifetime of 0.7us in the
single-junction and tandem configuration (Figure 3g,h) and the
slightly higher effective lifetime compared to NiO, + SAM (0.5ps)
and NiO,:Cu (0.5ps).

Therefore, the loss in V, for SAM-based tandem devices is be-
cause the higher effective PL lifetime cannot compensate for the
poor extraction. For the NiO, + SAM, the efficient and improved
charge extraction in the tandem devices compared to the single-
junction devices, can compensate for the 30% loss in effective PL
lifetime and yield relatively well-performing tandem devices. But,
for the tandem devices with NiO,:Cu the loss in the effective life-
time is 45% compared to the single-junction devices and despite
the fast charge extraction detected in the TrPL measurements,
NiO,:Cu leads to non-negligible V,_losses in the tandems.

In conclusion, we showed that NiO,:Cu + SAM is the only
HTL configuration that does not exhibit losses in the extraction
or in the effective PL lifetime as we change from an ITO to a
CIGSe substrate. The combined effect of efficient charge extrac-
tion and long effective PL lifetime with a QFLS equal to the sin-
gle junction’s V,, explains well why we obtain the statistically
highest V,, with NiO,:Cu + SAM in the tandem devices. For the
remaining four HTL configurations in the CIGSe-perovskite tan-
dem solar cells we reveal non-optimal charge-carrier dynamics
at the HTL-perovskite interface. SAM is the superior HTL for
the single-junction solar cells and enables the highest FF, but its
worsened extraction in the tandem solar cells limits the tandem’s
performance. NiO, experiences significant V, losses due to poor
extraction and charge trapping in the single-junction solar cells
and additional fast recombination in the tandem solar cells. The
V,. can be improved by diminishing the charge trapping either
by Cu doping or surface passivation with SAM, where the latter
one also improves the poor charge extraction of the NiO,. How-
ever, both NiO,:Cu and NiO, + SAM suffer a loss in the effective
PL lifetime when implemented in the tandems, indicating that
these HTLs induce unfavorable recombination in the tandem so-
lar cells.

However, it remains an open question why NiO,:Cu yields sta-
tistically lower V,. compared to NiO, + SAM, especially since
both HTLs display almost identical behavior in the tr-SPV and
TrPL measurements performed at f= 125k Hz (Figure 3f~h). Ad-
ditionally, it is unclear why the tr-SPV amplitude of NiO,:Cu at f=
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Figure 4. tr-SPV measurements at f = TkHz (solid green lines) and tr-SPV
simulations (dashed green lines) for a) single-junction configuration b)
and tandem configuration either with NiO,:Cu (light green) or NiO,:Cu +
SAM (dark green) as HTL.

1kHz is noticeably suppressed and the V,_ losses are increased as
we compare the single-junction (Figure 3a) to the tandem config-
uration (Figure 3b). We investigate these questions in the upcom-
ing sections, first by simulating the tr-SPV results and second by
performing XPS and UPS measurements.

2.3. tr-SPV Simulations

We fit the tr-SPV signals for NiO,:Cu and NiO,:Cu + SAM by us-
ing a simplified version of the kinetic model presented in [81].
Equations 1-5 in the Supplementary Information describe the
simulation model we use here. When these five equations con-
verge with Equation 6, which follows the experimental tr-SPV sig-
nal, we are able to extract information about carriers (re)injection,
interface trap concentration, and non-radiative recombination
defects concentration on the surface or in the bulk of the per-
ovskite. The fit and the experimentally-measured tr-SPV signals
are shown in Figure 4 below, while the extracted parameters from
the fitting are shown in Table 1.

Interestingly, NiO,:Cu + SAM and NiO,:Cu have a similar con-
centration of non-radiative defects in the single-junction and in
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Table 1. Main fitting constants of the simulation: N,,,, _ ,,4: concentration
of non-radiative recombination defects (both surface or bulk); N;,;: inter-
face trap concentration; Kj, or K,: hole or electron injection rate, respec-
tively; K, or K,,: hole or electron reinjection rate, respectively. STD is the
average standard deviation of the fit from the experimental SPV signal. The
simulated fits for the single-junction configuration deviate more signifi-
cantly from the experimental data compared to the tandem configuration
due to a more pronounced asymmetry in the experimental signals.

