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Unraveling the Morphological and Energetic Properties of
2PACz Self-Assembled Monolayers Fabricated With

Upscaling Deposition Methods
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Penghui Ji, Tianhao Wu, Tongtong Li, Shuai Yuan, Xiaomin Liu, Ting Guo, Chenfeng Ding(®,
Hengyuan Wang, Annalisa Bruno@®, Luis K. Ono*®), and Yabing Qi*

Self-assembled monolayers (SAMs) are widely used as hole transport
materials in inverted perovskite solar cells, offering low parasitic absorption
and suitability for semitransparent and tandem solar cells. While SAMs have
shown to be promising in small-area devices (<1 cm?), their application in
larger areas has been limited by a lack of knowledge regarding alternative
deposition methods beyond the common spin-coating approach. Here, we
compare spin-coating and upscalable methods such as thermal evaporation
and spray-coating for [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz),
one of the most common carbazole-based SAMs. The impact of these
deposition methods on the device performance is investigated, revealing that
the spray-coating technique yields higher device performance. Furthermore,
our work provides guidelines for the deposition of SAM materials for the
fabrication of perovskite solar modules. In addition, we provide an extensive
characterization of 2PACz films focusing on thermal evaporation and
spray-coating methods, which allow for thicker 2PACz deposition. It is found
that the optimal 2PACz deposition conditions corresponding to the highest
device performances do not always correlate with the monolayer

1. Introduction

Perovskite solar cells (PSCs) are among the most
promising next-generation photovoltaic (PV)
thin film technologies due to their low-cost
precursors,!']  energy-efficient
processes,B’ﬂ and remarkable power conver-
sion efficiency (PCE) up to 26.1%.% Also,

PSCs with the inverted structure are gaining

fabrication

popularity due to their negligible hysteresis,
low-temperature processing, and application in
flexible and tandem solar cells.!”®] Lately,
(SAMs)  have
attracted high interest by the research commu-
nity for the fabrication of inverted PSCs, as they

self-assembled  monolayers

are effective in reducing non-radiative recombi-
nation losses'” leading to an increased open cir-
cuit voltage (Voc), and their ability to reduce
parasitic absorption thanks to their small
thickness.!' ']

In recent years, carbazole-based organic
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SAMs with hole-selectivity properties, such as
[2-(9H-carbazol-9-yl)ethyl|phosphonic ~ acid
(2PACz), [2-(3,6-dimethoxy-9H-carbazol-9-yl)
ethylphosphonic acid (MeO-2PACz), and [4-(3,6-dimethyl-9H-
carbazol-9-yl)butyl |phosphonic acid (Me-4PACz), originally developed

by Albrecht and coworkers! %1}

gained popularity as replacement for
the conventional hole transporting layers (HTLs). They all have in com-
mon a carbazole moiety that allows hole extraction and a phosphonic
acid (PA) group, which ensures the formation of a covalent bond with
the transparent conductive oxide (TCO) material, the starting substrate
for perovskite solar cells..'” The formation and tunability of dipole
moments employing SAMs are important features that have been thor-
oughly investigated in the literature.[' "'
cial dipole generated by SAMs between the perovskite and indium tin
oxide (ITO) contributes to reducing the open circuit voltage (Voc)
losses in p-i-n devices owing to the better energy level alignments
between SAMs and the perovskite.[' %! +1371%]

Traditionally, SAMs are deposited via spin-coating, which is the
main solution-based process used in research laboratories, allowing for

13141 Eor instance, the interfa-

fast and simple depositions to achieve high device performance in small
active area PSCs (e.g., from ~0.1 cm’ up to 1 cmz).[“] However, in
the p-i-n device architecture, all the device layers have been
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Although the wettability of the perovskite on
Me-4PACz improves when this is thermally
evaporated,[m our work focuses solely on
2PACz. This is because we compare vacuum
and solution-processed deposition methods,
and the latter would require the use of an addi-
tive for the Me-4PACz case to increase the
perovskite wettability, thus making the different
deposition processes not comparable.

Here, we employ thermal evaporation and
spray-coating techniques for depositing 2PACz
(Figure 1) and demonstrate how to optimize
these deposition techniques. We first studied
the effects of the deposition methods on small
area devices, and then used the optimized con-
ditions to fabricate proof-of-concept solar mod-
ules with an aperture area of 22.4 cm®. We

X

Figure 1. Schematics of the deposition and optimization methods for 2PACz using spin-coating,

evaporation, and spray-coating.

demonstrated to be deposited using techniques suitable for larger areas,
with the exception of SAMs. For instance, other HTLs such as nickel
oxide (NiOx) layers are deposited using techniques such as sputtering
and atomic layer deposition (AlD),[lé’”]
applied through upscalable methods including thermal evaporation,
blade-coating, and chemical vapor deposition.['®'®!'?} Additionally, ful-
lerene (Cgp), bathocuproine (BCP), and silver electrode layers are
deposited through thermal evaporation, and tin oxide (SnO,) and TCO

layers are applied using ALD and sputtering, respectively, particularly in
[20]

while the perovskite layer is

the case of semitransparent devices.

Therefore, identifying alternative deposition methods for SAMs is
essential for fabricating devices using only large-area compatible tech-
niques. Recently, Farag et al.""1 have shown that it is possible to use a
vacuum-based evaporation technique of most common SAM-HTLs
including 2PACz, MeO-2PACz, and Me-4PACz. For example, PSCs
based on evaporated 2PACz (with 10.5 mm?” active area) generated a
slightly higher power conversion efficiency (PCE of 18.9%) compared
to that of solution-processed counterpart (18.5%). Similarly, compara-
ble PCEs were reported when comparing the evaporated and
spin-coated MeO-2PACz-based PSCs. Additionally, the wettability of the
perovskite films was enhanced by employing the vacuum-deposited
Me-4PACz, resulting in a corresponding PCE of around 19.3% in
PSCs.*'! Thermal evaporation of these SAMs not only provides an easy
technique for fabricating large area perovskite devices, but could also
be used for depositing SAMs on not even surfaces, such as textures sili-
con surfaces in perovskite—silicon tandems applications.’** Cassella
et al.l”*) employed ultrasonic spray-coated MeO-2PACz to fabricate
MAPbI; PSCs, both with and without an antireflective coating, achiev-
ing PCEs of 20.3% and 18.4%, respectively, on an active area of
2.5 mm’. These findings are fundamental for the future commercializa-
tion of large-area perovskite solar devices, as these techniques are suit-
able for upscaling and are widely used in industrial production
lines.!**] However, none of these upscaling techniques have been used
to fabricate large-area PSCs yet and a thorough characterization of the
evaporated and spray-coated SAMs and their comparison are missing.
2PACz was chosen as SAM in this study because of the better hole trans-

