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1. Introduction

Engineering of the interface between perovskite absorber thin films and

charge transport layers has fueled the development of perovskite solar cells
(PSCs) over the past decade. For p-i-n PSCs, the development and adoption
of hole transport layers utilizing self-assembled monolayers (SAM-HTLs)
based on carbazole functional groups with phosphonic acid anchoring
groups has enabled almost lossless contacts, minimizing interfacial recom-
bination to advance power conversion efficiency in single-junction and
tandem solar cells. However, so far these materials have been deposited
exclusively via solution-based methods. Here, for the first time, vacuum-
based evaporation of the most common carbazole-based SAM-HTLs (2PACz,
MeO-2PACz, and Me-4PACz) is reported. X-ray photoelectron spectroscopy
and infrared spectroscopy demonstrate no observable chemical differences
in the evaporated SAMs compared to solution-processed counterparts.
Consequently, the near lossless interfacial properties are either preserved
or even slightly improved as demonstrated via photoluminescence meas-
urements and an enhancement in open-circuit voltage. Strikingly, applying
evaporated SAM-HTLs to complete PSCs demonstrates comparable per-
formance to their solution-processed counterparts. Furthermore, vacuum
deposition is found to improve perovskite wetting and fabrication yield on
previously non-ideal materials (namely Me-4PACz) and to display conformal
and high-quality coating of micrometer-sized textured surfaces, improving
the versatility of these materials without sacrificing their beneficial

properties.

Rapid development of single-junction
organic—inorganic metal halide perovskite
solar cells (PSCs) has occurred following
their inception, with power conversion
efficiencies (PCEs) approaching those
reported for single-junction silicon (Si)-
based solar cells and even surpassing
several established thin film absorber
materials, such as copper—indium-gal-
lium-selenide  (CIGS) and CdTel!
However, while planar PSCs in n-ip
architecture have displayed PCEs of up to
25.7%,4 development of planar inverted
(p-i-n) PSCs lags behind, with maximum
certified PCEs of 24.3%.5! Further develop-
ment of planar p-i-n PSCs is crucial due to
several inherent advantages. Specifically,
these encompass straightforward incor-
poration into monolithic tandem photo-
voltaic (PV) devices with established thin
film technologies,*® low temperature
requirements for fabrication, low current-
voltage hysteresis and high inherent oper-
ational stability.>*¥ These qualities make
planar p-i-n PSCs a promising candidate
for eventual commercialization.['21>-17]
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A significant portion of the difference in achieved PCEs as
compared to planar n-i-p PSCs is attributed to an increased
open-circuit voltage (Voc) deficit for planar p-i-n PSCs, this
being the difference between theoretically achievable V¢ based
on the Shockley-Queisser limit for a given bandgap and the
external Vo of the solar cell. Due to the significant impact
of surface recombination at the hole transport layer (HTL)/
perovskite interface on Vo losses, choice of a proper HTL is
essential for high efficiency PSCs. Various HTLs such as PTAA,
poly-TPD and NiO, are widely employed in the p-i-n architec-
ture, however these common options have several drawbacks.
NiO, in particular requires additional processing steps such as
doping, thermal treatment, and/or targeted tailoring of process
gases to improve its quality.’*-23 Furthermore, the metal oxide
interacts with the perovskite thin film resulting in interfacial
degradation and hence Vi losses, necessitating further interfa-
cial engineering.'*2%1 Meanwhile, PTAA and poly-TPD suffer
poor surface wettability and require doping and/or defect mod-
ulation to enable high Vi ¢.[19:28-34

Development of self-assembled monolayer based hole trans-
port layers (SAM-HTLs) for perovskite PV was investigated
early in the technology's development with varied success.>>-8l
SAMs are (primarily organic) materials that autonomously
form a self-limiting functional layer by developing covalent
bonds to the substrate, typically a transparent conductive oxide
(TCO), whose component parts can be tailored to apply to a
variety of functions.?>* The latest major breakthrough in
this field occurred when Albrecht and coworkers developed a
series of such materials that form an essentially lossless HTL/
perovskite interface.®l Their key finding was the design of two
promising SAMs derived from carbazole bodies*#?l with phos-
phonic acid binding groups,®! [2-(9H-carbazol-9-yl)ethyl]phos-
phonic acid (2PACz) and [2-(3,6-dimethoxy-9H-carbazol-9-yl)
ethyl]phosphonic acid (MeO-2PACz). Since this discovery, a
third molecule in the same family was introduced, [4-(3,6-dime-
thyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-4PACz), that
resulted in the highest perovskite/Si tandem PCE of 29.2%
at that time.* Compared to other HTLs, these materials
have been praised for high hole selectivity, fast charge carrier
extraction, and very low non-radiative recombination at the
HTL/perovskite interface.®*! The primary cause for this has
been attributed to a combination of the presence of carbazole
bodies, known to form strong hole selective materials?” and
the phosphonic acid functional group, which exhibits self-
limiting and self-assembling growth to form very thin stable
layers on TCOs.*%] MeO-2PACz SAM-HTLs have achieved
special interest in the field of evaporated perovskites, where
they display the ability to stabilize the photoactive black perov-
skite phase in FAMAPDI; based perovskites absorber mate-
rials.*l Considering the myriad advantages of SAM-HTLs,
they dominate recent record and high PCEs for monolithic
tandems.[M*>#4748] Furthermore, synthesis and investigation of
new SAMs employing different functional groups has shown
remarkable progress.[*]

Critically, deposition of SAM-HTLs has thus far been lim-
ited to solution-based methods.B#404-521 Development of
alternative scalable deposition methods, such as vacuum-based
evaporation techniques, is crucial to improve process flex-
ibility. Commercial PV production lines predominantly utilize
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vacuum-based deposition methods, allowing ready incorpo-
ration of vacuum-based methods for large-scale perovskite
production. Furthermore, evaporation facilitates conformal
and uniform coatings, even over textured surfaces, which is
expected to improve process yield and reproducibility.