Substrate Interface N,y _ o Nips K, K, Kpp K,  STD
x10®  x10” x10° x10° x10° x10°
[em™] [m?] 1T T[99
ITO NiO,:Cu 5 5 5 0.6 0.2 9 17
CIGSe  + perovskite 7 20 5 0.5 8 6 7
ITO NiO,:Cu + SAM 6 8 10 2 2 0.5 14
CIGSe  + perovskite 6 4 10 0.6 4 5 4

the tandem configuration (N,,,, _ ,.¢ = (6 = 1) X 1083cm™), imply-
ing that SAM does not affect the rate of non-radiative recombi-
nation in the devices with NiO,:Cu as an HTL. Moreover, since
deep defects have been shown to act as non-radiative recombi-
nation centers that decrease the carrier density and the charge-
carrier lifetime,[®®) we can conclude that incorporating SAM on
top of the NiO,:Cu does not induce changes in the density of deep
traps in the perovskite bulk compared to the case when NiO,:Cu
is used as a stand-alone HTL.

However, the tr-SPV simulations also reveal that NiO,:Cu has
a four times larger concentration of interface traps (N,,,) in the
tandem (20X 102cm™3) than in the single-junction (5x 10'2cm=3)
configuration. The increased amount of interface/shallow traps
can also explain why NiO, :Cu yields half the effective PL lifetime
in the tandem configuration compared to the NiO,:Cu + SAM
(0.5us vs 1.1us, Figure 3h). Therefore, SAM passivates the sur-
face defects of the NiO, :Cu, such as the commonly-known NiZ *-
vacancy defects in the NiO_,[2*] and improves the NiO,:Cu in the
tandems in a two-fold manner. First, it doubles the holes injec-
tion rate (K,) of NiO,:Cu from 5% 10° to 10°s!. Second, it de-
creases the concentration of interface traps of the NiO,:Cu to a
fifth in the tandem configuration, down to 4x 10'2cm=3, consec-
utively enabling longer effective PL lifetime and higher V,_in the
tandem solar cells.

www.afm-journal.de

2.4. XPS and UPS Measurements

In this section, we perform XPS and UPS measurements and
take a closer look into the chemical and electronic properties of
the perovskite films deposited on two different substrates and
five different HTLs (Figure 5). The goal of these XPS and UPS
measurements is to gain insight into the chemical and electronic
properties of the perovskite films, bring the UPS measurements
in the context of band alignment, and discuss how the VBM/WF
shifts could possibly influence the previously-discussed charge-
carrier dynamics at the HTL-perovskite interface. For most of
the samples, the charge-carrier dynamics already indicated suffi-
ciently well why some HTLs were more favorable than others for
the devices’ performance. However, the differences in the charge-
carrier dynamics of NiO, + SAM and NiO,:Cu were very sub-
tle and not clear enough to explain why NiO,:Cu does not yield
as high V_ in the tandems as NiO, + SAM (Figure 3). The tr-
SPV simulations indicated that NiO,:Cu has a high concentra-
tion of interface defects in the tandem configuration, providing
one possible explanation as to why its performance worsens in
the tandem solar cells. The UPS measurements presented in this
section will provide one additional explanation: NiO,:Cu suffers
from band misalignment in the tandem solar cells, which can be
improved by the SAM surface passivation that induces energetic
changes in the perovskite’s bulk.

We first perform XPS measurements on the
Csg05(MAg 17FAg 3)0.05s Pb(Iy 33 By 17); perovskite film and mea-
sure all of its relevant XPS core peaks of iodine, lead, bromide,
nitrogen, and carbon (I 3d, Pb 4f, Br 3d, N 1s, and C 1s). The Cs
peak is too noisy due to low (< 2%) concentration of cesium in
the film. We then analyze whether altering the underlying HTL
or substrate results in changes in the chemical composition or
electronic properties of the perovskite surface. Such chemical
changes would be present if we detect alterations in the shapes
or relative intensities of the peaks, which upon fitting would
result in different elemental contributions on the perovskite
surface. On the other hand, if the shape of the peaks remains the
same, but all peaks are shifted on the binding energy scale by the
same value, then we are expecting respective electronic changes
in the film. We can additionally test if such electronic changes
are truly present by performing UPS measurements from which
we will extract the perovskite’s valence-band maximum (VBM)
and work function (WF). Finally, we point out that although we

triple-cation perovskite: Css(MA7FAg3)esPb(l53Br47)s

NiOx +SAM

NiOx:Cu

NiOx:Cu + SAM

Substrate: ITO or CIGSe

Figure 5. Sketch for the XPS and UPS measurements of the triple-cation perovskite film deposited on two substrates (ITO and CIGSe) and five HTLs
(NiO,, NiO, + SAM, NiO,:Cu, NiO,:Cu + SAM, and SAM, where SAM is MeO-2PACz. This results in a total of ten XPS/UPS measurements.
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Figure 6. XPS Measurements: | 3d core peaks in triple-cation perovskite with varying HTLs below it and a) on an ITO as substrate or b) on a CIGSe solar

cell as a substrate.

are measuring the perovskite surface, by altering the substrate
or the HTL, we expect information about the entire stack—be it
by diffusion of ions into the perovskite or by electronic changes
that originate at the HTL-perovskite interface and then influence
the perovskite surface, where we detect them.