[14]

fer and enhanced molecular dipole as compared to MeO-2PACz" ™ and

the improved perovskite wettability compared to Me-4PACz.[*]
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show that both evaporation and spray-coating
methods are viable deposition techniques for
the fabrication of PSCs and modules, after per-
forming a thorough optimization. Similar
performances are obtained from the conventional spin-coating and the
optimized evaporated and spray-coating deposition methods, with
slight improvements observed in the case of spray-coating. In addition,
the morphology, surface potential, and light transmission of the 2PACz
films prepared via spin-coating, thermal evaporation, and spray-coating
are compared to identify the most effective deposition method and its
effects on device performances. Evaporation and spray-coating tech-
niques show the incredible advantage of providing control over the
thickness of the deposited layer, in contrast to spin-coating. This allows
for an unprecedented characterization of this material. We use X-ray
photoelectron spectroscopy (XPS) to determine the thickness of 2PACz
and realize that the optimized as-deposited spray-coated 2PACz thick-
ness is above that of a monolayer. Furthermore, we find a correlation
between the work function (WF) and the thickness of 2PACz. Utilizing
these insights, we investigate the band alignment between 2PACz and
the perovskite layer, aiming to optimize the performance for different
perovskite compositions with bandgaps of 1.57 and 1.68 eV.

2. Results and Discussion

In this work, we compare three deposition methods for 2PACz, i.e.,
the traditional spin-coating method, as well as the upscalable thermal
evaporation and spray-coating methods. We employ an inverted PSC
architecture consisting of glass/indium tin oxide (ITO)/2PACz/per-
ovskite/phenethylammonium iodide (PEAT)/phenyl-Cg;-butyric acid
methyl ester (PCBM)/bathocuproine (BCP)/Ag (Figure S1, Support-
ing Information). For the perovskite, a triple cation composition of
Cs0.05(FA.83MAg 17)0.95Pb(Iy.95Brg 05)3 with a bandgap of 1.57 eV
was used for the fabrication of small area devices. Details of the
deposition materials and processes are presented in the Experimental
Section. Identical devices were fabricated using 2PACz either evapo-
rated or spray-coated, for which the deposition processing required a
thorough optimization. Throughout this article, we will refer to
2PACz as films or layers. Although this nomenclature is not accurate
for monolayer cases, we will present 2PACz thicknesses above that of
monolayers, and hence, for simplicity, we use films or layers for all
2PACz depositions.

© 2024 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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2.1. Thermal Evaporation of 2PACz

For the optimization of 2PACz by thermal evaporation, four different
thicknesses of 1, 10, 50, and 100 nm were evaluated. The deposition
was performed under a vacuum of 2-3 x 10™* Pa. The thickness of
the evaporated 2PACz layer was measured using a quartz crystal micro-
balance (QCM), which was calibrated a priori by comparing the thick-
ness shown in QCM with the actual thickness measured by atomic
force microscopy (AFM). The performances of PSCs were assessed in
relation to the thickness of the evaporated 2PACz (Figure S2 and
Table S1, Supporting Information). The as-deposited thicker 2PACz
films showed an increased Voc (1.16 and 1.08 V on average at thick-
nesses of 50 and 100 nm, respectively) and short-circuit current den-
sity (Jso) (21.3 mA cm™?
thicknesses). PSCs with evaporated 2PACz layers achieved an average
PCE of 17.2% and 15.8% with 50 and 100 nm 2PACz thicknesses,
respectively. These values are significantly lower than the 19.7% aver-
age PCE achieved with spin-coated 2PACz (Figure S3 and Table SI,
Supporting Information).

To further enhance the PCE of the evaporated 2PACz, we per-
formed a postdeposition treatment that consists of annealing at
100 °C for 5 min after evaporation, followed by washing (with
ethanol through spin-coating at 3000 rpm for 15 s), and a second
annealing step (100 °C for 5 min) to evaporate the remaining sol-
vent. Farag et al. have reported a different postdeposition treatment
method, which involves dripping ethanol ~5 s before the spinning
is started followed by dynamic dripping of ethanol every 10 s dur-
ing a total of 40 s of spin-coating process.[*'! After implementing
our postdeposition treatment method, we noticed that the devices
using thinner 2PACz (1 and 10 nm) exhibited PCEs similar to those
of nontreated devices. In contrast, the devices incorporating thicker
2PACz layers with postdeposition treatment (50 and 100 nm)
showed improved performance, as evidenced by average PCEs of
7.9%, 13.3%, 19.3%, and 17.0% for 1, 10, 50, and 100 nm,
respectively (Figure 2a).

