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The rapid rise of perovskite solar cells (PSCs) is increasingly limited by the available charge-selective
contacts. This work introduces two new hole-selective contacts for p—i—n PSCs that outperform all typical
p-contacts in versatility, scalability and PSC power-conversion efficiency (PCE). The molecules are based on
carbazole bodies with phosphonic acid anchoring groups and can form self-assembled monolayers (SAMs)
on various oxides. Besides minimal material consumption and parasitic absorption, the self-assembly process
enables conformal coverage of arbitrarily formed oxide surfaces with simple process control. The SAMs are
designed to create an energetically aligned interface to the perovskite absorber without non-radiative losses.
For three different perovskite compositions, one of which is prepared by co-evaporation, we show dopant-,

Received 17th July 2019, additive- and interlayer-free PSCs with stabilized PCEs of up to 21.1%. Further, the conformal coverage
Accepted 23rd September 2019 allows to realize a monolithic CIGSe/perovskite tandem solar cell with as-deposited, rough CIGSe surface
DOI: 10.1039/c9ee02268f and certified efficiency of 23.26% on an active area of 1 cm?. The simplicity and diverse substrate

compatibility of the SAMs might help to further progress perovskite photovoltaics towards a low-cost, widely
rsc.li/ees adopted solar technology.

Broader context

Perovskite-based photovoltaics promises three main benefits: low cost, high efficiency and large versatility. However, combining all three factors into one solar
cell design is still a difficult endeavor. In particular, one of the main bottlenecks towards large-scale production is the available choice of hole-selective contacts.
The best standards in both polarities, n-i-p (Spiro-OMeTAD) and p-i-n (PTAA), are highly unsuitable for commercial production due to their very high prices
and limited processing versatility. Thus, with this work, we present a new generation of self-assembled monolayers (SAMs) as hole-selective contacts that are
intrinsically scalable, simple to process, dopant-free and cheap. In addition, they enable highly efficient p-i-n perovskite solar cells and a record-efficiency
monolithic perovskite/CIGSe tandem device. While self-assembly offers the crucial advantage of conformally covering rough surfaces within a self-limiting
process, one of the herein used SAMs creates an energetically well-aligned interface to the perovskite absorber with minimal non-radiative recombination. Our
model system further provides insights into the influence of molecular design on surface passivation and open-circuit voltage, beneficially adding to future
prospects of rationally engineering perfect charge-selective contacts.
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Introduction

Metal-halide perovskites triggered intensive research activities
throughout the last 5 years with over 3000 published papers on
perovskite solar cells (PSCs) only in 2018." Typical metal-halide
perovskite absorbers are composed of a mixture of different
cations (methylammonium MA, formamidinium FA, Cs, Rb etc.)
and anions (I, Br~, Cl7). These compositions have attracted
attention due to their outstanding optoelectronic properties
including a steep absorption onset together with strong solar
absorption® and high defect tolerance.>* Furthermore, the low
non-radiative recombination rates enabled voltage deficits that
are only ~65 mV below the radiative limit,” which is striking
for a material processed at low temperatures of around 100 °C.
The perovskite layers can be fabricated through a variety of
techniques, including vacuum deposition by co-evaporation®
and versatile solution processing methods like spin coating or
printing.” The relatively high band gap of 1.6-1.7 eV, together
with the ability of band gap tuning by compositional
engineering,® also renders these materials suitable for integra-
tion into tandem solar cell architectures to overcome the
efficiency limit of single solar cells.” In efficient tandem
devices, the PSC is used as the top cell absorber with either
crystalline silicon,"”™" Cu(In,Ga)Se, (CIGSe)">" or a Sn-based
perovskite forming the lower band gap bottom cell.**

Although highest reported power conversion efficiencies
(PCEs) of over 23% are demonstrated for PSCs with the
“regular” n-i-p device architecture,'> the p-i-n (so called
“inverted”’) architecture is gaining increasing popularity due
to its ease of processing and superior suitability for perovskite-
based tandem solar cells."®™® Moreover, p-i-n PSCs carry the
promise of low-temperature fabrication, high stability®® with-
out the use of dopants that cause degradation,*'>* low current-
voltage hysteresis** and compatibility to flexible substrates.>*"*
However, compared to their n-i-p single junction counterparts,
p-i-n PSCs still lack behind in maximum power-conversion
efficiency. This is predominantly due to a higher loss in potential,
i.e., energetic difference between open-circuit potential (eVpc, with
elementary charge e) and band gap. This loss was identified to be
dominated by the interfaces to charge-selective contacts.”” Thus,
recent efforts were dedicated to reduce these losses through
surface passivation, mostly by processing nanometer-thick inter-
facial layers between absorber and charge-selective contacts.”®™*
Recently, changes of the perovskite precursor (e.g:, addition of Sr*®
or an organic molecule with passivating functional groups,*® or a
substitution® of Pbl,) led to open-circuit voltages of well over
1.20 V with comparable loss-in-potential values as obtained in
best n-i-p PSCs. However, the mentioned strategies often require
finely tuned processing that might be complicated to implement
on a large scale. Additionally, for most high-Voc approaches,
acceptable stability of the PSCs has yet to be shown.

In the scope of future high-throughput commercialization, it
is crucial to keep the simplicity and robustness that p-i-n PSCs
exhibit even at high PCEs > 20%. Additionally, it is desirable to
minimize parasitic absorption and to use low-cost materials
that are suitable for a variety of substrates with arbitrary
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surfaces and large areas, in order to expand the fields of PSC
applications. These ambitions could be realized by using self-
assembled monolayers (SAMs) as charge-selective contacts:
the required material quantities are minimal; the substrate
compatibility is manifold and process control is simple, with
the molecules autonomously forming a functional layer in a
self-limiting process by design. Functionalization of surfaces
with SAMs already has a rich history in surface chemistry.>”°
With the rise of miniaturized electronics, e.g., SAM-based field-
effect transistors were built.*>*" After first occurrences in PSCs
as electrode modifications, the first hole-selective SAMs
were introduced in 2018.***> These molecules covalently bind
to the transparent conductive oxide (TCO), e.g., indium tin
oxide (ITO), on which the perovskite absorber crystallizes.
Due to their hole-selectivity, the SAMs can replace the classical
hole-transporting layer. To date, however, the SAMs in PSCs did
not enable high PCEs of over 20% that would surpass those
reached with the typically used polymeric hole contact material
PTAA (poly[bis(4-phenyl)(2,4,6-trime-thylphenyl)amine]). Here,
we reach this important objective by using a new generation of
SAMs in which the molecules are based on carbazole bodies
with phosphonic acid anchoring groups.