In Figure 6 below, we show the iodine 3d (I 3d) emission peak
from the XPS measurements on the triple-cation perovskite film,
while in Table 2 we summarize the position of the main peaks
and the full width at half maximum (FWHM) after fitting the
13d peak. The first and most prominent observation is that all
XPS peaks exhibit much more noticeable shift when the differ-
ent HTLs are deposited on ITO than on CIGSe. These shifts are
similar for all detected photoemission peaks (as shown in Sup-
porting Information).

The first reason why this shift could happen is if the sample
was charging, for example due to a bad contact. This can happen
during XPS measurements due to the X-ray induced emission of
electrons from the sample, which need to be replenished in order
to keep charge neutrality. If this is not the case, positive charging
of the sample will lead to lower kinetic energies of the detected
electrons, which translates into a higher binding energy. We ex-
clude this as a reason since the measured resistance between the

Table 2. Main peak position [eV] and full width at half maximum (FWHM)
[eV] of 13d in triple-cation perovskite with varying hole-transporting layers
and substrates below it.

HTL Main Peak Position [eV] FWHM [eV]

ITO CIGSe ITO CIGSe
NiO, 620.00 619.97 1.52 1.50
NiO,:Cu 620.49 619.91 1.50 1.48
NiO, + SAM 619.77 619.87 1.49 1.49
NiO,:Cu + SAM 619.66 619.90 1.47 1.47
%hline SAM 620.08 619.87 1.47 1.48

Adv. Funct. Mater. 2023, 33, 2302924 2302924 (12 Of'|9)

sample and the clamp with a multimeter indicated a satisfactory
contact, as well as because the whole system is grounded in order
to diminish charging effects.

The second reason could be a change of the surface chemistry.
This option can also be excluded because a change in the surface
chemistry would affect the different elements on the perovskite
surface to a different extent, making a uniform shift both in mag-
nitude and direction highly unlikely.

Another option is a light-induced surface photovoltage due to
external light sources in the lab and in the measurement system.
However, when the XPS measurements were repeated in dark-
ness, the peak positions remained unchanged.

Therefore, we hypothesize that the reason for the less promi-
nent shifts in the binding energy of all emission peaks for the
CIGSe + HTL + perovskite compared to the ITO + HTL + per-
ovskite configuration is due to the lower doping density of the
CIGSe compared to the ITO. Different hole conductors with dif-
ferent dipole moments or trap concentrations lead to different
concentrations of charges accumulated at the interface between
perovskite and hole conductors. This behavior changes the bulk
Fermi-level position in the mostly-intrinsic perovskite, leading to
shifts in the binding energy of the I 3d emission peak when ITO is
used as a substrate, where any X-ray induced excitation of carriers
is quickly reversed by recombination due to the high doping den-
sity in ITO. However, when we have CIGSe in the back, the X-ray
induced excitation of carriers in CIGSe leads to charge accumula-
tion at the interface to the hole conductor. This happens because
of the intrinsic electric field at the CIGSe/CdS interface and the
low doping density in the CIGSe, leading to longer lifetimes of
carriers. These charge carriers (electrons) now compensate the
accumulated charges at the interface between perovskite and hole
conductors, leading to no observable shifts in the XPS measure-
ments.

In the case of the UPS measurements, which are character-
ized with a higher energy resolution and higher sensitivity to
variations in the valence band maximum (VBM), the UV radi-
ation is completely absorbed in the top-cell layers and does not
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b) Structure: CIGSe + HTL + perovskite

Figure 7. UPS Measurements: VBM, CBM and WF of triple-cation perovskite with varying HTLs below it (NiO, (+SAM), NiO,:Cu (+SAM), or SAM) a)

on an ITO as substrate or b) on a CIGSe solar cell as a substrate.

even reach the CIGSe. Therefore, there is no compensation of
charges since the UV radiation does not excite the CIGSe cell
in the way that X-rays do. The UPS measurements then reveal
true electronic changes within the perovskite film regardless of
the substrate (ITO or CIGSe), resulting in a maximum measur-
able variation of 0.4eV in the valence band maximum (VBM) and
0.8eV in the work function (WF)(Figure 7a,b). These electronic
changes can either lead to band banding or shifting of the Fermi
level within the perovskite’s bandgap. Fitting the I 3d core peak,
exemplary for all emission peaks, and connecting the results with
the VBM and WF changes (Figure 7), enable us to more carefully
1) analyze the shifts in the perovskite films as we keep an HTL
unchanged and change the substrate (e.g., from NiO,:Cu on ITO
to NiO,:Cu on CIGSe); or, 2) analyze the shifts in the perovskite
as we change the HTL, but keep the substrate unchanged (for ex-
ample, from NiO,:Cu to NiO,:Cu + SAM on ITO). Please note
that due to simplicity, in the upcoming discussion we will only
state the HTL, but the changes refer to the perovskite film with this
underlying HTL and not to changes in the HTL itself.