Trends in device parameters such as Voc, Jsc, and fill factor (FF) are
presented in Figure S2 and Table S1, Supporting Information. The
highest device performances are achieved using 50-nm-thick 2PACz
with the postdeposition treatment. For comparison, the average PCEs of
devices with 50-nm-thick 2PACz without and with postdeposition
treatment are 17.2% and 19.3%, respectively. The FF has increased
from 70.0% to 79.8% leading to major contribution in PCE, as shown
in Figure S2, Supporting Information. We notice that the postdeposi-
tion treatment is advantageous for thicker layers (evaporated 50 and
100 nm evaporated 2PACz) only. This suggests that the extremely thick
2PACz layers negatively affect the device performance. On the other
hand, the postdeposition treatment addresses this issue by removing
the excess 2PACz, especially the molecules that have no covalent bond-
ing with the ITO, resulting in thinner 2PACz layers. However, regard-
less of the postdeposition treatment, by increasing the thickness of the
evaporated 2PACz, the probability of surface coverage (with covalent
bonding between the 2PACz and ITO) is increased. Hence, this suggests
that the ethanol washing selectively removes the excess 2PACz, leaving
the covalently bonded 2PACz intact. Additionally, the packing of 2PACz
molecules on the ITO surface is enhanced with increasing 2PACz thick-
nesses evaporated on the substrates. A schematic of this proposed mech-
anism is presented in Figure 2b, and more details are provided in the
subsequent sections.

on average for both 50 and 100 nm
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2.2. Spray-Coating of 2PACz

Regarding the spray-coating deposition, a solution of 2PACz
(1 mg mL™") in ethanol was spray-coated onto glass/ITO substrates
placed on a hotplate at 100 °C. The airbrush was maintained at a dis-
tance of about 15 cm from the substrate during the process. The opti-
mization has been done using different cycles, namely 1, 5, 10, and
20 cycles (Figure 2c). One airbrush spray pass (left-to-right) is counted
as one cycle (abbreviated as “cy”). Because it was challenging to mea-
sure the actual layer thickness by AFM due to the rather large local
roughness of the spin-coated films, we used the Tougaard noninterac-
tive method to estimate the thickness,[m] which was determined to be
2.2, 5.3, 7.1, and 84 nm for 1, 5, 10, and 20 cycles, respectively
(Figure S4, Note S1, Supporting Information). The morphology of
2PACz films is discussed in Section 2.4. in more detail. Figure 2d
shows a representative J-V curve of a device with 10 cycles
spray-coated 2PACz being the optimized condition for this deposition
method with a PCE of 20.59%, Voc = 1.17 V, Joc = 22.52 mA cm 2,
and FF = 78.4% (with all the device parameters shown in Figure S5
and Table S2, Supporting Information, with averages being
PCE = 20.0%, Voc = 1.15 V, Jsc = 22.4 mA am™ 7, and FF = 77.5%).
To have a direct comparison with the evaporated 2PACz, post-
deposition treatments were conducted on 1, 5, 10, and 20 cycles
spray-coated 2PACz (Figure 2c and Figure S5, Supporting Information).
However, for the spray-coated 2PACz PSCs, the PCE drops considerably
after the postdeposition treatment, mainly due to the reduced Voc. For
example, considering the optimized condition of 10 cycles, the average
PCE goes from 20.0% to 14.7% after the postdeposition treatment, and
the average Voc goes from 1.15 to 0.96 V (Figure S5, Supporting
Information). Therefore, we did not adopt the postdeposition treatment
for the spray-coated 2PACz.

When comparing PSCs fabricated with evaporated and spray-coated
2PACz, a consistent trend is observed in devices without the postdepo-
sition treatment. Specifically, an increase in 2PACz thickness correlates
with better coverage on ITO enhancing Vo and Jsc. This is attributed
to the surface passivation and interface dipole formation by 2PACz,['"!
thereby contributing to the observed enhancements in Voc and Jsc.
Indeed, it is widely acknowledged that a full coverage not only
increases Voc but also improves the FE.[?] However, while devices
with evaporated 2PACz show an increased FF with the thickness, this
decreases in the case of spray-coated devices. We believe that increasing
the thickness could limit the FF due to the poor conductivity of 2PACz,
affecting the series resistances of devices (Figure S6, Supporting Infor-
mation). Disentangling the effects that affect all parameters can be chal-
lenging, mainly due to the different experimental factors used for the
two techniques, which may influence the final device performance.
Examples of the experimental factors are the deposition process (vac-
uum conditions and high processing temperature for the evaporated
2PACz) and the UV-O; treatment. In fact, substrates were immediately
transferred from the UV-O; cleaner onto the hotplate for the spray-
coating of 2PACz with a short air exposure time. On the other hand, a
longer air exposure time was unavoidable for the UV-O; treated ITO
due to the substrate positioning onto the masks for the evaporation and
the starting of the vacuum pump. In addition, the long vacuum expo-
sure time of the UV-Ojs-treated ITO substrates before the thermal evap-
oration of 2PACz could affect the surface activation of ITO. These
factors may strongly affect the packing system of 2PACz,[*®]
quently, the device performance.

and conse-

© 2024 The Author(s). Energy & Environmental Materials published by
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Figure 2. a) Device performances of 1, 10, 50, and 100 nm evaporated 2PACz without and with
postdeposition treatment (abbreviated as pdt). b) Schematic illustration of a proposed mechanism of
increasing the evaporated 2PACz thickness, with and without postdeposition treatment. c) Device
performances of 1, 5, 10, and 20 cycles (cy) 2PACz deposited via spray-coating. d) J-V curves with
inset presenting the solar cell parameters, e) box charts showing the performance comparisons, and f)
the MPP tracking (4 min) of representative devices with 2PACz deposited by the optimized spin-
coating, thermal evaporation, and spray-coating methods. The power output values are normalized at

0 min.

As discussed in detail later, the washing treatment produces mono-
layers (Figure 2b). For the evaporated 2PACz devices, the postdeposi-
tion treatment shows an increment of the FF, with particular benefit in
thicknesses of 50 and 100 nm (Figure S2, Supporting Information).
In particular, in the case of devices with 50 nm evaporated 2PACz, the
FF increases from 70% to 79.8% after the postdeposition treatment.
This correlates to the higher series resistance observed in devices with-
out the postdeposition treatment, particularly in thicker films (39.0 and
22.4 Q an®) without and with postdeposition treatment, respectively
(Figure S6, Supporting Information). As for devices with spray-coated
2PACz, the postdeposition treatment slightly increases the FF, but causes
a significant decrease of Voc and Jg, causing the PCE to drop
(Figure S5, Supporting Information). Thus, for higher device perfor-
mances of evaporated 2PACz PSCs, the postdeposition treatment is

Energy Environ. Mater. 2024, 0, e12825
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able thickness for achieving good device
performances. SEM top view (Figure S8b,
Supporting Information) shows a dense and
compact perovskite film but with grain size
ranging from small (175 nm) to larger
grains (570 nm), while an increased size
uniformity and larger grains are expected to
further increase the Jgc.