We show that the SAMs act as simple hole-selective contacts
that can be prepared by classical dip-coating or spin-coating
within wide processing windows. By replacing PTAA with
a SAM, we demonstrate a maximum PCE of over 21%, which
is comparable to current record-efficiencies in the p-i-n
architecture.?”***® Notably, this PCE is achieved without any
perovskite post-treatments, additives, dopants or interlayers
that are usually used for high PCEs after delicate fine-tuning.
Ultraviolet photoelectron spectroscopy reveals that both new
SAMs show a stronger hole-selectivity than PTAA, and photo-
luminescence (PL) studies show that the SAM/perovskite inter-
face does not introduce non-radiative losses. This enables a V¢
of up to 1.19 V and a PL decay time of ~2 ps. The investigated
SAMs work efficiently for three different perovskite composi-
tions, including a 19.6%-efficient PSC which is fabricated by
co-evaporation, assuring that hole-extraction by SAMs is a uni-
versal approach. We further demonstrate that self-assembly leads
to conformal coverage of rough surfaces like as-deposited CIGSe.
By integrating a SAM into a tandem architecture, we realize a
23.26%-efficient monolithic CIGSe/perovskite tandem solar cell
(certified) with an active area of 1.03 cm®, embodying a low-cost,
facile way of realizing all-thin-film tandem solar cells, which has
proven to be a hard endeavor in the past.***’

42,43

Results

A schematic representation of the used p-i—n device structure is
displayed in Fig. 1a. The glass/ITO serves as a substrate for
covalent bonding of the molecules to the ITO, forming a SAM.
Afterwards, the perovskite is deposited on top of the SAM. As
the electron-selective contact, Ceo is thermally evaporated on
top of the perovskite absorber. The device is completed by
thermal evaporation of a bathocuproine (BCP)/Cu electrode.

Energy Environ. Sci., 2019, 12, 3356-3369 | 3357
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Fig. 1 Solar cell device architecture and molecule structures investigated in this work. (a) Schematic of the investigated device structure. The zoom-in
visualizes how the SAM molecules attach to the ITO surface and therefore enable the hole selective contact to the perovskite above. (b) Molar extinction
coefficient of solutions in tetrahydrofuran containing the different hole-selective contact materials at a concentration of 0.1 mmol [ (c) Chemical
structure of the SAM molecules V1036,** MeO-2PACz (d) and 2PACz (e). (f) Chemical structure of the typically used polymer PTAA.

More details on sample fabrication and methods are provided
in the supporting information. Fig. 1c-e displays the molecular
structures of the molecules that form the SAMs. Fig. 1f shows the
molecule structure of PTAA, which is currently used in the highest
performing p-i-n PSCs in literature.””***® PSCs with V1036 ((2-{3,6-
bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-yl}ethyl)phosphonic
acid) were already investigated in our previous work.** MeO-2PACz
([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl|phosphonic acid) and
2PACz ([2-(9H-carbazol-9-yl)ethyl]phosphonic acid) are new
molecules based on a carbazole moiety.

Carbazole derivatives have been studied, e.g., for their
electron-localizing and thus hole-selective properties,*® starting
from first applications in electro-photographic devices. Since
then, a huge variety of carbazole-based conductive polymers
and molecular glasses has been synthesized and characterized.*’
Currently, the carbazole fragment is widely adapted in the synthesis
of new materials used in organic light-emitting diodes,*® and, more
recently, in PSCs.”* Organic phosphonic acids (PA) are known to
form strong and stable bonds on, e.g., ITO surfaces,”>* enable
reliable work function modifications and can principally form
bonds to any oxide surface.”>™ In particular, it was calculated
for the case of TiO, that PA has the strongest binding energy
among all studied anchoring groups.*® Strong bonds like these
enable exceptional stability of the formed monolayers.> In the
frame of perovskite photovoltaics, it has been shown that organic
PAs on ITO are stable under continuous solar cell operation for at
least 1000 h.® Fig. 1b presents the absorption spectra of all used
molecules in a tetrahydrofuran solution. The new SAMs 2PACz and
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MeO-2PACz show reduced absorption in the visible wavelength
regime as compared to PTAA or V1036. The synthesis of these
carbazole derivatives was conducted following a simplified version
of the previously published synthesis procedure used for V1036 (see
Fig. S1 in the ESI$).** In comparison to V1036, the reaction scheme
is one step shorter, no metal-based catalysis was required, and
inexpensive, commercially available starting materials were used.

The classic method to coat oxide surfaces with a SAM is to
immerse the substrates for several hours into a solution con-
taining the material, optionally under heating of the solution to
accelerate binding to the surface. Some molecules, such as the
ones used in this work, can also form a dense monolayer simply
by spin-coating the solution with a suitable concentration,
as was previously described by Nie et al®' The process is
intrinsically self-limiting, since the PA groups only attach to
sites on the surface where there is still blank oxide. Following
previous studies, we assume that the self-assembly is ordered
and stabilized by n-rn interactions between adjacent carbazole
fragments, in contrast to an ordering that is dominated by van
der Waals forces in long-chain aliphatic monolayers.®>™®*
We investigated solar cells with SAMs formed both by classical
dip-coating and spin-coating and did not observe significant
differences in solar cell performance between both methods
(Fig. S2 in the ESIt). This indicates SAMs of similar surface
coverage in both cases. Dip-coating is more suitable for large-
area application and conformal coating of textured or rough
substrates, while spin-coating is useful for high-throughput
optimization in laboratory workflows.