2.4.1. Influence of the Substrate on the HTL-Perovskite Interface

We start by comparing the shifts in the binding energy of the I 3d
peaks (Figure 6) to the changes in the UPS measurements (VBM
and WF, Figure 7) as we deposit the HTL and the perovskite first
on ITO and then on CIGSe. We find that the binding-energy
shifts are in relatively good agreement with the shifts either in
the VBM, in the WF, or in both (Table 3).

The only exception is NiO,, which with a negligible 0.03eV
shift in the binding energy of the I 3d peak does not correlate
well to the 0.7eV and 0.1eV shifts in the VBM and the WF val-
ues, respectively. Moreover, the perovskite measured on ITO with
NiO, yields the biggest VBM offset of 1.5eV, indicating that NiO,,
changes the nature of the perovskite film from an intrinsic to an
n** material. This prominent change could possibly result in an
energetic barrier, preventing the efficient charge extraction and
strengthening the charge trapping which we detected via the tr-
SPV measurements.

Adv. Funct. Mater. 2023, 33, 2302924 2302924 (13 0f19)

Table 3. Comparison of the shift in the binding energies of the | 3d XPS
peak positions (ABE = BE (10 4 HTL + pero) — BE(CiGSe + HTL + pero)) 1O the
shifts in the VBM (AVBM = VBM 170 1 i1 + pero) = YBM(ciGse + HTL + pero))
and the WF (AWF = WF 70 1 i71 + pero) — WF(CIGSe + HTL + pers)) OF the
triple-cation perovskite as we change the substrate from ITO to CIGSe,
but keep the HTL unchanged.

HTL ABE[eV] AVBM [eV] AWF [eV]
NiO, 0.03 0.7 0.1
NiO,:Cu 0.58 0.6 -0.1
NiO, + SAM -0.1 -0.1 -0.1
NiO,:Cu + SAM -0.24 0 0.1
SAM 0.21 -0.1 0.2

NiO,:Cu displays the most prominent shift in the I 3d bind-
ing energy as we switch from the ITO to the CIGSe substrate.
The 0.58eV shift in the iodine’s binding energy correlates well
to a 0.6eV shift in the VBM of the perovskite deposited on top
of NiO,:Cu (Table 3). This pronounced shift is already an indica-
tion that there is a strong change in the band alignment of the
NiO,:Cu to the perovskite as we deposit it on CIGSe. The en-
tanglement of the changes in the band alignment and the high
interface trap concentration (Table 1) could explain why we de-
tected a strong alteration in the tr-SPV signals and the devices
V,. (Figure 3).

Finally, depositing SAM on top of NiO, (:Cu) yields an XPS
shift to higher binding energy when changing from ITO to CIGSe
substrate. Furthermore, all samples with SAM exhibit small XPS
and UPS shifts in the range of 0.1 to 0.2eV that correlate well
enough with each other, indicating that the SAM-perovskite in-
terface is not as sensitive as the NiO, (:Cu)-perovskite interface to
a change in the substrate.

2.4.2. Influence of the HTL on the HTL-Perovskite Interface

For the perovskite films deposited on top of ITO + HTL
(Figure 7a), we detect absolute VBM values between 1.0 and
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1.5eV and WF values between 4.2 and 4.8eV. The bilayer of
NiO, (:Cu) + SAM yield the most-favorable WF of the perovskite
film, with a value of 4.8eV, and a VBM of around 1.0-1.1eV, mak-
ing these two measurements in relatively good agreement with
other perovskite’s WF and VBM values reported in literature.>*’]
The perovskite films deposited on SAM or NiO, :Cu differ by 0.1
to 0.2eV in their WF and VBM values.

For the perovskite films deposited on top of CIGSe + HTL
(Figure 7b), we detect VBM values between 0.8 and 1.2eV and WF
values between 4.1 and 4.9eV. Unsurprisingly, NiO,:Cu + SAM
HTL bi-layer once again enables optimal VBM and WF values of
the perovskite film. NiO, + SAM enables the largest WF of 4.9eV,
but a VBM of 1.2eV might not be optimal. NiO,, NiO,:Cu, and
SAM as stand-alone HTLs in the tandems suffer from low WF
(in the range of 4.1 to 4.5eV).