In response to this challenge, we report for the first time on
physical vapor deposition (PVD) via thermal evaporation (here-
after referred to as evaporation) of widely known SAM-HTLs
(2PACz, MeO-2PACz, and Me-4PACz) and incorporate them
into planar p-i-n PSCs. As evaporation utilizes temperatures
with the potential to degrade the evaporated organic molecules,
we prove that evaporated 2PACz has not undergone a chemical
change by comparing the characteristic binding energy peaks
and molecular vibrational bands with those of solution-pro-
cessed 2PACz using X-ray photoelectron spectroscopy (XPS)
and infrared spectroscopy. We further show that the evaporated
SAMs covalently bond with the subjacent TCO, indicated by the
presence of P—O species in the reflection—absorption infrared
spectrum independent of film thickness, a necessity for high
efficiency PSCs. With evidence of no significant change in
chemical properties, we determine ideal deposition conditions
for evaporated SAM-HTLs and discuss how surface wettability
and resultant perovskite absorber morphology are impacted.
Analysis via time-resolved photoluminescence spectroscopy
(TRPL) and photoluminescence quantum yield (PLQY) meas-
urements reveals an improved HTL/perovskite interface which,
when applied to complete PSCs, is demonstrated to result in an
enhanced V. Overall, our optimized evaporated 2PACz, MeO-
2PACz, and Me-4PACz SAM-HTLs achieve comparable PCE to
their solution-processed counterparts. Finally, with the goal of
establishing key steps toward the development of monolithic
two-terminal (2T) perovskite/Si tandem solar cells utilizing
micrometer-sized textured Si bottom cells, we show that evapo-
rated SAMs continue to form high quality near lossless inter-
faces over textured surfaces, outperforming other conformal
HTL options.

2. Results and Discussion

2.1. Photovoltaic Performance and Photophysical Properties

Since their first introduction to the perovskite community
in 2019, 2PACz and MeO-2PACz have been integrated into
p-i-n PSCs primarily by spin-coating and dip-coating.[846:48:51-53]
Recently, Cassella et al. reported on further alternative solution-
processing techniques for deposition of MeO-2PACz namely
ultrasonic spray coating and airbrush coating.®" This work
provides the first report of PVD of SAMs via thermal evapora-
tion from a crucible in vacuum. To compare the performance
of p-i-n PSCs with evaporated SAM-HTLs to their solution-pro-
cessed (spin-coated) counterparts, we employ the inverted p-i-n
architecture: glass/indium tin oxide (ITO)/SAM/perovskite/
LiF/Cg/BCP/Ag (see Figure 1a). Our triple-cation perovskite
absorber layer has a bandgap of =1.68 eV with the composition
CS0.0sMAg 22FAg73Pb(I 77B10 23)3.54 This composition is exten-
sively used in recent literature, being particularly prevalent
in monolithic perovskite/Si tandem solar cells.**# Figure 1b
shows the statistics of PV parameters corresponding to 52
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Figure 1. a) Schematic diagram of the device stack employing triple-cation perovskite (PVK) composition (Csg17FAgg3Pbl;75Brg,s) and evaporated
2PACz hole transport layer (HTL). Also shown is a rendering of evaporation process. b) Statistical distribution of the open-circuit voltage (Vo(), fill
factor (FF), short-circuit current density (Jsc), and power conversion efficiency (PCE) of perovskite solar cells employing evaporated (=6 nm) and
solution-processed 2PACz HTLs. A comparison between forward and reverse scan is shown in Figure S1, Supporting Information.

devices, both for reference solution- processed and evaporated
2PACz as HTL. The best reference PSC exhibits a PCE of 19.6%
in the reverse scan with a short-circuit current density (Js¢c) of
20.6 mAcm™2, a Ve of 1.195 V, a FF of 79.9%, and a hysteresis
factor of 0.3%. Under maximum power point (MPP) tracking,
as shown in Figure S2, Supporting Information, it performs
at a stable 19.3%. Corresponding mean values are 18.5%,
19.7 mAcm2, 1.190 V, 78.9% and 0.5%, denoting comparable
PV performance to p-i-n PSCs reported in literature for similar
perovskite compositions and device stacks.*’] Strikingly, the
champion device using evaporated 2PACz shows comparable
performance to its solution-processed counterpart and exhibits
a PCE of 19.5% (19.1% stabilized under MPP tracking shown in
Figure S2, Supporting Information) with a Jsc of 20.1 mAcm™2,
a Voc of 1.214 V, a FF of 80.1% and a hysteresis factor of 1.2%,
with corresponding mean values of 18.9%, 20.0 mAcm™,
1.205 V, 78.5% and 1.1% respectively. Additional supporting
data and comparisons, including external quantum efficiency
(EQE) measurements, integrated current density, and absorp-
tion spectra are present in Figures S3 and S4, Supporting Infor-
mation. We highlight that the evaporated 2PACz yields similar
or slightly superior performance compared to its solution-pro-
cessed counterpart despite a substantially different processing
method. We attribute the minor FF differences to the increased
SAM-HTL thickness (from =2-3 nm in solution-processed to
~6 nm in evaporated). We note that we also achieve similar per-
formance for evaporated MeO-2PACz compared to its solution-
processed counterpart (see Figure S5, Supporting Information).