After finding the optimum conditions for
the evaporated and spray-coated 2PACz, we
compared them to the conventional spin-coating method. Figure 2d
shows representative J-V curves and Figure 2e shows the PCEs of solar
cells using different deposition methods of 2PACz (average PCE of
19.7%, 19.3%, and 20.0% for spin-coated, evaporated, and spray-
coated 2PACz PSCs, respectively). The corresponding maximum power
point tracking (MPPT) and box charts revealing the average device
parameters are shown in Figure 2f and Figure S3, Supporting Informa-
tion, respectively. The performances of devices do not have significant
differences, and hence, both evaporation and spray-coating techniques
are considered valid deposition techniques for the fabrication of small
area solar cell devices, as also confirmed by Farag et al.’"1 and Cassella
etal?!

In addition, our results show that spin-coated, evaporated, and
spray-coated 2PACz show low hysteresis (Figure S9a—c, Supporting

© 2024 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Information). The external quantum efficiency (EQE) measurement
shows similar results between the optimized PSCs. The integrated Jgc
values, derived from EQE (Figure S9d—f, Supporting Information) for
spin-coated, evaporated, and spray-coated 2PACz-based PSCs are 22.52,
22.4, and 22.48 mA cm %, respectively. These values align closely
with the Jgc values obtained from the J-V curves (Figure 2d). In addi-
tion, the bandgap measured from EQE shows a consistent value of
~1.57 eV for all the devices (Figure S9, Supporting Information). The
long-term stability assessments conducted with unencapsulated devices
under N, flow at 29 °C-30 °C show a PCE drop of around 0.04%,
0.27%, and 0.04% for spin-coated, evaporated, and spray-coated 2PACz
devices, respectively, after 150 h of continuous illumination and
steady-state power output (SPO) (Figure $9g—i, Supporting Informa-
tion). Spray-coated 2PACz devices have been measured also up to
1000 h showing stable SPO (>Tg,) (Figure S10, Supporting Informa-
tion). These results reveal that spin- and spray-coated 2PACz confer
greater stability compared to evaporated 2PACz devices.

The differences in the device stability (Figure S9g—i, Supporting
Information) might be related to the quality of 2PACz films. To verify
this hypothesis, we compare the powders of fresh 2PACz, and the
material left on the crucible after the thermal deposition. First, a visual
inspection shows color differences, with the fresh whitish 2PACz pow-
der turning into a gray-colored powder after the thermal evaporation
(Figure Sl1a, Supporting Information). By adding a thermocouple in
the crucible together with the fresh 2PACz powder, we observed a tem-
perature increase from 20 °C to 150 °C when the evaporation rate
starts (0.1-0.5 A s™'). The temperature further increased up to
234 °C when reaching a thickness of 50 nm, at a rate of 0.22 As!
(Figure S11b, Supporting Information). This condition surpasses the
melting temperature of 2PACz (231 °C), as specified by
the manufacturing company.[**) Thus, we performed thermal gravi-
metric analysis (TGA) coupled with differential thermal analysis (DTA)
to determine mass changes in the powder as a function of temperature
and the temperature difference between the sample and a stable refer-
ence material (Al,O3), respectively. As shown in Figure S11c, Support-
ing Information, we observed that for TGA, the mass loss starts at
217 °C and that the DTA spectra show two peaks in the same region,
which correspond to release of heat, one at 217 °C and another at
231 °C, the latter being in agreement with the temperature reported
for the melting point of 2PACz. Thus, the degradation of the 2PACz
may occur before the melting point (217 °C). To confirm this, we ana-
lyzed the powders of fresh 2PACz, and the material left on the crucible
after thermal deposition and found by attenuated total reflectance
(ATR) analysis that the two powders show significant differences
(Figure S11d,e, Supporting Information). Most changes appear at lower
wavenumbers (1750—400 cm™ "), corresponding to C-N stretching,
and C=C and C—H bending. Therefore, the temperature of the crucible
at a low rate (0.5 A s™', 150 °C) for very thin thicknesses (1-5 nm)
can preserve the molecular properties. On the other hand, when using
the optimized recipe of 50-nm-thick evaporated 2PACz with postdepo-
sition treatment, the properties of the 2PACz molecules are not pre-
served, leading to poor long-term stability (Figure S9g—i, Supporting
Information). However, it should be noted that by controlling the cru-
cible temperature of 2PACz and maintaining a low evaporation rate, the
chemical properties may be preserved.

In the following paragraphs, we will analyze the morphological and
energetic properties of the 2PACz layers deposited using the three depo-
sition methods, and the characteristics of the perovskite layer grown
on top.
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2.3. Perovskite Films on 2PACz by Spin-Coating, Evaporated,
and Spray-Coating

The wettability of the perovskite precursor solution on spin-coated,
evaporated, and spray-coated 2PACz films has been checked through
contact angle revealing no major differences
(Figure S12, Supporting Information). Spin-coated, evaporated, and
spray-coated 2PACz show low contact angles of ~ 10°, 17°, and 12°,
respectively, indicating that all 2PACz layers have good wettability
properties with the perovskite precursor solution. The perovskite sur-
face morphology was characterized using scanning electron microscopy
(SEM). The perovskite films deposited on spin-coated, evaporated, and
spray-coated 2PACz films, were not affected by the deposition methods
of 2PACz (Figure S13, Supporting Information). Photoluminescence
(PL) spectra of the perovskite films deposited on the 2PACz layers are
shown in Figure S14, Supporting Information. The spectra include
perovskite on evaporated 2PACz with different thicknesses, both with
and without postdeposition treatment (Figure S14a,b, Supporting Infor-
mation), spray-coated with different cycles (Figure Sl4c, Supporting
Information),
(Figure S14d, Supporting Information). The general behavior is
described by increased PL intensity for increased 2PACz thickness (for
both evaporated and spray-coated layers). In fact, for monolayer thick-
ness of 2PACz, PL of perovskite usually increases as non-radiative
recombination losses decrease. On the other hand, in the case of thick
2PACz layers, the PL intensity increases because charge transfer between
perovskite and ITO is suppressed by the insulating properties of the
carbazole-based SAMs.1**) One exception is found for the evaporated
2PACz layer, which at 100 nm thickness shows a reduced PL intensity.
The same trend is shown for evaporated 2PACz layers with the postde-
position treatment, where the PL reduction is more significant. The
thick 100 nm layer obtained using elevated evaporation rates demon-
strated changes in the properties of 2PACz (Figure S11, Supporting
Information). These modifications can further influence the interaction
with the perovskite, and consequently affect the PL results. The spray-
coated 2PACz shows higher PL intensity compared to the spin-coated
and evaporated 2PACz, which suggests reduced non-radiative recombi-
nation losses.*’) These results agree with the device performance
trends, where the highest Vo average of 1.16 V was achieved in
devices with spray-coated 2PACz, compared to spin-coated
(Voc = 1.14 V) and evaporated (Voc = 1.11 V) 2PACz.