Next, we analyze more carefully the influence of SAM on the
NiO, (:Cu). Adding SAM on top of ITO + NiO,:Cu (Figure 7a)
results in an XPS shift to lower binding energy by 0.83eV, corre-
lating excellently to a total 0.9eV shift in the UPS measurements:
0.3eV shift in the VBM and 0.6eV increase in the WF. Adding
SAM on top of the ITO + NiO, results in an XPS shift to lower
binding energy by 0.23eV, which correlates well to a 0.2eV in-
crease in the WF. However, the favorable 0.4eV shift in the VBM

(VBMy;o = 1.5¢V vs VBMy;o i 54 = 1.1€V) remains unde-
tected by the XPS measurements.

Nevertheless, these UPS measurements show that passivating
the NiO, (:Cu) surface with SAM enables favorable changes in the
WEF and in the VBM or the perovskite film.

The situation in the tandems is similar since passivating the
NiO, (:Cu) deposited on a CIGSe cell yields a favorable 0.4eV in-
crease in the WF (Figure 7b). Interestingly though, SAM passi-
vation of the NiO,, and of the NiO,:Cu shifts the perovskite VBM
further away from the Fermi level by 0.4 and 0.3eV, respectively.
However, the 1.0eV VBM value of the perovskite on top of the
NiO,:Cu + SAM is more favorable than the 1.2eV VBM value ob-
tained with NiO,, + SAM.

Therefore, in both the single-junction and tandem configura-
tion we detect that passivating the NiO, (:Cu) surface with SAM
yields an increase in the perovskite’s WF. Similar findings for
the SAM passivation of ITO and the rise in the WF have been
ascribed to a surface SAM-induced dipole moment.”273! Sim-
ilarly, for NiO,, passivation with a diethanolamine (DEA) self-
assembled monolayer revealed that DEA enabled the formation
of a dipole on the NiO, surface and positively affected the NiO,-
perovskite interface by improving the perovskite’s crystallinity,
and by reducing the number of trap states and pinholes.[*®] Ad-
ditionally, as already discussed for the tr-SPV simulations, SAM
passivates the NiO, (:Cu) surface defects (oxygen or nickel vacan-
cies) through chemical bonding and enables faster charge extrac-
tion at the NiO, (:Cu)-perovskite interface.l+7]

2.4.3. Band Alignment of NiO,:Cu in Single-Junction Perovskite and
Monolithic CIGSe-Perovskite Tandem Solar Cells

Finally, it remains to bring these UPS measurements in the con-
text of band alignment. To better understand the influence of
the perovskite’s WF, but also why the NiO,:Cu has worsened
charge-carrier dynamics and V,, losses in the tandem devices, we
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cross-compare the band alignment of the NiO,:Cu in both single-
junction and tandem solar cells. We find that when we deposit
the NiO,:Cu on CIGSe instead of ITO, the WF decreases from
4.8 to 4.5eV, while the VBM increases (in absolute value) from
0.74 to 0.97eV (see Supporting Information). Combining this
data with the perovskite’s UPS measurements on top of NiO,:Cu
(Figure 7a,b), enables us to present the respective band diagrams
in Figure 8 below. Figure 8a,b shows an electronic structure of
ITO/AZO - NiO,:Cu - perovskite aligned with respect to the vac-
uum and before they are brought into (an electrical) contact. In
Figure 8c,d, we align the Fermi levels of the materials and discuss
the band alignment (in the dark) upon electrical contact among
the materials. We also note that the ITO Fermi level value was
retrieved from Figure 4 in [23], while the band structure for AZO
was retrieved from Figure 5 in [15].

As already discussed in the Introduction, the HTL in the
tandems has two functions: enabling holes separation and ex-
traction, and forming a recombination junction for an effective
recombination of holes from the top with the electrons from the
bottom cell. For these two processes to happen effectively, a favor-
able band alignment in the tandem solar cells is of paramount
importance. Ideally, the VBM of the NiO,:Cu should be higher
than the VBM of the triple-cation perovskite; however, as seen
in Figure 8d, the VBM of the NiO,:Cu lies unfavorably lower
than the VBM of the perovskite film. This is not the case in the
single-junction configuration shown in Figure 8¢, where the ITO
- NiO,:Cu - perovskite alignment yields better energetic compat-
ibility. With respect to the AZO - NiO,:Cu interface, we detect
a CBM(AZO)- VBM(NiO,:Cu) offset of 1.16eV, which yields an
energetic barrier which the carriers cannot tunnel through.