Next, we examine non-radiative recombination at the HTL/
perovskite interface for both reference solution-processed and
evaporated SAMs in detail. First, we perform PLQY measure-
ments on samples in the half-stack ITO/2PACz/perovskite
(see Figure 2a). We refrained from introducing an electron
transport layer (ETL) to exclude the prominent non-radiative
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recombination losses at the perovskite/ETL interface when
employing Cg.>>*% For the reference stack, we measure an
average PLQY of =1.26% corresponding to an implied Vg of
1.253 V, comparable to previously reported values for similar
perovskite composition.***] In line with the measured V sta-
tistics, the PLQY and implied Vo in case of evaporated 2PACz
are slightly enhanced to average values of =1.7% and 1.261 V,
respectively (Figure 2a,b). To obtain the internal ideality factor
(m:q), we perform intensity-dependent PLQY measurement for
the corresponding half-stacks and apply a fit to the calculated
implied Vi as reported in our previous work.”>>® The ideality
factor for evaporated 2PACz is nyy = 1.48, which is comparable
to nyq = 1.50 for solution-processed 2PACz, emphasizing that
the recombination mechanism at the HTL/perovskite interface
is similar in both cases (Figure 2c). This is further corroborated
by TRPL measurements that exhibit similar decay dynamics
for both solution-processed and evaporated 2PACz with an
average lifetime of 435 and 474 ns, respectively (Figure 2d).
Further investigations on full device stacks employing solution-
processed and evaporated 2PACz utilizing electrochemical
impedance spectroscopy, transient photocurrent, and capaci-
tance—frequency measurements show comparable trends as
well (see Figure S6, Supporting Information). Similarly, we
investigate the photophysical properties of ITO/MeO-2PACz/
perovskite half-stacks. As indicated by PLQY, implied Vi, ide-
ality factor and TRPL data in Figure S7, Supporting Informa-
tion, employing evaporated MeO-2PACz exhibits comparable
results to its solution-processed counterpart, in full agreement
with the results for 2PACz. Overall, this data suggests that the
quality of the PSCs with evaporated SAM-HTL is very similar to
the solution-processed counterparts.

As solution-processed carbazole-based SAM-HTLs pos-
sessing a monolayer signature are reported to form a near loss-
less interface,®* it is necessary to investigate the quality of the
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Figure 2. a) Comparison of the photoluminescence quantum yield (PLQY) for the half-stack ITO/2PACz/PVK, for solution-processed and evaporated
(=6 nm) 2PACz. b) The corresponding implied V(. c) Ideality factor (n,4) extracted from a fit to the intensity-dependent implied V. d) Time-resolved
photoluminescence (TRPL) spectrum for the corresponding half-stack employing the two HTLs.

evaporated SAM/perovskite interface if the evaporated SAM
thickness is varied. To advance our understanding of the evapo-
rated SAM-HTL materials, we perform a systematic study on
the effect of evaporated SAM layer thickness on the photophys-
ical properties utilizing 2, 4, 6, 8, and 20 nm thick evaporated
2PACz in the layer stack ITO/evaporated 2PACz/perovskite.
We find that the evaporated 2PACz/perovskite interface is of
high quality and non-radiative recombination is effectively sup-
pressed independent of the evaporated 2PACz film thickness as
indicated by the PLQY, implied Vq, ideality factor, and TRPL
data in Figure S8, Supporting Information. Although photo-
physical properties are independent of evaporated film thick-
ness, we note a slight drop in FF for PSCs employing thicker
layers of evaporated 2PACz (>8 nm), which we attribute to a
slight increase in series resistance. Furthermore, the hysteresis
factor increases from 1.7% in PSCs employing the optimized
thickness (=6 nm) to 4.7% when =20 nm evaporated 2PACz
layer is employed (see Figure S9, Supporting Information).
Applying an extra washing step to the optimized film thickness
(=6 nm) of evaporated 2PACz, as described in the Experimental
Section, we see remarkable difference neither in photophysical
properties (see Figure S11, Supporting Information) nor PV
parameters (see Figure S12, Supporting Information), in full
agreement with the previously reported solution-processed
2PACz case.l®l

We conclude that the comparable PV parameters implied
Voc, ideality factor, and charge carrier lifetime for evaporated
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and solution-processed SAMs indicate that the evaporated
SAMs/perovskite interface is of a high quality and effectively
minimizes non-radiative recombination. Since PSCs employing
evaporated SAMs are of a high PV performance, it is inter-
esting to advance our understanding of the thermally evapo-
rated films by next investigating their chemical environment
and comparing it to their solution-processed counterparts to
ensure any minor changes are not due to chemical changes in
the evaporated material.

2.2. Chemical Environment and Surface Chemistry
of Evaporated 2PACz

The chemical environment and surface chemistry of evaporated
and solution-processed 2PACz thin films are quite similar,
demonstrated using XPS measurements of =6 nm evaporated
2PACz thin films deposited on glass/ITO substrates. Overall,
we observe no significant differences in characteristic XPS peak
positions and relative area for the evaporated film compared to
previously reported data of solution-processed 2PACz layers. >
The surface-sensitive XPS spectrum of the evaporated 2PACz
film exhibits a prominent peak of the C 1s core levels in the cor-
responding binding energy region (see Figure 3a). The N 1s and
P 2p regions are shown in Figure S10, Supporting Information.
No sign of degradation is apparent, which would give rise to
unexpected contributions to the signals, indicating no chemical
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Figure 3. a) X-ray photoelectron spectrum for the C s region of the =6 nm 2PACz thin film evaporated onto glass/ITO substrate. The orange solid
line represents a fit to the real data points (orange dots) and the dashed black lines show the components thereof. b) Reflection—absorption infrared
spectra of evaporated 2PACz thin films with different thickness onto glass/ITO substrates. The green dashed line represent the peak position of
P—OH vibration band of the bulk 2PACz reported in Ref. [8] while the black dashed line represent the P—O monolayer signature in a solution-pro-
cessed 2PACz layer.!l c—e) Top view scanning electron microscope images of perovskite thin films deposited over c) solution-processed 2PACz layer,
d) =6 nm evaporated 2PACz layer, and e) =200 nm evaporated and washed 2PACz layer, respectively. The scale bar is T um.