This journal is © The Royal Society of Chemistry 2019
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The SAM films obtained from both methods show similar
properties in reflection-absorption infrared spectra (RAIRS) mea-
sured on ITO substrates as presented in Fig. 2. RAIRS is a
molecule-specific, surface-sensitive technique, which allows for
probing the structure and bonding of adsorbed molecules on
metallic substrates with sub-monolayer sensitivity.> Here we use
the reflection signal (R), normalized to the signal of a bare ITO
substrate (R,), to detect the absorption bands of the molecular
vibrational modes of the SAM components. By comparing to
density functional theory (DFT) calculations (see Fig. S4 and S5,
ESIF) and previous reports,’®”® we assign the individual absorp-
tion bands to the specific molecular bonds. In general, the
observed bands fit to the ones expected from the molecular

Spin-coating == Bulk
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structure of the SAM molecules. For instance, in the V1036
spectrum in Fig. 2a, the strong band near 1511 cm ' can be
assigned to C—C in-plane stretching vibrations of aromatic rings
of the carbazole structure with some contribution from C=C
in-plane stretching vibrations of p-methoxy-phenyl groups.®®°®%7°
The second strongest band of V1036 near 1246 cm ' can be
associated with C-N stretching vibrations.””*® Both MeO-2PACz
and 2PACz exhibit two bands located near 1490-1494 cm™" and
1466-1483 cm ™" which are associated with carbazole ring stretching
vibrations. Characteristically, 2PACz exhibits two carbazole ring
stretching modes at 1242 and 1347 cm™ ' and MeO-2PACz a
frequency mode at 1582 cm™ ' that is associated with the asym-
metric stretching vibration of rings with adjacent methoxy groups.®
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Infrared and X-ray spectroscopic characterizations of SAM-coated ITO substrates. (a—c) FTIR spectrum of the SAM molecule bulk material and

reflection—absorption infrared spectra (RAIRS) of monolayers on Si/ITO substrates. (a) Spectra of V1036, MeO-2PACz and 2PACz from spin-coating on
Si/ITO substrates, after washing with ethanol and chlorobenzene. (b) Comparison between V1036 bulk material vs. SAM formation from spin-coating and
dip-coating. Inset: Detail spectrum in which the monolayer fingerprint (P—O to metal bond) is visible as a broad peak at 1010 cm™. (c) Effect of the
washing step on the RAIRS spectra on spin-coated SAMs. MeO-2PACz and 2PACz already show the monolayer fingerprint without washing. (d) X-ray
photoelectron spectroscopy (XPS) spectra of the Cls region, in which the solid line shows the fit to the data and the dotted lines show the components
thereof. The additional methoxy group that defines MeO-2PACz in comparison to 2PACz is visible as an additional peak near 286 eV that is assigned to
carbon species in C-O-C bonds.
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Importantly, the RAIR spectra show a signature of mono-
layer formation by detection of the bound PA functional group,
which is the covalent link between hole-transporting fragment
and metal oxide. In our previous work, we concluded the
absence of multilayers by comparing absorption measurements
to optical simulations.** This conclusion is further supported
by the shown RAIRS analysis. Fig. 2b presents the RAIR spectra
for molecules of V1036, comparing monolayers on ITO that are
derived from spin- and dip-coating, versus the bulk Fourier-
transform infrared (FTIR) spectrum obtained from the powder
pressed into a KBr tablet. While the main spectral features are
the same for all three materials, the monolayers, in contrast to
the bulk material, exhibit a broad feature in the RAIR spectrum
at 1010 cm™ " (see inset in Fig. 2b). Both monolayers formed
from spin- and dip-coating of V1036 show this band, while the
bulk material of V1036 only shows a small shoulder and a
slightly shifted spectrum compared to the monolayer spectrum.
In conjunction with previous reports,”"”* we can assign the
peak at 1010 cm ™' to P-O species bound to ITO. The appear-
ance of this peak, together with the disappearance of the P-OH
peak that is prominent in the bulk material at ~950 cm™*
(see Fig. S4 and S5, ESIt), provides evidence for deprotonation
of the phosphonic anchoring group and monolayer formation.

After spin-coating the SAM solution and heating the sub-
strates at 100 °C for 10 min, the substrates are typically washed
with the solvent that dissolves the molecules (here ethanol) to
remove any molecules that did not bind to the oxide surface.
The effect of this is visible in Fig. 2c. Here, the RAIR spectra are
shown for ITO samples on which the different SAM solutions
were spin-coated, with and without washing the substrates
afterwards. For V1036 (upmost curve), the intensity drops by
a factor of ~7 after the washing procedure, and the character-
istic P-O absorption shoulder, i.e., the monolayer fingerprint,
appears at 1010 cm™'. However, with MeO-2PACz and 2PACz,
we notice that the washing step only slightly decreases the
intensity of the absorption bands and the monolayer finger-
print is already present without washing. Thus, we conclude
that simply spin-coating MeO-2PACz and 2PACz solution with a
concentration of roughly 0.5-1 mmol 17" and subsequent
heating of the substrate is sufficient for obtaining a monolayer
of the material. Indeed, a wide window of concentrations
(at least between 0.5 mmol 17" and 3 mmol 177, see Fig. S3,
ESIY) of the solutions is found for which no extra rinsing step is
required to obtain equivalently performing PSCs. This large
processing window further adds to the simplicity of the here
presented process strategy and highlights the robustness of
monolayer formation with the new SAMs.