Therefore, we can conclude that the V, losses of the NiO,:Cu
in the tandem compared to the single-junction devices are not
caused only by an increase in the interface-traps concentration,
but also by a poor band alignment with energetic barriers at the
AZO-NiO,:Cu and NiO,:Cu-perovskite interfaces. However, pas-
sivating the NiO,:Cu surface with SAM positively influences the
overall band alignment, since depositing the perovskite on top of
CIGSe + NiO,:Cu + SAM results in a WF increase from 4.3 to
4.7eV and a VBM decrease from -0.7 to -1.0eV compared to de-
positing the perovskite on top of CIGSe + NiO,:Cu (Figure 7).
This means that the SAM passivation of the NiO,:Cu pushes the
HOMO of the perovskite from 5.0 to 5.7eV and therefore, im-
proves the band alignment with respect to the NiO,:Cu since
the VBM of the NiO,:Cu + SAM would then lay above the per-
ovskite’s HOMO. In other words, NiO,:Cu + SAM becomes the
most efficient HTL in the tandem solar cells because NiO,:Cu
acts as a shunt-quenching layer below the SAM, while the SAM
suppresses the NiO,’s surface traps and improves the NiO,’s
band alignment to the AZO and the perovskite film.

3. Conclusion

In conclusion, our work analyzed the charge-carrier dynamics
at the HTL-perovskite interface in order to understand its main
limitations and consecutively, optimize the HTL for monolithic
CIGSe-perovskite tandem solar cells. We investigated the perfor-
mance of five HTLs (NiO,, NiO,:Cu, NiO, + SAM, NiO,:Cu +
SAM, and SAM as a stand alone HTL) in a step-wise manner
and systematically analyzed the influence of the NiO,’s doping
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Figure 8. Band alignment of NiO,:Cu to ITO (LHS, for single-junction configuration) or AZO (RHS, for tandem configuration) and triple-cation per-
ovskite. Subfigures a,b): alignment to vacuum level, situation before the three materials are brought into electrical contact; c,d): alignment to the Fermi
level of ITO/AZO, situation without illumination after the three materials are brought into electrical contact.

and/or surface passivation on the overall device performance.
We then correlated the solar-cells performance of the p-i-n single-
junction perovskite and monolithic CIGSe-perovskite solar cells
to tr-SPV, TrPL, XPS, and UPS measurements, as well as tr-SPV
simulations, performed on a substrate + HTL + perovskite con-
figuration (substrate: either ITO or CIGSe).

NiO,:Cu + SAM is the most appropriate HTL for the tandem
devices, predominantly due to its satisfactory hole-extraction rate,
effective PL lifetime, and smaller amount of non-radiative re-
combination compared to NiO,:Cu. SAM passivates the NiO,:Cu
surface defects and enables faster hole extraction and signifi-
cant suppression of the interface-traps concentration. NiO,:Cu
+ SAM also yields an increase in the perovskite’s WF compared
to NiO,:Cu, most likely due to the effect of the SAM-induced
diplole at the interface, enabling an overall better band align-
ment in the tandem devices. All of these advancements at the

Adv. Funct. Mater. 2023, 33, 2302924 2302924 (15 0f19)

NiO,:Cu + SAM-perovskite interface resulted in a monolithic
CIGSe-perovskite tandems with a champion 1.7V V,, 71% FF,
and 23.4% PCE. In addition to this high efficiency, to the best
of our knowledge, this work is also the first successful demon-
stration of low-temperature sputtered NiO,:Cu in the monolithic
CIGSe-perovskite tandem solar cells.

The remaining four HTLs were found to be sub-optimal for
CIGSe-perovskite tandem applications. NiO, suffers from severe
interfacial electron trapping, poor extraction of holes, and signif-
icant QFLS-V,, deficit. The electron trapping can be suppressed
either by Cu doping or by SAM passivation, where the latter also
provides faster extraction of the holes. However, in the tandems,
NiO,:Cu suffers from more pronounced V,, losses than in the
single-junction devices, primarily due to a prominent increase in
the interface-traps concentration in the tandem compared to the
single-junction configuration with NiO,:Cu.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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The different NiO,:Cu behavior in the single-junction and in
the tandem solar cells demonstrates that optimizing an HTL
for single-junction solar cells might not always be the best ap-
proach if one wants to transfer the HTL to a tandem device,
since the changes at the HTL-perovskite interface caused by the
change in the underlying substrate will affect the whole tandem
device.

Finally, we point out that we correlate the charge-carrier dy-
namics at the HTL-perovskite interface and the chemical and
electronic changes on the perovskite surface to the performance
of the finished devices, but the electron-transport layers (ETLs)
that are placed on top of the perovskite in the finished devices will
induce electronic changes in the entire stack once again. There-
fore, in order to go beyond the current world-record monolithic
CIGSe-perovskite tandem devices, future work should also fo-
cus on understanding and surpassing the limitations of the ETL-
perovskite interface.