changes in the 2PACz molecule upon evaporation compared
to previously reported solution-processed samples.®l Similar
to previous works, we associate the C 1s signal of 2PACz with
3 characteristic components attributed to C—C and C—H bonds
with a binding energy of =284.0 eV, a C—N bond with a binding
energy of =284.7 eV, and a third peak at =285.8 eV. The third
peak with a similar binding energy has previously been attrib-
uted to C atoms bonded to three other atoms in the carbazole
fragments hypothesized by Al-Ashouri et al.Bl An alternative
explanation was posited by Levine et al., who attributed this
peak to C—P bonds.>” Furthermore, the peak might also cor-
relate to a hypothetical contamination that gives rise to C—0—C
or C—OH contaminations./®! Irrespective, the similarity in XPS
signal strongly suggest a similar chemical environment of the
evaporated and solution-processed layer. Furthermore, the XPS
signal of the C 1s region for 2PACz powder (see Figure S13,
Supporting Information) is comparable to that of the evapo-
rated 2PACz thin film, indicating no sign of degradation due to
thermal evaporation.

Comparing the relative area associated to these peaks, the
chemical environment in the thin films is analyzed in more
detail. For evaporated 2PACz thin films, we find that the C—C
and C—H bonds exhibit a relative weight/area of 53.4% and the
C—N bond exhibits a relative weight/area of 33.1%. It should
be noted that C—N bonds are also evident in the N 1s binding
energy region as shown in Figure S10a, Supporting Informa-
tion. While it is possible to attribute the third peak in the C 1s
binding energy region to C—P bonds,> it is necessary to ensure
the presence of the essential functional phosphonic anchoring
group component in the evaporated thin film by investigating
the P 2p binding energy region. Indeed, the P 2p binding
energy region (see Figure S10b, Supporting Information)
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shows a strong phosphorus presence, with a signal that can
be extracted into two peaks representing P 2ps, and P 2p;, at
=133 and =134 eV, respectively. Literature indicates these peaks
potentially correlate to P—O species, however, this is still insuf-
ficient evidence to claim they prove the formation of a mono-
layer at the ITO interface.’%* Further investigations on the In
3d, and Sn 3d energy regions, display no remarkable shift in
the peak positions when the 2PACz is evaporated or solution-
processed over ITO (see Figure S14, Supporting Information),
and we don't expect the deposition method to have a strong
impact on the work function. We attribute the decreased signal
to the higher thickness of the evaporated 2PACz thin film
(=6 nm), compared to a solution-processed layer (=2-3 nm).
Next to the surface sensitive analysis with XPS, we employed
reflection—absorption infrared spectroscopy (RAIRS) on evapo-
rated 2PACz thin films (=6, =100, and =200 nm) to evaluate
their surface chemistry and confirm our observations on the
chemical environment. The characteristic absorption bands
of the molecular vibrational modes for evaporated 2PACz
thin films are shown in Figure 3b. We note that evaporated
thin films exhibit molecular vibrational bands comparable to
previously reported solution-processed 2PACz monolayers.[®!
Notably, the carbazole ring stretching vibration bands are
present in the 1454-1486 cm™ region, and the two character-
istic carbazole ring stretching modes are present at 1239 and
1346 cm™, indicating the carbazole ring is intact.®l Interest-
ingly, and more importantly in the context of using evaporated
2PACz thin films for PSCs, the organic phosphonic acid func-
tional group is detected to be covalently bonded to the metal
oxide surface as indicated by the peak at =1017 cm™, which is
assigned to the P—O species bound to the ITO.®! The presence
of this P—O peak is a strong fingerprint that the bonding at
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the interface between evaporated 2PACz and ITO is the same
as for solution-processed 2PACz (see black dashed reference
line in Figure 3b). Coupled with our previous XPS data, this is
sufficient evidence to claim that evaporated 2PACz thin films
exhibit the same interfacial bonds with ITO compared to the
solution-processed SAMs.

Further study of the RAIR spectrum for thicker 2PACz
films provides additional insights. Notably, the P—OH peak at
=951 cm™!, which has previously been shown to be prominent
in the bulk of the 2PACz,® is not present for our thin evapo-
rated 2PACz film (=6 nm, see Figure 3b(i)). However, for thick
evaporated 2PACz films (=100 and =200 nm, see Figures 3b(ii)
and 3Db(iii), respectively), the P—OH peak emerges in the
RAIR spectrum, in perfect agreement with the reported peak
position of the Fourier-transform infrared (FTIR) spectrum
obtained from 2PACz powder pressed into a KBr tablet (see
green dashed reference line in Figure 3b).®l The presence of
this broad P—OH peak in the evaporated thick film indicates
that thicker films possess similar chemical properties to the
bulk material. Remarkably, the fingerprint of the P—O bond is
visible even if not all the phosphonic acid anchoring groups are
deprotonated (e.g., in an =200 nm thick film), indicating that
the bond at the ITO interface is similar independent of film
thickness.

In theory, washing a thick evaporated 2PACz film thor-
oughly is expected to remove weakly bound bulk molecules,
leaving only a residual monolayer comprised of strongly bound
P—O species at the ITO interface, which are essential for effi-
cient PSCs (the same principle holds for solution-processed
layers as reported by Al Ashouri et al. with estimated thickness
of =1-3 nm for the residual monolayer).®l Indeed, washing
200 nm films with ethanol as described in the Experimental
Section, enabled fabrication of PSCs with =~80% FF and an
average PCE of =19% (see Figure S15, Supporting Information),
comparable to PSCs fabricated using solution-processed 2PACz
and the 4-8 nm evaporated 2PACz films discussed above.