As another surface-sensitive technique, we utilized X-ray
photoelectron spectroscopy (XPS) to detect the atomic species
on the SAM-coated substrates. Fig. 2d shows the X-ray photo-
electron spectra in the C1s binding energy region of the
investigated SAMs on glass/ITO substrates. While the bare
ITO substrate shows almost no signal in this region (see
Fig. S14, ESIf), the SAM-coated substrates show characteristic
signals that can be fitted with 4-5 peaks with a mixed Lorentzian/
Gaussian lineshape and a linear background. The strongest peak
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can be assigned to aromatic carbon (C-C, C-H) with relative peak
areas of 0.57, 0.38 and 0.42 compared to the area of the sum of
all peaks for 2PACz, MeO-2PACz and V1036 respectively, each
indicating the ratio of the atomic specie to the sum of atoms in
the molecule structure. The second strongest peak arises from
carbon atoms bonded to nitrogen (C-N), with relative peak
areas of around 0.3, 0.27 and 0.28 for 2PACz, MeO-2PACz and
V1036, respectively. For MeO-2PACz and V1036, an additional
peak is present compared to 2PACz (0.21 relative peak area for
MeO-2PACz and 0.16 for V1036), at an energy corresponding to
ether functional groups.”® In this case, it can be assigned to C
atoms in C-O-C bonds, since methoxy groups are present only
for MeO-2PACz and V1036. This is in conjunction with an
additional analysis of the Oxygen specie in Fig. S12 of the ESL.
Regarding the peak between the respective C-O-C and C-P
assignments, we hypothesize that it might stem from the C
atoms bonded to three other C atoms in the carbazole fragment
(4a and 4b positions). Overall, the trend of relative peak areas
compared between the different SAMs is in line with the counts
of atoms in the molecule structures depicted in Fig. 1c-e.

Perovskite solar cell performance

For comparing the performance and device-relevant character-
istics of SAM-based solar cells, we chose to focus our analysis
on the so called “triple cation” perovskite absorber’® Cs;(MA,.
FAg3)o5Pb(Ig3Bry7); (CsMAFA), which is widely used due to its
high reproducibility. The various hole-selective contacts (HSCs)
are compared using the device design as shown in Fig. 1a. Since
the polymeric hole transport material PTAA is currently being
used in the highest-performing p-i-n PSCs,*”***® we compare
the SAM-based cells to PTAA-based PSCs and analyze the
perovskite film and device properties. To keep the devices as
simple as possible, the SAM and PTAA cells do not contain any
interfacial compatibilizers, additives or doping. As such, our
PTAA control cells are comparable to state-of-the art ones as
found in literature.>”"””

Fig. 3a shows J-V characteristics under simulated AM 1.5G
illumination of best PSCs obtained on the respective HSCs in
forward (Jsc to Voc) and reverse scan (Voc to Jsc) direction, with
continuous maximum power point (MPP) tracks in the inset.
Their photovoltaic parameters are summarized in Table 1.
A statistical comparison of the PCEs is plotted in Fig. 3¢ with
41-53 solar cells per HSC (other device metrics in Fig. S7 in the
ESIt). From the J-V curves, we obtain that hysteresis is overall
negligible with MPP-tracked efficiencies close to the respective
J-V scan values and the fill factor (FF) is overall comparable at
around 80% between all PSCs. Fig. 3b displays the external
quantum efficiencies (EQEs) of the best devices as well as the
integrated product of EQE and AM 1.5G spectrum. The Jsc
values from EQE integration have a negligible difference to the
Jsc values obtained from the J-V scans (~1%). The most
striking difference between the HSCs is visible in the open-
circuit voltage (Voc), with a difference of 63 mV between PTAA
and 2PACz. For the most efficient 2PACz solar cell, a V¢ of
~1.19 V is measured, which is among the highest for this
perovskite composition and device architecture, and the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Device-related analysis of SAM-based solar cells in comparison to state-of-the-art PTAA solar cells with triple cation perovskite absorber. (a) J-V

curves under simulated AM 1.5G illumination at a scan rate of 250 mV s~

Lin forward (Jsc to Voc, dashed) and reverse scan (Voc to Jsc, solid) with

respective MPP tracks in the inset. (b) External quantum efficiency (EQE) spectra of best solar cells and corresponding integration of the product of EQE
and AM 1.5G spectrum (right axis). (c) Box plot of power conversion efficiency (PCE) values for 41 V1036, 53 PTAA, 47 MeO-2PACz and 46 2PACz solar
cells. (d) Typical J-V curves measured under dark conditions of the respective hole-selective contacts.

Table 1 Photovoltaic parameters from J-V scans under illumination in
reverse scan direction together with the efficiency of MPP tracking of best
CsMAFA perovskite solar cells based on the different investigated hole-
selective contacts

Jsc Jsc.EQE  Voc FF  PCE PCE
HSC (mAem™2) (mAcem™2) (V) (%) (J-Y) (%) (MPP) (%)
V1036 21.2 21.1 1.041 79.3 17.5 16.9
PTAA 21.5 21.7 1.125 79.3 19.2 18.9
MeO-2PACz 22.2 22.5 1.144 80.5 20.4 20.2
2PACz 21.9 21.9 1.188 80.2 20.9 20.8

highest for CsSMAFA cells without interlayers, dopants or addi-
tives. Overall, the PCE trend resembles the increase in Vo and
both MeO-2PACz and 2PACz solar cells surpass the efficiency of
PTAA cells, with 2PACz yielding the highest efficiency of 20.9%
in J-V scan and 20.8% in the maximum power point (MPP)
track. One of the 2PACz cells was masked, encapsulated and
sent to Fraunhofer ISE for certification (see Fig. S23-S25 (ESIt)
and red star in Fig. 3c). The certified MPP performance
of 20.44% is close to our in-house measurement of 20.7% of
that specific cell, validating our analysis. Interestingly, all
SAM-based cells show a lower leakage current compared to a

This journal is © The Royal Society of Chemistry 2019

champion PTAA cell with a ~10 nm thick PTAA polymer film
(see Fig. 3d). This finding demonstrates that the formed SAMs
are dense enough (with regard to number of molecules per
surface area) to provide efficient rectification, even though this
is just one molecular layer covering the ITO surface.

Energetic alignment

As shown above, both 2PACz and MeO-2PACz enable higher V¢
values in solar cells compared to PTAA. Changes in Voc can
have a variety of origins, most importantly changes of the bulk
properties and of the non-radiative recombination velocities at
one or both interfaces. The latter can be caused by either a
higher selectivity due to more favorable energetic alignment
and/or less defect states at one or both interfaces to the
respective charge-selective contacts. Changes in the bulk prop-
erties (e.g., density of trap states) could be caused by altered
crystallization of the perovskite film. Since the perovskite film
crystallizes on top of various HSCs here, the morphology of the
perovskite is analyzed with scanning electron microscopy
(SEM) images and X-ray diffraction (XRD) patterns (Fig. S9
and S10, ESIt). No obvious differences in the grain morphology
and X-ray diffractograms are observed. Moreover, we estimate
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the so-called Urbach energy, which is given by the slope of the
exponential increase of the absorption edge,>”® to be around
16 + 2 meV measured on PSCs based on all four HSCs
(obtained from EQE, see Fig. S11, ESIt). The Urbach energy is
a measure of electronic disorder in the absorber material,
and has been associated with the crystalline quality of lead
halide perovskite thin films.”*® Thus, since we observe neither
significant differences in the Urbach energy, XRD, nor coarse
grain morphology between the perovskites grown on the inves-
tigated HSCs, we conclude that the HSCs do not significantly
alter the bulk film properties of the herein used CsMAFA
perovskite.