4. Experimental Section

Samples Preparation:  For the single-junction solar cells, pattered ITO
subjected to 15 min ultrasonic cleaning with soap, DI water, acetone, and
isopropanol was used. The cleaning procedure was finalized with a 15 min
UV-Oj3 cleaning. The CIGSe bottom solar cells were manufactured via a
co-evaporation process!®®! and with a RbF post-deposition treatment.!1%]
The 60nm-thick CdS layer was deposited by dipping the samples into a
60°C heated solution of DI water and Cd-acetate (2.5 mM, purity >98%),
thiourea (0.05 M, purity >99%) and aqueous ammonia solution (max. con-
tamination <260ppm, the ammonia was GPR RECTAPUR) until the CdS
grows via the reactions described in [101]. The intrinsic (i-ZO, 40nm), and
the aluminum-doped (AZO, 60nm) zinc oxide were deposited via radio-
frequency (RF) sputtering. The active area was defined with a P1 laser
scribe on the tandem surface in order to prevent current leakage in the
finished tandem devices. Unlike the ITO, the CIGSe solar cells were not
subjected to wet-chemical cleaning prior to the deposition of the HTL.

NiO, (15nm - 20nm) was deposited via a low-temperature, in-vacuum
RF sputtering process from a NiO, (99.9% purity, Nova Fabrica) or
NiO,:Cu target (2%Cu, Nova Fabrica) in pure Ar (99.999%) atmosphere,
at a power of 60W, pressure of (4.7 +0.7) X 10~3mbar, and ~ 5cm target-
to sample distance. The sputtering bias was constant during sputtering.
The samples were not annealed post-sputtering, since high temperatures
can cause a diffusion of the Cd from the CdS buffer layer into the CIGSe
absorber and destroy the cell’s performance. Post-sputtering, the samples
were transferred to and sealed in a N,-filled glovebox. The samples with
NiO, (:Cu) as a stand-alone HTL were then opened in another N,-filled
glovebox for the perovskite deposition.

The samples that were subjected to SAM deposition, underwent 15 min
Oj; treatment in a UV-O; cleaner before the SAM deposition. The UV light
was blocked by putting a glass cover on top of the samples. The SAM
used throughout this work was the MeO-2PACz ([2-(3,6-dimethoxy-9H-
carbazol-9-yl) ethyl]phosphonic acid) self-assembled monolayer. 100ul of
TmM SAM solution (MeO-2PACz powder >98% purity (TCl) dissolved in
anhydrous ethanol (VWR chemical)) were spin-coated at 4000 rps for 45 s,
after which the samples were annealed at 100°C for 10 min. The samples
were then transferred through N, for the perovskite spin-coating.

In order to truly understand only the influence of the HTL on the over-
all device performance and decouple it from other influences in the cell,
we investigate only one perovskite configuration throughout the work:
Cs0.05 (MAg.17FAg 83)0.95Pb (l0.83Bro.17)3 (CSMAFA), E, = 1.63eV.l'%2] Pbl,
and PbBr, salts (both with 99.99% purity, TCI manufacturer) were mixed
with a 4:1 ratio DMF:DMSO mixture (DMF: N,N-dimethylformamide,
DMSO: dimethylsulfoxid, Sigma-Aldrich manufacturer). The solutions
were then shaked overnight at 60°C. The following day, FAI salt (formami-
dinium iodide, 99.99% purity, dyenamo manufacturer) was mixed with a
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cooled Pbl, solution, yielding a FAPbl; (formamidinium lead iodide) so-
lution. Similarly, MABr (methylammonium bromide, 99.99% purity, dyen-
amo manufacturer) salt was mixed with the cooled PbBr, solution, yielding
a MAPbBr; (methylammonium lead bromide) solution. The Csl solution
was prepared by dissolving Csl salt (cesium iodide, 99.999% Cs) in DMSO
and without overnight shaking or heating. The final perovskite solution
was obtained by mixing three solutions: FAPbl;, MAPbBr;, and Csl into
one solution with the ratios presented in [102].

100ul of the perovskite solution were spin-coated at 4000 rpm for
40 s (out of which 5s were acceleration). 500l of ethyl acetate (anhy-
drous, 99.8% purity, Sigma Aldrich manufacturer) were dropped as an
anti-solvent 25 s after the start of the spin-coating. The perovskite films
deposited on top of the ITO + HTL configuration and the CIGSe + HTL
configuration were annealed at 100°C for an hour and half an hour after the
spin-coating, respectively. Next, 23nm and 20nm of Cg, was evaporated
on the single-junction and on the tandem devices, respectively. Afterward,
the tandem devices receive a 20nm ALD-deposited SnO, at 80°C, 100nm
sputtered IZO, twice a 100nm Ag-ring evaporation to define the 1.08cm?
area of the tandem device, and finally 100nm LiF evaporation to provide an
anti-reflective coating. Opposed to the tandem devices, after the Cg, evap-
oration, the single-junction devices receive an 8 and 100nm of evaporated
BCP layer and Cu grid, respectively.