We conclude that evaporating SAMs shows no indication of
a change to the chemical environment of the molecules, nor
does it impact the nature of the bonding with subjacent ITO.
Furthermore, efficient PSCs can be fabricated employing
very thick evaporated 2PACz films, given they have been suf-
ficiently washed. However, this washing step is not required
for thin films and we recommend using the optimized thick-
ness (4-8 nm) without an extra washing step to increase the
throughput.

2.3. Solving the Dilemma of Low Fabrication Yield
for Me-4PACz HTLs

The SAM-HTL Me-4PACz was introduced to the perovskite
community in 2020.44 It demonstrated enhanced phase and
long term stability, reduced non-radiative recombination at
the HTL/perovskite interface and more efficient charge carrier
extraction as compared to the previously reported carbazole-
based SAMs of 2PACz and MeO-2PACz.[*>°] However, to the
best of our knowledge, it has been employed in only 6 publi-
cations since then,>#%%5%71 which seems surprising consid-
ering the excellent reported properties.! The primary reason

Adv. Energy Mater. 2023, 2203982 2203982 (6 of 13)

www.advenergymat.de

for this is the poor surface coverage for perovskite thin films
deposited onto a Me-4PACz coated ITO surface (see Figure S17,
Supporting Information), which results in a very low fabrica-
tion yield. This observation is supported by literature utilizing
Me-4PACz, indicating it is not an issue exclusively present in
our work.>#:¢7]

Recently, Tockhorn et al. reported a 29.80% PCE for a mono-
lithic perovskite/Si tandem solar cell employing Me-4PACz as
HTL (the world record as of 24th of May, 2022).] The study
stresses a low fabrication yield (=50%) caused by poor sur-
face coverage of solution-processed perovskite thin films on
Me-4PACz coated planar Si bottom cells. Fabrication yield
increased dramatically (up to =95%) by nano-texturing the Si
bottom cell, which was attributed to an improved droplet reten-
tion of the precursor solution on textured surfaces. In the same
context, Jost et al. have reported the current world record of
monolithic perovskite/CIGS tandem solar cells with a PCE of
24.2% employing Me-4PACz as HTL.P! In full agreement with
Tockhorn et al., the low fabrication yield issue was discussed
and assigned to poor wetting. Their discussion on methods
to further improve PCE theorizes that Me-4PACz wettability
issue needs to be tackled.’) In this regard, Taddei et al. have
employed a layer of Al,O; nanoparticles on top of Me-4PACz to
enhance its surface wettability.[*]

In full agreement with these previous reports,># %] we find
that the solution-processed Me-4PACz surface exhibits excep-
tionally poor surface wettability as indicated by high contact
angles summarized in Figure 4a and Table S1, Supporting
Information.%®7% This comes along with a low surface coverage
of the perovskite thin film (as shown in Figure S17, Supporting
Information) and, in turn, low fabrication yield and poor per-
formance. We note that washing the solution-processed Me-
4PACz layers does not enhance the surface wettability. Strik-
ingly, the evaporated Me-4PACz surface exhibits significantly
lower contact angles for H,0, C,HO,, and CH,I,, (27.1°, 9.2°,
and 21.5°, respectively), in stark contrast to the solution-pro-
cessed counterpart (64.4°, 36.2°, and 39.6°, respectively). This
enhanced surface wettability results in considerably improved
surface coverage for solution-processed perovskites when evap-
orated Me-4PACz is employed as HTL as shown in Figure S17,
Supporting Information.

Comparing the two other SAMs (2PACz and MeO-2PACz),
contact angle measurements on evaporated MeO-2PACz
exhibit no statistically significant change compared to solu-
tion-processed layers for H,O and C,HO, (62.5°/63.6° and
39.1°/39.7°, respectively) and a relatively minor decrease for
CH,I, (29.6°/22.9°). While the H,0 contact angle of MeO-
2PACz is similar to solution-processed Me-4PACz, the CH,I,
contact angle is in line with 2PACz or evaporated Me-4PACz.
We consider this indicative of a higher dispersive free energy
at the sample surface (estimated in Table S1, Supporting Infor-
mation),’) which can explain the lack of reported wetting
problems when utilizing MeO-2PACz. Meanwhile, evaporated
2PACz surfaces exhibit significantly reduced contact angles
for polar solvents compared to their solution-processed coun-
terparts (52°/17.7° for H,0 and from 31.7° to complete wetting
for C,H40,), with a minor decrease for the non-polar CH,I,
(29.7°/25.7°). Overall, evaporated SAMs exhibit clear trends
of lower contact angles compared to their solution-processed
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Figure 4. a) On top, comparison of the contact angle of water, ethylene glycol, and diiodomethane droplets with the half-stack glass/ITO/evaporated
and solution-processed Me-4PACz. Below are images of the water droplet in the two cases. The light blue line, indicating the tangent of the solvent at the
surface is used to calculate contact angle. b) Statistical distribution of the FF, Js¢, Voc, and PCE of perovskite solar cells employing evaporated (=6 nm)
Me-4PACz and solution-processed 2PACz HTLs. A comparison between forward and reverse scan is shown in Figure S16, Supporting Information.

counterparts, which indicates improved wettability, surface cov-
erage and consequently a higher fabrication yield of PSCs.

While we observe a significant improvement in wettability
and surface coverage for evaporated Me-4PACz layers, it is
important to ensure this has not occurred at the expense of
interfacial properties and device performance. Therefore, we
investigated the impact of evaporating Me-4PACz on the photo-
physical properties of the half-stack ITO/Me-4PACz/perovskite
similar to the analysis for 2PACz and MeO-2PACz above. Evap-
orated Me-4PACz exhibits no significant difference in charge
carrier lifetime from TRPL decay as shown in Figure S18a,
Supporting Information (585 and 568 ns for evaporated and
solution-processed, respectively). Furthermore, PLQY, implied
Voc, and ideality factor measurements (see Figure S18b-d, Sup-
porting Information) indicate that evaporated Me-4PACz layers
with an optimized thickness of ~6 nm even slightly outperform
their solution-processed counterparts. This clearly indicates
the interface quality is maintained and non-radiative recom-
bination is effectively suppressed (PLQY, TRPL, implied Vo,
and ideality factor data for different Me-4PACz thicknesses are
shown in Figure S19, Supporting Information).