To assess the energetic properties of the studied HSCs in
relation to the perovskite absorber, we performed ultra-violet
photoelectron spectroscopy (UPS) on ITO/HSC and on CsMAFA
samples. We can thus compare the positions of the HSC’s

View Article Online
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HOMO (highest occupied molecular orbital) to the perovskite’s
valence band maximum (VBM). Furthermore, adding the band
gaps of the materials estimated from the absorption edge
(Fig. 1b), we can also calculate the positions of the HSC’s
LUMO (lowest unoccupied molecular orbital) and compare it
to the perovskite’s conduction band minimum, CBM. The
spectra are shown in Fig. S18 and S19 (ESI{) and a summary
of the results is schematically displayed in Fig. 4a, referenced to
the vacuum level. The valence band or HOMO onset values are
given in the lowermost row and the work function (i.e., difference
between vacuum and Fermi level) values in the upmost row.

All SAMs show a p-type character in the energetic diagram.
Comparing the valence band onset of the perovskite absorber
to the HOMO levels of the HSC layers, it is apparent that
MeO-2PACz and 2PACz are energetically more hole-selective
than PTAA, due to the higher energetic barrier for electrons,

a
V1036 PTAA MeO-2PACz 2PACz Perovskite
L R ——
Nag X A X A A
4.4 4.3 4.6 5.0 4.7
LUMO
2.8 3.0 32 35
| I [S——— RN IR F I I E
= A v 16 i} CBM
h 4
Homo | 03 0.9 -0.5 1
"""""""""""""""""""""""""" Eveu
b c
@ QFLS of HTL/Perovskite % Vg of full device
1.22 1 :2‘ 1004
1.20 PL Lifetime on quartz glass % g
14 g
S 1184 s
Q D 2 4014
S 1.16 g 10
= s B
S) £ = Quartz Glass
< 1.14 1 £ £
> -—Q -| © =
o E=
g 1121 2§ 102 ]
e N
(¢} 1.10:’ E ““,w i
o 40.1 (<] M il |
el 1 e 0
095 I , , , . ul L Im“w‘l il
V1036 PTAA  MeO-2PACz 2PACz 0.0 0.5 1.0 15 2.0

Hole-selective layer under Perovskite

Delay time (us)

Fig. 4 Energetic alignment and Photoluminescence analysis on CsMAFA perovskite. (a) Schematic representation of the band edge positions of the
investigated HSCs based on values from UPS measurements, referenced to the vacuum level. The lowermost numbers indicate the difference between
Fermi level (Ef) of the ITO substrate and HOMO level or valence band maximum (Eygm) (in eV, global error of ~0.1 eV). The energetic distance between
conduction band minimum (Ecgm) or LUMO and Eygm Was estimated from the onset of optical absorption. The grey, dashed lines are guides to the eye
that mark the CBM and VBM levels of the perovskite absorber. (b) Summary of absPL and TrPL measurements. Left axis: average Vo values of solar cells
(stars) based on the different HSCs, together with the average quasi Fermi level splitting values (QFLSs, blue spheres) obtained from perovskite films
grown on the respective HSCs. The blue filling indicates the span between maximum and minimum QFLS values obtained from several samples (3 V1036,
5 PTAA, 8 MeO-2PACz and 9 2PACz samples). The V¢ error bars show the standard deviation from values of 38 V1036 cells, 56 PTAA cells, 42 MeO-
2PACz cells and 40 2PACz cells. Right axis: the light-green bars represent the highest obtained PL decay time; the decay time of the perovskite on quartz
glass is indicated as a dashed line. (c) Photoluminescence transients of perovskite films deposited on the respective HSCs. The dotted lines are
extrapolated fits to the mono-exponential tail of the transients, from which the PL decay time values are obtained.
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while still allowing for an efficient extraction of holes (no
barrier). 2PACz shows the closest alignment to the valence
band maximum (VBM) of the perovskite, whereas V1036 shows
the strongest offset. In this respect, MeO-2PACz is similar to
PTAA, while the presence of methoxy groups in MeO-2PACz
suggests a passivating function, as reported in earlier works.*"*>
Changes in ITO work function with PA-based SAMs have been
thoroughly analyzed in literature.”"**** In our case, the binding
type between the studied SAMs is the same, thus differences
between the work functions can be assigned to differences of the
molecular dipole moments of the hole-selective fragments.®>*®
The shift in work function between bare ITO (4.6 eV, see Fig. S18a,
ESIt) and the SAM-modified surface is higher for 2PACz as
compared to MeO-2PACz, being 5.0 and 4.6 eV, respectively. This
is in line with the larger molecular dipole moment of 2PACz of
+2 D compared to +0.2 D for MeO-2PACz (calculated by DFT
following a previously published procedure,”® more details in the
ESIt). V1036 has a negative calculated dipole moment of —2.4 D,
reducing the ITO work function to 4.4 eV. Judging from this
energetic picture, the observed trend in V¢ could potentially be
explained with how close the HOMO of the HSCs is aligned to the
perovskite’s VBM.®” V1036 devices show the smallest Vo and
V1036 the largest offset in Eygy (0.9 eV), whereas 2PACz yields the
highest Vo and shows almost no offset to the perovskite’s VBM.