measurements,

and the comparison of all optimized methods

2.4. Morphology and Energetic Properties of 2PACz

The morphology of the 2PACz layers deposited via spin-coating and
optimized evaporation and spray-coating methods were explored by
AFM (Figure 3a—). The spin-coated 2PACz shows a root mean square
(RMS) roughness of 2.48 nm, being similar to that of ITO (2.46 nm).
Spin-coated SAM HTLs are well known for covering conformally rough
surfaces within a self-limiting process.'®''J In the case of evaporated
2PACz films, the RMS values of the 50 nm evaporated 2PACz are 2.90
and 2.93 nm before and after the postdeposition treatment, respec-
tively, showing a negligible increase of RMS (Figure S15, Supporting
Information). For the spray-coated films, the RMS decreases with
increasing the number of cycles (3.25, 3.12, 3.02, and 2.95 nm for 1,
5, 10, and 20 cycles, respectively, Figure S16, Supporting Informa-
tion). The RMS values for spin-coated and evaporated 2PACz are in
agreement with the SEM images S17a,

(Figure Supporting
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Figure 3. a—) Simultaneous AFM and d—f) KPFM measurements for extracting the root-mean-square (RMS) surface roughness and contact potential
difference (CPD) values of optimized 2PACz layers deposited by spin-coating a, d), evaporation b, e), and spray-coating ¢, f). g) KPFM CPD distribution (p)
profiles showing surface potential of —0.38, —0.29 and —0.45 V of 2PACz layers (high CPD values correspond to high WF values), deposited via spin-coating,
evaporation, and spray-coating respectively. h) Combined UPS and low-energy inverse photoemission spectroscopy (LEIPS) spectra of spin-coated, evaporated,
and spray-coated 2PACz films showing the differences in the HOMO and LUMO levels (energy with respect to Fermi level). i) Energy level alignments
between the perovskite film (triple cation) and spin-coated, evaporated, and spray-coated 2PACz, showing their HOMO, LUMO, and WF.
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Information), where smooth films are formed, and no feature can be
observed on their surface. However, this changes in the case of the
spray-coated 2PACz SEM images (Figure S17b, Supporting Informa-
tion). The 1, 5, 10, and 20 cycles 2PACz films show rough surfaces
for all cycles and even at the highest magnification (scale bars corre-
spond to 20 pm), with round-shaped features that resemble the shape
of bubbles caused by droplets drying quickly, as the deposition is per-
formed on a hot plate.

To gain further insights into whether the perovskite solution during
its  deposition could alter the 2PACz morphology, N,N-
dimethylformamide (DMF) solvent (without the perovskite precursor)
was spin-coated on the spray-coated 2PACz film. The SEM images
revealed a smooth morphology without the bubbles, corroborating
with the fact that 2PACz film morphology is prone to changes during
the perovskite precursor solution deposition (Figure S18, Supporting
Information). Because the SEM magnification is lower than that of AFM
(3 x 3 pm?), we believe that the RMS measured by AFM are reliable
only on the considered small areas and are not representative of the full
active area of devices. According to the SEM images, the roughness of
the film increases with increasing the number of cycles. In addition, we
performed Kelvin probe force microscopy (KPFM) to visualize the sur-
face potential mapping of the 2PACz films. Figure 3d—g show the con-
tact potential difference (CPD) distributions and a similar surface
potential uniformity is inferred for the 2PACz deposited by spin-
coating, evaporation, and spray-coating methods. The average CPD
values of —0.38, —0.29, and —0.45 V were extracted for spin-coated,
evaporated, and spray-coated 2PACz layers, respectively. Several factors
contribute to the CPD values such as monolayer interface dipole, WF
variations in thick 2PACz films, and the eventual presence of surface
charges.[15 48491 Our KPFM results correlate with the Vo trends
observed in Figure S3, Supporting Information, where higher CPD
values lead to enhanced Vo and PCE observed for the spray-deposited
2PACz-based PSCs.