Characterization Techniques: The current density-voltage (JV) measure-
ments of the tandem devices were performed in air with a 12 LED sun
simulator (Wavelabs manufacturer, class AAA). The calibration was done
with a KG3 silicon reference cell and the samples were kept at temperature
of 25°C throughout all of the measurements. The single-junction JV mea-
surements were performed in a N, glove box using an Oriel class ABB
sun simulator under a simulated illumination of an AM 1.5G spectrum.
Each single-junction and tandem solar cell was measured without previ-
ous light-soaking or biasing in both a forward-bias (Vy,; < V,n4) and in
reverse-bias (Vg > V,,g) scan direction.

The external quantum efficiency (EQE) measurements were performed
with a home-built three-LED (blue, red, green) set-up, in a 300-770nm
and 500-1250nm wavelength range for the perovskite and the CIGSe cell,
respectively. The reflection (R) was measured by performing small-spot re-
flection measurements with a PerkinElmer Lambda 1050 dual-beam pho-
tometer with an integrating sphere in the spectral range from 300 to
1250nm. Both the EQE and the R measurements were performed with a
10nm wavelength step.

For the transient surface photovoltage (ir-SPV) and time-resolved pho-
toluminescence (TrPL) measurements, we deposit the five HTLs either on
ITO substrate or on a CIGSe cell, identical to the one used in the CIGSe-
perovskite tandems devices. We then spin-coat the perovskite on top of the
HTL in an identical manner as explained above, but omit the top electron
layers since they can strongly influence both measurements.

The TrPL measurements were performed with a 660nm pulsed laser
diode with an excitation spot diameter of ~#110um and an averaged inten-
sity of 100nW. The emitted photoluminescence was selected by a 700nm
long-pass filter and the time-correlated single-photon counting technique
enabled a signal recording for around 4ps. The injected carrier concen-
tration (averaged over the perovskite absorber thickness of ~#500nm) was
~10"cm™3 per laser pulse for a TrPL repetition rate of 125 kHz. This cor-
responds to ~ 1 sun condition. More information on the set-up can be
found in [97].

The tr-SPV measurements were performed with a pulsed 515nm exci-
tation laser light with a 5mm spot size. The photo-excitation was done
from the perovskite side. The repetition rate of the excitation pulse was
either TkHz or 125 kHz, where the latter was correlated to the TrPL mea-
surements. The 125 and 1kHz measurements yield signals up to 8 and
1000us, respectively. The fluence was controlled with neutral density filters
and monitored with a power meter. The SPV signal was measured in the
configuration of a parallel plate capacitor, consisting of a quartz cylinder
partially coated with the SnO,:F electrode and mica sheet as an insulator.
Same as for the TrPL measurements, the injected carrier concentration
(averaged over a perovskite thickness of ~500nm) was ~1015cm~3 per
laser pulse for the tr-SPV measurements at 125 kHz. More information on
the tr-SPV set-up can be found in [81, 90].

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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The X-ray photoemission spectroscopy (XPS) and the ultraviolet photoe-
mission spectroscopy (UPS) were performed on the same ten stacks (two
substrates and five HTLs) as the tr-SPV and TrPL measurements. We point
out, however, that the XPS/UPS measurements were not performed on the
same samples on which the tr-SPV/TrPL measurements were done. Since
XPS and UPS were extremely sensitive to surface contamination, we per-
form air-free transfer of the perovskite films from the N,-filled glove box
where they were prepared to the in-vacuum XPS/UPS system. Thus, we en-
sure that the XPS core peaks as well as the WF/VBM were not influenced
by contamination or varying air humidity. For the XPS measurements, we
use an XR-50 X-ray source from SPECS with a Mg Ka anode (1253.6eV)
at a power of 150W and a CLAM 4 electron analyser from VG at a pass
energy of 20eV. For the UPS measurements we use an UV Hel (21.2eV)
source and a 2.5eV pass energy. For details on the XPS/UPS setup, refer
to [103]. The errors of the XPS and UPS measurements were obtained from
the fitting procedures.

The atomic force microscopy (AFM) pictures/3D maps show the sam-
ples surface morphology of a representative 20 by 20 um area. They were
recorded using a XE-70 SPM with a silicon tip (PPP-NCHR) in dynamic
mode. The raw data was visualized with the free software Gwyddion.

The scanning electron microscope (SEM) was a Zeiss Merlin FE-SEM. The
SEM images were made with different magnificaions (can be read from un-
der the SEM images in Supporting Information) and at accelerating volt-
ages of SkeV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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