Photoluminescence studies

The energetic alignment discussed above already provides a
first hint to why PSCs based on the new SAMs outperform those
on PTAA. However, it remains unclear how the bands align to
each other at the buried interface between the HSC and
perovskite itself. Recent reports also point to an insensitivity
of the energetic difference in Eypy between perovskite and HSC
for moderate misalignment.®® Thus, we further investigate the
differences with photoluminescence (PL) studies, using time-
resolved PL (trPL) to study the behavior of the charge carriers
on short time scales and absolute PL (absPL) to estimate the
“implied Voc” or quasi Fermi level splitting (QFLS)* of the bare
absorber computed by the high-energy tail fit method®”*>** for a
temperature of 300 K. The PL measurements were conducted on
glass/ITO/HSC/CsMAFA samples without the Cq, overlayer. The
QFLS was also determined from the full 2PACz solar cell that is
shown in Fig. 3a, with negligible difference to the eVoc value
obtained from a J-V scan (see Fig. S20, ESIT).

Fig. 4b shows a summary of the QFLS values from absPL
(blue spheres) on the left axis, together with average values of
measured Vo (stars) of the full devices. The right axis presents
PL decay times from TrPL (bars), calculated from Fig. 4c, in
comparison to the PL decay time for a perovskite film on quartz
glass (dashed line), which is known as a highly passivated
surface.>”*> The rising trend in average QFLS from V1036 over
PTAA to MeO-2PACz and 2PACz fits to the trend in V.
Compared to V1036 and PTAA, the spread of QFLS values is
smaller with MeO-2PACz and 2PACz. The TrPL transients are
plotted in Fig. 4b and were recorded at an excitation fluence
that is relevant for device operation at 1 sun illumination
(fluence ~15-30 nJ cm 2, see PL section in ESIt). The PL

This journal is © The Royal Society of Chemistry 2019
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measured on the perovskite film on glass decays mono-
exponentially. The deviation from mono-molecular decay in
the measurements with HSCs could be attributed to charge
transfer effects.”®> MeO-2PACz allows for PL decay times of over
650 ns, which approaches the decay time of the same perovskite
on quartz glass of ~860 ns, a comparable value to the ones
previously reported for the same perovskite in record-efficiency
PSCs.”” Interestingly, the decay time on 2PACz with a value of
2 us even surpasses the one on quartz glass by a factor of over 2.
Since the 2PACz PL transient shows signs of slow charge
transfer, the significantly longer decay time cannot be attrib-
uted to a mere reduction of majority carriers at the interface.
We thus conclude that the interface defect density must be
negligibly low, highlighting that bare Carbazole is chemically
compatible to the perovskite, forming a well-passivated surface.
A direct comparison to MeO-2PACz with regard to interface
defect density is not possible from the TrPL data alone, since an
energetic offset can independently affect interfacial recombination.**
However, the faster decay at early times suggests faster hole
extraction. With the only difference between MeO-2PACz and
2PACz being the termination with a methoxy group, it is
interesting to observe such an intrinsically different behavior
in the charge carrier dynamics.

Comparing the values obtained on PTAA and on 2PACz, the
decay times differ by an order of magnitude, and both the QFLS
and Vo values are around 60 mV higher with 2PACz. This fits
to the thermodynamically expected increase of 60 mV when
increasing the photoluminescence yield by a factor of 10, with
kT1n (10) ~ 60 meV, where k is the Boltzmann constant and T
the temperature (300 K).”> We emphasize that the FF values of
the full solar cells are comparable among all HSCs, suggesting
similarly efficient charge extraction. Thus, we conclude that the
trend in PL decay time is set by the non-radiative recombina-
tion velocity at the interface. Assuming that interface recombi-
nation is dominating, the recombination velocities can be
estimated to range from 193 cm s~ (V1036) to a lowest value
of 12 ecm s~ ! for 2PACz (upper estimate, see Section 8 for
details, ESIt). The clear correlation between QFLS, PL decay
time and Vo provides a strong indication that the differences
in Voc of the solar cells are originating from differences in the
compatibility of the HSC interface to the perovskite. This is
either governed by the interface defect density, energetic
alignment as addressed above, or a combination of both. It
remains open whether the molecular dipole moments play a
role other than the mentioned work function modifications.
The energetic difference between QFLS and eVoc with all HSCs
is induced by non-radiative recombination at the perovskite/Ce,
interface (see also Fig. S20, ESIT). Previously it was identified
that the perovskite/Ce, interface limits the Vo to a fixed value
in the used PSC architecture, independent of the perovskite
bulk quality.” Indeed, our PTAA devices achieve max. ~1.13 V,
even though the perovskite on PTAA can reach a QFLS of up to
1.18 eV. It is thus interesting that by increasing the hole-
selectivity and decreasing the interface recombination velocity,
the 1.13 V limitation can be overcome although the perovskite
morphology stays the same. It is furthermore worth noting that
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a recent study that compared a wide variety of typically used
charge-selective layers identified that every single layer introduces
non-radiative losses compared to the bare perovskite bulk, low-
ering the PL decay time and QFLS.** In sharp contrast, the herein
introduced 2PACz HSC is an important demonstration that the
opposite is possible as well, rendering a “lossless” hole-selective
interface. With SAM contacts, further enhancement of the V¢ to a
level of the QFLS of the bare perovskite film or above is expected
upon mitigating the losses introduced at the Cg interface.

To conclude our analysis, we identified several aspects as to why
the herein introduced molecules lead to high-performance PSCs,
besides the already discussed dense film-forming properties. Con-
sequently, a clear guidance could be drawn from our findings to
develop other lossless contact materials in the near future: on the
one hand, the structure of these small molecules leads to a small
density of interfacial trap states as seen by the comparison of quartz
glass to 2PACz-covered ITO and by the comparison of PTAA to MeO-
2PACz. On the other hand, as shown by simulations of a similar
device stack in a recent work,”* our own energetic alignment data
and other experimental studies,”® ™ energetic alignment for major-
ity carrier extraction influences interfacial recombination losses and
is a crucial factor for achieving high Vo values. The strong
correlation in our SAM model system (layers with similar carbazole
chemistry and similar thickness, but different HOMO Ilevels)
indicates that by using carbazole derivatives and tuning the work
function by dipole moment engineering, ideal hole-selective layers
could be rationally designed for specific perovskite absorbers.
Further investigations on the exact hole extraction mechanisms at
a SAM interface might include simulations of the electric field in
atomic scales,* tunneling of charge carriers and atomistic simula-
tions on the interaction between dipole moment and perovskite
interface.