To further verify this observation, ultraviolet photoemission spec-
troscopy (UPS) was performed. The WF values of spray-coated 2PACz
are 4.62, 4.98, 5.01, and 5.02 eV for 1, 5, 10, and 20 cycles, respec-
tively (Figures S19 and S21, Supporting Information), which justifies
the Ve average values increase from 1.03, 1.08, and 1.15, to 1.14 V,
respectively (Figure S5, Supporting Information). As for the evaporated
2PACz without postdeposition treatment, the WF values show a non-
linear behavior with the values of 4.73, 5.14, 4.74, and 4.72 eV for 1,
10, 50, and 100 nm, respectively (Figure S20a,b, Supporting Informa-
tion). The nonlinear trend is caused by the degradation of the 2PACz
when the evaporation rate reaches high values (Figure S11b, Support-
ing Information). Below 10 nm, the temperature of the crucible is
below 200 °C, while for 50 and 100 nm the temperature reaches
>200 °C leading to the degradation of 2PACz molecules. The subse-
quent postdeposition treatment on thick layers of evaporated 2PACz
results in a constant WF values of ~4.7 eV (Figures S20c,d and S2 le,g,
Supporting Information), which correlates with the fact that the postde-
position treatment results in thinner layers of 2PACz (Figures S2 and
S20c,d, Supporting Information). Modifications of the ITO WEF induced
by SAMs have been previously explained by the interfacial dipole for-
mations employing photoemission and KPFM techniques.H'*! 13715501
In our studies, we aimed at investigating whether the differences in the
formation of interfacial dipoles (ITO/2PACz) and their strengths could
be distinguished when employing our three deposition techniques. The
identification of interfacial dipoles are performed by plotting the energy
levels with the Fermi level alignment (Er =0, Figure S21gh,
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Supporting Information). The WF values for thin 2PACz layers show
higher values than the ITO WF (4.42 % 0.10 eV), indicating the pres-
ence of an interface dipole at the monolayer 2PACz interface with
ITO.[' 1113 1°] nterestingly, the monolayer 2PACz shows a similar
interface dipole strength (indicated by A in Figure S21g,h, Supporting
Information) for the three deposition methods considering the UPS
uncertainty (150 meV)."%) For example, A values of 0.42, 0.33, and
0.20 eV were extracted for the spin-coated, evaporated with the postde-
position treatment, and spray-coated 2PACz (one cycle), respectively
(Figure 3i and Figure S21gh, Supporting Information). The above
results show the intrinsic strong bonding nature of monolayer 2PACz
to ITO (ie., the phosphonic anchoring group on ITO), which deter-
mines the interface dipole strength and is independent of the deposition
techniques employed. Figure 3h,i show the WEF and the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) features of optimized spin-coated, evaporated, and
spray-coated 2PACz with WF values of 4.84, 4.73, and 5 eV, respec-
tively. These results are in agreement with the results obtained from
KPFM (Figure 3d-g).°"!

The spin-coated, evaporated, and spray-coated 2PACz layers trans-
mittance has been measured using UV—visible spectrometer (UV—Vis).
As expected, the transmittance (T%) decreases when the thickness
increases, for both evaporated and spray-coated 2PACz (Figure S22a,c,
Supporting Information). However, after applying the postdeposition
treatment for the evaporated 2PACz film, the transmittance of layers
with different thicknesses becomes similar (Figure S22b, Supporting
Information), which suggests that the excess 2PACz has been removed,
becoming a monolayer, similar to the spin-coated 2PACz. In fact,
Figure S22d, Supporting Information, shows identical transmission
curves of spin-coated and 50 nm evaporated 2PACz with postdeposi-
tion treatment, while the 10 cycles spray-coated 2PACz shows a lower
transmission suggesting that the spray-coated 2PACz layer is thicker.

The surface chemistry of spin-coated, evaporated, and spray-coated
2PACz films were investigated by XPS analyzing the O 1s, C 1s, N 1s, P
2p, and In 3d core levels (Figure 4a, Figures S23-S28, Tables S3 and
S4, and Note S2, Supporting Information). The peak fittings and ana-
lyses were conducted with Casa XPS software.”2] The C 1s core-level
region corresponding to monolayer thick 2PACz was previously
described including three peak components of carbon bonds (C—C/C—
H, C-N/C=N, and C-P at ~283.8, ~284.7, and ~285.7 eV, respec-
tively) from 2PACz molecules and three peaks from the adventtious
hydrocarbons on ITO (C—C/C-H, C-O, and C=0 at ~284.7, ~286.4,
and ~288.6 eV)['*'*1°] (Figure $23 and Note S2, Supporting Infor-
mation). However, the lack of O 1s fitting model prevails in the litera-
ture due to the low signal intensity originated from the monolayer
2PACZ!! (Figure 4b). In our studies, we take the advantage of thicker
2PACz (i.e., >10 nm evaporated 2PACz) to identify the XPS peaks in
the O 1s core-level region corresponding to the 2PACz molecules. First,
we adopt the strategy reported by Al-Ashouri et al '] by first consider-
ing the O 1s components from the bare ITO substrate. In our case, four
Gaussian—Lorentzian peak components (represented by black dashed
lines in Figure 4a and Figure S26, Supporting Information) are
observed to reproduce well the O 1s region of the bare ITO. The four
peaks were previously assigned to (Oy) oxygen in In,03/SnO, of ITO,
(On) metal hydroxide species, (Opr and Ory) hydroxides and adventi-
tious contaminants at ~530.3, ~531.5, ~532.3, and ~533.4 €V,
respectively.!'”! Because all the 2PACz film preparations were per-
formed in the same batch, the relative distances, and the intensity ratios
of those four components were kept fixed, by using the constraint
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ratio analyses considering the several empirical
factors during the photoemission processes,
which are modeled using synthetic background
and peak shapes.**] When the number of
cycles is increased in spray-coated 2PACz, the
gradual increase in P-OH and P=O is inferred
(Figure 4a,c). Similar trend is observed for the

evaporated 2PACz results (Figure S26, Support-
ing Information), where the deposition of

XPS intensity [arb. unit]

10 nm leads to the appearance of P-OH and
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thickness.[*"] Figure 4b summarizes the XPS O
1s regions corresponding to the optimized con-
ditions for spin-coated, evaporated, and spray-
coated 2PACz that lead to the highest device
performances (Figure 2d,e). Interestingly, the
slightly higher PCEs obtained for the optimized
spray-coated 2PACz correlates with the excess
of 2PACz as having beneficial effects.
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and hence, the thickness of the 2PACz layer
(Figure 4d). Doublet peaks associated with the
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[d52] ~1.5. In the case of 50 and 100 nm
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Figure 4. XPS O 1s core-level regions of a) spray-coated 2PACz (1, 5, 10, and 20 cycles) and the bare
ITO substrate as reference and b) the optimized conditions for spin-coated, evaporated, and spray-
coated 2PACz that led to the highest PCEs. ¢) Summary of XPS atomic percentages for the oxygen-
related components in ITO (O, Oy, Oy, and Oy) and 2PACz molecules (P=O and P—OH). d) XPS In
3d intensities using the three different deposition methods optimized for the highest device
performances (spin-coated, 50 nm evaporated 2PACz with postdeposition treatment, and 10 cycles for

spray-coated 2PACz before and after the DMF effect).