Having tackled the poor surface coverage problem, and
ensuring there is no drawback in photophysical properties for
evaporated Me-4PACz, we investigate its impact on fabrica-
tion yield and photovoltaic device performance. Strikingly, we
succeed in fabricating planar single-junction PSCs with close
to =100% fabrication yield using =6 nm evaporated Me-4PACz
without washing as HTL. In the same batch, we were unsuc-
cessful in fabricating comparable devices using solution pro-
cessing Me-4PACz for the above discussed reasons, making a
direct comparison unreliable. Instead, we perform a comparison
to solution-processed 2PACz from the same batch. As shown
in Figure 4b, the average Voc of PSCs fabricated with evapo-
rated Me-4PACz as HTL in the device stack ITO/Me-4PACz/
perovskite/LiF/C60/BCP/Ag is =1.22 V, which is =20 mV higher
than the equivalent stack employing solution-processed 2PACz.
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The enhancement in Vg for Me-4PACz based PSCs is in full
agreement with the reported results for solution-processed Me-
4PACz employing the same device stack.l While the average
FF decreased for evaporated Me-4PACz as compared to solu-
tion-processed 2PACz, the lack of a direct comparison to solu-
tion-processed Me-4PACz prevents us from determining if this
is an effect of the material or deposition method. Devices with
evaporated Me-4PACz exhibit a slightly higher average PCE of
19.2% as compared to solution-processed 2PACz with 19.0%
(see Figure 4b).

We conclude that evaporated SAM-HTLs consistently dis-
play a reduced contact angle for a variety of solvents, improving
wettability and surface coverage of the subsequent solution-
processed perovskite absorber. This is most relevant for Me-
4PACz, which has established problems with yield and surface
coverage, and is expected to facilitate an easier adoption of the
material into architectures that have previously been consid-
ered incompatible. When deposited via thermal evaporation,
we improve the fabrication yield dramatically, achieving nearly
100% yield. Finally, we confirm that evaporated Me-4PACz have
comparable optoelectronic properties as compared to solution-
processed Me-4PACz, resulting in PSCs with similar PCE and
slightly improved Vi to that of solution-processed 2PACz. We
consider this an indication that the excellent properties of Me-
4PACz remain unaffected by evaporation.

2.4. Evaporated 2PACz over Micrometer-Sized Textures

Recently, a record PCE of 31.25% for monolithic 2T perovskite/
Si tandem solar cells has been reported utilizing a textured
Si sub-cell.l There are no doubts as to the efficient light har-
vesting that a textured surface enables due to its light trapping
effect.[87279] However, introducing a conformal HTL layer over
textures using solution-processed techniques remains chal-
lenging due to the complex geometry of a micrometer sized
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pyramidal texture.”’] Furthermore, the large surface area that
a textured surface exhibits compared to a planar surface is
expected to result in high non-radiative recombination losses.
Hence, selecting a proper HTL and ensuring total surface cov-
erage when processing over a textured surface is necessary to
minimize voltage losses at the HTL/perovskite interface and
maintain high fabrication yield.

NiO,, deposited via PVD methods has consistently demon-
strated conformal coverage over micrometer-sized textures./>%
Although NiO,-based PSCs often exhibit good long-term sta-
bility,238182 it has been reported to result in relatively high hys-
teresis and voltage losses.[1%2083-85] Combining a sputtered NiO,,
layer to provide uniform and conformal coverage with solution-
processed SAMs as a double-layer HTL has demonstrated com-
parable or even superior PCEs compared to PSCs using stand-
alone solution-processed SAMs processed over planar and
micrometer-sized textured substrates.[*17:2749:5086-88] Given that
uniform coverage is even more crucial for a textured surface,
this combination is expected to be beneficial. Recently, Liu and
coworkers have reported on fully textured, production line com-
patible monolithic perovskite/Si tandem solar cells with =29%
PCE."] In their work, they extensively investigated the benefit
of introducing a double-layer HTL of NiO, and solution-pro-
cessed 2PACz. The increase in V¢ for tandems employing the
double-layer HTL compared to standalone solution-processed
2PACz is remarkable (=30 mV).

Evaporated SAMs are expected to possess the virtues of NiO,,
without the associated issues. They ensure conformal surface
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coverage akin to a vacuum-deposited NiO, layer, preventing
detrimental shunting paths. Simultaneously, SAMs suppress
non-radiative recombination, leading to the desired reduced V¢
losses at the HTL/perovskite interface. To confirm our expecta-
tions, specifically with regards to non-radiative recombination
at the HTL/perovskite interface, we evaporate (=6 nm) 2PACz
over micrometer-sized textured Si substrates (see scanning
electron microscope [SEM] image in Figure S20, Supporting
Information). To quantify interfacial recombination, PLQY
measurements on the half-stack of textured Si/ITO/HTL/perov-
skite (Figure 5a) employing NiO,, a double-layer of NiO, and
solution-processed 2PACz, and standalone evaporated 2PACz
as HTLs are compared. We use a 1.6 M solution of the double-
cation perovskite with the composition Csy7FAgg3PbI, 75Brq 55,
optimized in our previous work for deposition on textured sur-
faces.® For the reference stack (employing single-layer NiO,
as HTL), we note a very low PLQY with an average of 0.3%,
indicating substantial interfacial recombination. Depositing a
solution-processed 2PACz layer onto the sputtered NiO, film
enhances the PLQY to an average value of 2.5%. At an average
value of 4.3%, evaporated 2PACz exhibits roughly double this
PLQY, as shown in Figure 5b. These results translate to an
implied Ve of 1.213 V for evaporated 2PACz compared to
1.145 V for the NiO, single-layer and 1.195 V for the NiO,/solu-
tion-processed 2PACz double-layer HTL (see Figure 5c). The
ideality factor for the three stacks employing NiO,, NiO,/solu-
tion-processed 2PACz and evaporated 2PACz are 1.74, 1.53 and
1.33 respectively, indicating the superiority of evaporated 2PACz
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Figure 5. a) Schematic diagram of the ITO/HTL/PVK (double-cation [Csq17FAq g3Pbl; 75Brg2s]) half-stack on a micrometer-sized textured Si substrate.
The HTL applies for NiO,, a double-layer of NiO, and solution-processed 2PACz, and standalone (=6 nm) evaporated (Evap.) 2PACz. b) Comparison
of the PLQY for the half-stack when the three different HTLs are used and c) the corresponding implied Vqc. d) Ideality factor (n;q) extracted from a
fit to the intensity-dependent implied V.
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over the micrometer-sized texture. Overall, replacing a NiO,-
based HTL with a purely evaporated 2PACz HTL results in a
significantly improved interface, with suppressed non-radiative
recombination and thus improved implied V.