Stability assessment

In addition to the increased efficiencies of both MeO-2PACz
and 2PACz-based solar cells compared to PTAA, we also observe
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an increased stability. Fig. 5a shows the time evolution of PCE
under continuous MPP tracking for the investigated HSCs at
simulated 1 sun AM 1.5G illumination without active sample
cooling. The samples reach temperatures of at least 40 °C under
operation. Only small differences are visible between cells with
the investigated HSCs, while a slight advantage is evident for
the MeO-2PACz and 2PACz-based devices after 11 h of opera-
tion (<3% PCE loss with 2PACz with a stable value after an
initial drop, ~3% loss with MeO-2PACz, ~ 6% loss with PTAA
and almost 12% loss with V1036). A stronger difference is
visible when increasing the stress on the solar cells, which is
done here by light soaking at open-circuit condition under
1 sun illumination, a condition at which a high average density
of charge-carriers is present in the device that can induce a
quick degradation of the PSC.'*' The most notable differences
occur in the time evolution of Voc, as displayed in Fig. 5b.
PTAA-based solar cells show a substantial drop (60 mV ampli-
tude) after two hours, while the Vocs of all SAM-based cells
remain virtually stable after an initial drop caused by increasing
temperature. Interestingly, light soaking steadily improves the
Voc of V1036-based samples. The difference in stability between
PTAA and SAMs under illumination cannot simply be explained
with the differences in non-radiative recombination rates at the
interface, since judging by QFLS and PL decay time, V1036
should then show the weakest Vo stability. We attribute the
quick degradation of PTAA-based cells to be a material-specific
characteristic of the CSMAFA/PTAA contact that occurs under
conditions with a high number of excess charge carriers and
direct illumination of the PTAA, as also observed in a recent
work.'®® A previous study identified that a large number of
excess charge carriers, as under illumination at open-circuit,
leads to a lowered energetic threshold of ionic movement.'*
We hypothesize that the diffusion of iodine to the PTAA inter-
face leads to structural damage of the PTAA, as recently argued
by Sekimoto et al.’® In contrast, a SAM, being a chemically
robust electrode modification with virtually no volume, is
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Fig. 5 Stability assessments of PSCs based on the investigated HSCs in N, atmosphere. (a) MPP tracking under continuous, simulated 1 sun AM 1.5G
illumination of uncooled devices (reaching a temperature of ~40 °C in operation). (b) Time evolution of Vo values of solar cells kept at open-circuit
conditions under light-soaking at full sun illumination at ~40 °C cell temperature (no active cooling). The values were extracted from J-V-scans every
6—-8 min. The error bars show the standard deviation of these values across the individual cells (4 V1036, 6 PTAA, 3 MeO-2PACz and 10 2PACz cells).
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Fig. 6 Display of the versatility of SAM contacts and tandem solar cell integration. (a) J-V curves under illumination of solar cells based on a solution
processed “double cation” perovskite absorber (FAgsMAsPb(lgsBrs)s, orange line) and co-evaporated perovskite absorber (MAPbIs, green line). Inset:
Continuous MPP tracks of these cells. (b) J-V curve of a monolithic CIGSe/perovskite tandem solar cell (active area of 1.034 cm?), with MeO-
2PACz2PACz as HSC conformally covering the rough CIGSe bottom cell. The orange circle indicates the MPP at 23.26% PCE (see certified MPP track by
Fraunhofer ISE in Fig. S27, ESIt). Inset: SEM image of the cross-section of a representative tandem device. The recombination contact consists of
aluminum-doped zinc oxide, sputtered onto the CIGSe surface and covered by MeO-2PACz.

neither susceptible to structural damages nor to an accumula-
tion of ions.

Versatility of a SAM contact and tandem solar cell integration

In order to show versatility of the new HSC molecules, we
demonstrate in Fig. 6 that the SAMs also yield highly efficient
perovskite solar cells with perovskite compositions other than
CsMAFA. In addition to the “triple cation” composition utilized
for the analysis above, we investigate here a “double cation”
MA;FAgsPb(Io5Br5); (MAFA)® absorber with a lower band gap of
ca. 1.55 eV and a “single cation” (MAPDbI;) absorber layer that is
fabricated by direct co-evaporation with an optical band gap
of ca. 1.60 eV (see Fig. S26 for the absorption onset, ESIT).
Table 2 shows the corresponding performance metrics. We
noticed that on MeO-2PACz, the MAFA and MAPbI; perovskites
tend to crystallize more reproducibly than on 2PACz, thus we
chose MeO-2PACz for the purpose of demonstrating that a SAM
enables a broad spectrum of applications.

Perovskite processing by co-evaporation is highly attractive
due to large-area compatibility and absence of potentially
harmful solvents for fabrication. Utilizing MeO-2PACz as the
HSC also works well with the co-evaporated MAPbI; perovskite
absorber. The herein shown stabilized PCE of 19.6% with over
1.14 V Vo is approaching the PCE of the best co-evaporated
PSC to date and represents the highest reported value for p-i-n type
devices utilizing co-evaporation for the perovskite absorber.'**%

Recently, highest PSC performances were reported for
the MAFA double cation composition.">'*® Compared to the
CSMAFA solar cells shown before, the MAFA cell has an
advantage in higher current density due to the lower bandgap
of the composition, but still enables a relatively high Vic.
Without detailed optimization, the MAFA absorber enables a
stabilized PCE of 21.1% when utilizing MeO-2PACz as the HSC.
As seen in Table 2, for all three solar cells the Jsc values
measured in the J-V curve closely fit to the values obtained by

This journal is © The Royal Society of Chemistry 2019

integrating the product of EQE measurement and AM 1.5G
spectrum (Fig. S26a, ESIT). 2PACz enables an over 21%-efficient
MAFA PSC as well, as shown in Fig. S27 (ESIt).