function in Casa XPS. To determine the O 1s XPS peak positions of
2PACz, two additional components were included in the fitting model,
considering the molecular structure of 2PACz, and counting the oxygen
environment within the molecule (Figure 1). Based on this method-
ology, we can identify the binding energy positions of P-OH and P=O
bonds at 532.52 4 0.16 eV and 531.13 & 0.12 €V, respectively.
These values are consistent with previous reports on similar SAM mole-
cules with functional phosphonic anchoring groups.l”*! The intensity
ratio of [P=0]: [P-OH] ~0.6 was extracted from all the fittings, which
is slightly higher than the nominal value of [P=O]: [P-OH] ~0.5
expected considering the 2PACz molecular structure (Figure 1). The
observed deviation is within the XPS uncertainty estimates for atomic
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440 435 the thick 2PACz layer covering ITO attenuates

the In 3d signal (Figure S27a, Supporting Infor-
mation). Based on the universal curve for the
inelastic-mean-free-path of electrons in a solid
material, the probing depth in XPS does not
exceed 10 nm in general.[55'56] However, after
the postdeposition treatment, In 3d peaks show
similar intensities independent of the initial
2PACz deposition thickness, inferring that the
postdeposition treatment leads to reduced and
similar final thicknesses (Figure S27b, Supporting Information). In
addition, the evaporated 50 nm 2PACz after the postdeposition treat-
ment shows the In 3d peak intensities slightly higher than that of spin-
coated 2PACz (Figure 4d and Figure S27, Supporting Information),
suggesting a slightly thinner 2PACz layer. The above results correlate
well with the UPS results, where the similar WF values observed in
UPS after the postdeposition treatment (Figures S20 and S21, Support-
ing Information) is explained by the resulting similar 2PACz film thick-
nesses (Figure S27, Supporting Information).

The 2PACz layer thickness can be estimated by the exponential
decrease in XPS peak intensity based on Lambert—Beer’s law (please
see Ref.l'**"1 for more details). Based on this reported methodology,
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the thickness of 50 nm evaporated 2PACz films after the postdeposi-
tion treatment can be estimated as around 0.83 nm. This thickness is
slightly lower than the spin-coated 2PACz thickness, which is esti-
mated to be around 1.2 nm (Figure 4d and Figure S27, Supporting
Information), which is close to the reported value of 1.1 nm of the
2PACz solution prepared using 1 mg mL~' (3 mmol) of 2PACz in
ethanol.!"*? As for the optimized 10 cycles spray-coated 2PACz, the
estimated thickness is 7 ~ 9 nm (Figure S28, Supporting Informa-
tion), which represents the average value from the XPS detection area
(700 x 300 pm?*). As previously discussed, the sprayed-coated
2PACz film morphology (SEM, Figure S17, Supporting Information)
shows large features of ~50 pm in diameter, and the height measured
at the edges of these features can be as high as 25 nm (AFM,
Figure S29, Supporting Information). Thus, the thickness of 7-9 nm
determined by XPS seems to provide a reasonable averaged value. In
addition, the intensity of In 3d peaks show that the optimized
10 cycles spray-coated 2PACz intensity (Figure S28, Supporting Infor-
mation) is lower than that of spin-coated and higher than that of
10 nm evaporated 2PACz samples (Figure S27a, Supporting Informa-
tion), suggesting that the average thickness of spray-coated 2PACz
with 10 cycles is around 10 nm. These estimations are in agreement
with the Tougaard noninteractive method calculations previously pre-
sented in Figure S4, Supporting Information, (7.1 nm for 10 cycles
spray-coated 2PACz).

As demonstrated in the SEM images in Figure S18, Supporting Infor-
mation, spin-coating of DMF on the spray-coated 2PACz to simulate
the effect of perovskite precursor solution spin-coating, alters the mor-
phology of the 2PACz leading to a more uniform film on which the
large features are not detectable anymore by SEM. Therefore, the thick-
ness of the spray-coated 2PACz after the perovskite solution spin-
coating is expected to change. We have performed XPS (C 1s, N 1s, O
Is, and P 2p) and UPS (Figure S30a—e, Supporting Information), to
determine the thickness and work function of the spray-coated 2PACz
after spin-coating DMF, called “DMF effect.” Indeed, the In 3d peaks of
the spray-coated 2PACz with DMF effect, show an increment in inten-
sity as compared to the spray-coated 2PACz, corresponding to a thinner
film (Figure 4d), despite remaining thicker than the spin-coated one.
Furthermore, UPS results of 10 cycles of spray-coated 2PACz after DMF
spin-coating (Figure S30e, Supporting Information) show a decrease in
WF from 5.01 to 4.95 eV indicating that the thickness after DMF spin-
coating is reduced, which corroborates with the XPS results. Similar to
the DMF effect on the spray-coated devices, the same effect is expected
to occur on thick as-deposited evaporated 2PACz films. As shown in
Figure 2a, the PCE of devices without postdeposition treatment show
lower performances compared to those with pdt or spin-coated 2PACz.
However, they still deliver reasonable performances (PCE up to 17.2%,
in the case of 50 nm 2PACz), which would not be possible with such
thick films, due to the insulating properties of 2PACz molecule. There-
fore, we have performed XPS analysis of the optimized condition for
the evaporated devices without pdt (50 nm) before and after washing
with DMF. The results presented in Figure S31a, Supporting Informa-
tion, show that the as-deposited 50-nm-thick layer reaches a final thick-
ness of ~4.2 nm after “DMF effect,” measured from the C 1s XPS
spectra using the Tougaard noninteractive method (Note S1, Support-
ing Information). Furthermore, Figure S31b, Supporting Information,
shows the In 3d peaks, which are used to demonstrate how much the
DMF washing affects the 2PACz thickness: before “DMF effect” the In
3d peaks from ITO cannot be detected, while after the “DMEF effect” an
intense peak appears, demonstrating that final 2PACz thickness has
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become considerably thinner. Despite DMF removes most of the
2PACz excess, ethanol washing (pdt) is more efficient, resulting in a
thickness of 0.83 nm (Figure 4d) and higher device performances
(Figure 2a).