3. Outlook

In the race toward PCEs beyond the theoretical limit of a single-
junction solar cell, monolithic tandems utilizing a textured
bottom subcell have shown quite some progress holding the
current record PCE.l The above demonstrated compatibility
and uniform coverage of evaporated SAM-HTLs onto such tex-
tured surfaces will be a significant step forward toward high
fabrication yield and potentially further improved PCEs.

As perovskite technologies push toward large area com-
mercialization, a considerable research focus has been
applied to depositing active layers via scalable deposition
techniques. Such techniques like thermal evaporation, blade
coating, spray coating, inkjet printing, and slot-die coating
have recently shown a step forward toward efficient large area
PSCs.[#6:51:5276.89-9] Ty thig regard, evaporating SAMs opens fur-
ther channels for lossless HTLs to be employed in large active
area devices and modules.

In the same context, evaporated perovskites have presented
themselves as a strong candidate for efficient PSCs being
employed as a single-junction or in tandem solar cells with rela-
tively high efficiencies.**%¢-193] Current high efficiency evapo-
rated perovskites utilize solution-processed MeO-2PACz as
HTL, both to mitigate voltage losses and because it has been
theorized to stabilize the resultant perovskite and enhance sta-
bility.*61031 As the evaporated SAMs shown in this work display
comparable performance to their solution-processed predeces-
sors, they open the road for further development into all-evapo-
rated high efficiency PSCs.

4, Conclusion

In this work, we present for the first time thermal evaporation
of near-lossless SAM-HTL layers (2PACz, MeO-2PACz, and
Me-4PACz) to enhance their process flexibility. We determined
through FTIR and XPS that the chemical properties of SAMs
are unchanged by the thermal evaporation process, identifying
the monolayer signature to demonstrate they continue to form
a monolayer at the ITO interface independent of final film
thickness. Through analysis of PLQY data we observe a slight
improvement in implied Voc when evaporating these layers
(1.253 to 1.261 V for 2PACz, 1.219 to 1.220 V for MeO-2PACz,
and 1.259 to 1.265 V for Me-4PACz). When coupled with TRPL
measurements, we conclude that the lossless interfacial proper-
ties are preserved. The quality of the interface is reflected in
PV parameter data, with an improvement in mean values from
18.5% to 18.9% PCE measured for 2PACz. Furthermore, a study
of contact angle for each film finds that the wettability of perov-
skite on Me-4PACz is significantly improved for evaporated
samples, increasing the fabrication yield to nearly 100%, signifi-
cantly enhancing the applicability of this promising material.
Finally, we demonstrate that high quality layers are uniformly
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deposited even over textured surfaces, which have previously
typically required an additional NiO, layer to ensure conformal
coating. Evaporated layers show an improved implied V¢ com-
pared to NiO,, layers from 1.145 to 1.213 V. In summary, we find
that our new deposition method for these materials enhances
their applicability without sacrificing their lauded interfacial
properties or resultant PSC performance.

5. Experimental Section

Evaporation of Self-Assembled Monolayer Thin Films: Evaporated
SAM (2PACz, TCl), (MeO-2APCz, TCl), and (Me-4PACz, TCl) thin
films were fabricated via PVD from a crucible in a thermal evaporation
system (Creaphys, OPTlvap). All films were deposited at pressures
of =5 x 107® mbar, at rates of 0.15-0.25 As™' measured using a quartz
crystal microbalance (QCM). Increasing deposition rates up to 0.6 As™
did not have a noticeable impact on device performance. Initial
deposition temperatures for each evaporated SAM were as follows:
160 °C for 2PACz, 140 °C for MeO-2PACz, and 170 °C for Me-4PACz.
Prior to each deposition, crucibles were cleaned with isopropyl alcohol
such that each deposition utilized only a new material. While 2PACz
and Me-4PACz films did not demonstrate a noticeable change in device
performance when depositing without removing previous material from
the crucible, for consistency new material was used each time.

Washing of Evaporated Thin Films: Evaporated films were washed
using 1 step spin-coating program (3000 rpm for 40 s) and 600 pL of
ethanol (Sigma-Aldrich, anhydrous). 150 pL of ethanol was dripped
statically =5 s before starting the spin-coating program, followed by
150 pL dynamically every =10 s. This additional washing step was only
utilized for specified films.

Fabrication of Perovskite Solar Cells: Planar p-i-n PSCs were fabricated
with the architecture of: glass/ITO/SAM/ Csg17FAqg3Pbl;75Bro 2s/LiF/
Cgo/BCP/Ag. ITO substrates (Luminescence Technology) were cut to a
1.6 cm x 1.6 cm area and cleaned with acetone and isopropanol in an
ultrasonic bath for 15 min each. Substrates were treated with oxygen
plasma for 3 min immediately prior to deposition of the HTL.