Furthermore, we show in Fig. 6b that a SAM is also a suitable
HSC for manufacturing PSCs on rough surfaces, which is
essential for e.g., CIGSe/perovskite tandem solar cells. All-
thin-film tandem solar cells pose an attractive strategy for
cheap, versatile and flexible high-efficiency solar cells and are
a promising route for the introduction of halide perovskites
into industrial production. CIGSe enables thin-film solar cells
with a suitable bandgap for the use in perovskite-based tandem
solar cells. However, the rough surface of the CIGSe makes it
difficult to process the thin HSCs that currently enable efficient
perovskite top cells. Recently, we demonstrated that the use
of a NiOy layer processed by atomic layer deposition (ALD)
in combination with PTAA represents a CIGSe/perovskite-
compatible hole-transport layer that prevents shunting caused
by the CIGSe roughness, enabling a 21.6%-efficient tandem
cell."” Here we now show that a SAM removes the need of an
ALD step, since the self-assembly process works reliably even
on rough surfaces, by dipping the CIGSe bottom cell into a
MeO-2PACz solution. The perovskite layer was fabricated
by solution-processing and the top contact layers by either
evaporation or ALD/sputtering (see ESIt for details). The so
prepared tandem solar cell, shown in Fig. 6b, shows a stabilized
efficiency of 23.26% on an area of 1.03 cm?” (certified by
Fraunhofer ISE, see Fig. $30-S32, ESIt), while the bottom cell
alone has a PCE of 15-16% (see Fig. S28, ESIt). The EQEs of
both sub-cells measured in the tandem are shown in Fig. S29
(ESIT). Following the Vo trend shown earlier, our SAM-based
tandem shows an improved V¢ as compared to our previously
published one (~90 mV increase from 1.59 to 1.68 V). However,
the SAM-based tandem cell shows a lower FF (72% vs. 76% with
the NiO,/PTAA double layer), which here is mainly limited
by the shunt resistance. Since the tandem current is limited
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Table 2 Photovoltaic parameters from J—V scans under illumination in reverse scan direction as well as continuous MPP tracking. Presented are single
cells with double cation MAFA and co-evaporated MAPbIs perovskite and a CIGSe/perovskite (triple cation) tandem solar cell. All cells are based on

MeO-2PACz as the HSC

Perovskite Device type  Jsc (MAcm™)  Jsc_EQE (mAcm™2) Vo (V) FF (%) PCE (J-V) (%)  PCE (MPP) (%)

Co-evaporated MAPbI;  Single 22.6 22.5 1.145 76.8 19.8 19.6

Double cation MAFA Single 23.5 23.4 1.120 80.6 21.2 21.1

Triple cation CSMAFA Monolithic 19.17 20.2/19.1¢ 1.68 71.9 23.16 23.26 + 0.75
Tandem (certified) (in-house) (certified)  (certified)  (certified) (certified)

“ First value corresponds to the perovskite top cell and second value to the CIGSe bottom cell.

here by the bottom cell, further optimization could be
dedicated to developing a more robust stack design that
prevents micro-shunts caused by processing and measuring
(here we use the same design as in our previous work®’).
Nonetheless, the here presented tandem cell surpasses
the previous record*® (22.4%) in PCE and area (0.04 cm? vs.
1.03 cm? here). The simplicity of the tandem stack and the use
of as-deposited CIGSe additionally suggests that our approach
could be easily adopted in higher throughput fabrication.

In summary, the compatibility of the SAM to three different
perovskite compositions, two different processing techniques
(solution and vacuum process), two different oxides (ITO in the
single junctions and Al-doped zinc oxide in the tandem) and
two different substrate morphologies (rough and flat) strongly
suggests that SAM hole-selective contacts represent a universal
approach for perovskite-based photovoltaics.

Conclusion

Two new simple molecules that form self-assembling mono-
layers (SAMs), MeO-2PACz and 2PACz, were synthesized and
integrated into inverted perovskite solar cells, enabling hole-
selective contacts with minimized non-radiative losses. The
new SAMs can be deposited on transparent conductive oxides
via spin-coating or by dipping the substrate into the solution,
both yielding layers of comparable properties, combining high
reproducibility and ease of fabrication. Both new SAMs outper-
form the polymer PTAA, the material that enabled the highest-
performing p-i-n PSCs to date, in efficiency, stability and
versatility. With a standard triple-cation absorber, a maximum
power conversion efficiency of 20.9%, certified efficiency of 20.44%
and a V¢ of up to 1.19 V were demonstrated. MeO-2PACz further
enabled a 21.1%-efficient solar cell with a double-cation absorber,
and a stabilized efficiency of 19.6% with a co-evaporated single-
cation absorber. Photoelectron spectroscopy and photolumines-
cence (PL) investigations revealed a well-suited energetic alignment
and strongly reduced non-radiative recombination at the interface
between absorber and contact, leading to a PL decay time of 2 us
for a perovskite on 2PACz. As deduced from a comparison between
the PL transients of perovskite grown on 2PACz versus on quartz
glass, the interface defect density at the 2PACz/perovskite interface
is minimal. From the trend between surface recombination
velocity, Voc and offset between the SAM HOMO level and
perovskite valence band edge, our model system provides

3366 | Energy Environ. Sci, 2019, 12, 3356-3369

experimental evidence for the energetic alignment and inter-
face defect density being similarly important for mitigating
non-radiative recombination losses. The results highlight that
carbazole derivatives can combine all necessary features for
lossless interfaces and are thus a compelling material class for
future chemical engineering of high-performance hole-selective
contacts. In a light-soaking stress test at open circuit condi-
tions, SAM-based PSCs showed a higher stability compared to
PTAA-based cells. Finally, by integrating a SAM contact into a
monolithic CIGSe/perovskite tandem solar cell, the ability of con-
formally creating a hole-selective layer on a rough surface was
demonstrated. This led to a stabilized, certified PCE of 23.26% with
facile device design on an active area of 1.03 cm?, surpassing the
values achieved with a complex bilayer"” or mechanical polishing.*®
Importantly, the herein demonstrated solar cells are fabricated
without additional passivation layers, additives or dopants.
Together with the minimal material consumption, manifold
substrate compatibility and simplicity during fabrication, the
SAM contacts might present a realistic way to further progress
perovskite photovoltaics into a low-cost, wide-spread technology.
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