Solution-processed SAM HTLs were prepared and processed as
reported in Ref. [44]. Evaporated SAM HTLs were deposited as detailed
above, with optimal thicknesses of 4-8 nm.

Perovskite precursor solution was prepared by dissolving lead iodide
(Pbly, TCl) in 4:1 N,N-dimethylformamide (DMF, Sigma Aldrich):dimethyl
sulfoxide (DMSO, Sigma Aldrich). The solution was heated up for
25 min at 120 °C and left to cool down for =10 min. Afterward, the
mixed solution was transferred to the lead bromide (PbBr,, TCl), cesium
iodide (Csl, Alfa Aesar), methylammonium bromide (MABr, Great Cell
Solar), and formamidinium iodide (FAI, Great Cell Solar) and vigorously
agitated until all the powders were dissolved. The deposition parameters
and further details can be found in Ref. [4]. The double-cation perovskite
was prepared and processed as reported in Ref. [27].

A 1 nm LiF passivation layer followed by an ETL comprised of 20 nm
fullerene (Cgp, Alfa Aesar) and 7 nm bathocuproine (BCP, Luminescence
Technology), was thermally evaporated at a 0.1-0.2 As™ rate (determined
via quartz crystal microbalance [QCM]) under a pressure of =107° mbar
in an vacuum evaporation system (Angstrom). All samples were finished
with the evaporation of a 100 nm Ag rear electrode, with an active area of
10.5 mm? defined via shadow mask.

Characterization Methods: Field emission top-view SEM images were
taken with a SEM (ZEISS, LEO Gemini 1530) with an aperture size of
20 um and an accelerating voltage of 5 kV.

Contact Angle Measurements: Contact angle measurements used
an optical contact angle and drop contour analyzer (DataPhysics
Instruments GmbH, OCA 200). The polar and dispersive parts of the
surface free energy were calculated after the OWRK model.”"l A high-
speed camera (2450 fps) was utilized for the measurements to minimize
potential liquid-surface interactions, which would preclude exact
calculations of surface energetics.4]
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Current Density-Voltage (J-V) Measurements: ]V characteristics were
measured using a class AAA solar simulator (Newport, Oriel Sol3A)
at a power density of 100 mWcm=2, calibrated via a silicon solar cell
(Newport) equipped with a KG5 bandpass filter to simulate the AM
1.5G solar spectrum. Scan rate during measurement was set to 0.6 Vs
using a source meter (Keithley, 2400 A). Stable power output efficiency
of PSCs was determined by tracking MPP under continuous AM 1.5G
illumination. Solar cell temperature during measurements was actively
regulated by a Peltier element connected to a microcontroller set to
25°C.

External Quantum Efficiency (EQE) and Absorption Measurements: EQE
spectra were measured in the wavelength range of 300 to 850 nm using
photovoltaic QE system (Bentham instruments, PVE300). The system
was calibrated with a silicon reference cell and employed a 0.74 mm?
illumination area, chopping frequency of =575 Hz, and an integration
time of 500 ms to acquire the spectra. The transmittance and reflectance
measurements were performed using a LAMBDA 1050 spectrometer
(PerkinElmer).

Time-Resolved Photoluminescence Measurements (TPRL): TRPL was
acquired based on an FLSP920 Fluorescence Spectrometer (Edinburgh
Instruments Ltd.) using the time-correlated single photon counting
(TCSPC) acquisition technique. A picosecond pulsed laser diode
(PicoQuant, 635 nm) externally triggered by a delay generator (repetition
rate: 150 kHz) was employed as the excitation light. The emission
was collected by a photomultiplier tube (Hamamatsu R928P). The
measurements were conducted in air.

Photoluminescence Quantum Yield Measurements and Calculations
(PLQY): The measurements were performed as detailed in the authors’
previous work.[27:56]

X-Ray  Photoelectron  Spectroscopy ~ Measurements — (XPS):  XPS
measurements were performed with a Kratos Axis Ultra system equipped
with a monochromatic Al k, X-ray source (1486.6 eV). High-resolution
data were acquired with a pass energy of 20 eV and survey spectra
with a pass energy of 80 eV. CasaXPS was used to analyze the data.
The peaks were fitted with a mixture of Gaussian and Lorentzian shape
after subtraction of a Shirley background. For the P 2p;; and P 2p;;,
peaks the binding energy splitting and the area ratio was constrained
to 0.84 eV and 2:1, respectively. The samples were stored in Argon filled
boxes, which were opened shortly before the samples were mounted
on the sample holder. A charge-neutralizer was used and the binding
energy was calibrated to Sn 3ds, peak of the ITO at 486.5 eV. The 2PACz
powder sample was prepared by pressing =1.5 mg of the material into
indium foil and mounted to the holder using double-sided tape.

Reflection-Absorption Infrared Spectroscopy (RAIRS): RAIRS data were
recorded using a spectrometer (Bruker, Vertex 80v) equipped with a liquid
nitrogen cooled narrow-band MCT detector. Samples were placed onto
a horizontal accessory in a spectrometer chamber under low vacuum
(=3 mbar). A bare ITO substrate was used for a reference. Spectra were
taken with p-polarized incident light after incubation of samples in
vacuum for 180 s. Spectral resolution was set to 4 cm™, aperture size to
4 mm, and spectra were acquired by averaging 256 scans.

Electrochemical Impedance Spectroscopy (EIS): EIS for the full device
stack was conducted using Paios system. The sweep frequency was from
1 Hz to T MHz with 70 mV amplitude and offset voltage equivalent to the
device's V. Further details can be found in Ref. [105].
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