Secondary ion mass spectroscopy (SIMS) was performed on spin-
coated 2PACz/perovskite and spray-coated 2PACz/perovskite samples
to investigate the possible excess of 2PACz remaining in the perovskite
film (Figure S32a,b, Supporting Information). We find that the 2D
SIMS measurements of spray-coated 2PACz/perovskite presents a lag in
the peak appearance at m/q = 63 amu corresponding to PO, signal
(originating from the phosphonic acid of 2PACz), when compared to
the peak appearance of m/q = 79, 81 amu (Br ) and 127, 128 amu
(I, HI") originated from the perovskite layer."®*”] The same peak is
not detected for the spin-coated 2PACz/perovskite samples, most likely
due to the sensitivity limits of SIMS on the monolayer 2PACz. These
results indicate the coexistence of 2PACz at the bottom and within the
perovskite layer when using spray-coated 2PACz films. However, these
2PACz molecules were not observed to fully diffuse to the top surface
of perovskite layer (Figure S32b, inset, Supporting Information), as also
2PACz was not detected by XPS (P 2p). Therefore, the increased effi-
ciency of small area devices with spray-coated 2PACz may associate
with the excess of 2PACz remaining in the perovskite layer, as phos-
phonic acids have been shown to passivate Pb** defects.[*°]

We showed that the 2PACz can be deposited using spray-coating
method and its deposition can be optimized through the WF tuning,
resulting in higher PCE. To prove that the WF tuning is an important
parameter for the device performance optimization, we employed a
wide bandgap triple cation perovskite (1.68 eV). The perovskite com-
position was changed to Csg o5(FAg 77MAg 23)0.05Pb(Ig 77Brg 23)3, while
the device architecture was maintained unchanged (glass/ITO/2PACz/-
perovskite/PEAI/PCBM/BCP/Ag). We then spray-coated 2PACz using
different cycles, for optimizing the thickness. As shown in Figure S33a,
Supporting Information, the optimum condition for the wide bandgap
perovskite is between 5 and 10 cycles, differenty to the 10 cydes
observed for the low bandgap perovskite devices. This difference shows
that the lower WF is more suitable for this perovskite bandgap
(Figure S33b, Supporting Information).

The stability of these 2PACz layers was investigated using mass spec-
troscopy (MS) with the aim to probe their overall stability in devices.
We performed MS measurements on ITO/2PACz using spin-coating,
evaporation, and spray-coating methods (Figure $34, Supporting Infor-
mation). The mass-to-charge (m/z) signal of 335 amu, corresponding
to the molecular weight of 2PACz, and/or its fragments were not
detected during the 1 h light illumination under 1-sun, which raises
the sample temperature up to ~60 °C. The above results infer that
2PACz molecules can maintain the strong bonds with ITO under
the condition of 1 sun illumination in vacuum conditions
(~4.2 x 107° Pa), regardless of the deposition method. However, it is
emphasized that when 2PACz molecules are submitted under a higher
temperature of ~220 °C—230 °C (Figure S11, Supporting Information)
in N, environment, decomposition takes place. Therefore, care should
be taken when considering the deposition of 2PACz by the evaporation
method. As discussed in the Note S2, Supporting Information
(Figure S24 and Table S4, Supporting Information), variations in the
full-width at half-maximum (FWHM) values in the XPS N 1s core-level
region is noticeable when comparing the 50 nm evaporated 2PACz fol-
lowed by the postdeposition treatment with the spin-coated and spray-
coated 2PACz. These results are also in agreement with the ATR results
(Figure S11d,e, Supporting Information), where the changes in C—
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Figure 5. a) Proof-of-concept J-V curves of 5 x 5 cm” solar modules obtained by depositing 2PACz
with spray-coating. The inset shows the picture of a solar module and a table with the J-V parameters.

b) SEM cross section of the solar module.

N/C-H/C-C bonds were probed comparing the fresh and the
remained 2PACz powder in the evaporation crucible.

2.5. Perovskite Solar Modules

We fabricated modules using 5 x 5 cm’ glass/ITO patterned sub-
strates, consisting of seven sub-cells with an overall aperture area of
22.4 cm’. The uniformity of 2PACz films deposited on 5 x 5 cm’
ITO/glass substrates by the three deposition methods of spin-coated,
evaporated, and spray-coated techniques were evaluated by AFM and
UV-Vis and show similar results (Figures S35-S38, Table S5
and Note S3, Supporting Information). The device architecture was
modified slightly to that of small area devices, being glass/ITO/
2PACz/perovskite/PEAI/PCBM/Cg/Sn0O,/Ag, similar to that shown in
our previous work [¢!] Initially, the triple cation perovskite (1.57 eV
bandgap) was used for the fabrication of perovskite solar modules.
However, using the one-step spin-coating technique with antisolvent
treatment showed low reproducibility issues and low device perfor-
mance due to the presence of numerous pinholes (Figure S39, Support-
ing Information). We therefore used a 2-step perovskite deposition
method resulting in a similar bandgap (1.56 €V), which has already
been shown to be suitable for the fabrication of 5 x 5 cm” perovskite
solar modules as it does not require antisolvent treatment. This perov-
skite (Co.05(FAg sMAg 5)0.95Pb(Ig.98Bro 02)3) produces films with a low
density of pinholes!®*! (Figure $40, Supporting Information) and high
uniformity, as shown by the consistent XRD patterns across all samples
and positions (Figure S41, Note S3, Supporting Information). Because
the bandgap is very similar to that of the triple cation used for small
area devices, we used the same optimal conditions for the 2PACz depo-
sition, that is, 10 cycles for spray-coating and 50 nm thickness with
postdeposition treatment for the evaporation. As ETL, in addition to the
spin-coated PCBM/BCP, a scaling-up-compatible ETL stack consisting of
evaporated Cgo/BCP is employed on the solar modules. Figure S42,
Supporting Information, shows the statistical results obtained on all the
perovskite solar modules (5 x 5 cm?) fabricated in this work using
spin-coated 2PACz as HTL. The best perovskite solar module consisting
of  (Co05(FAg.sMAg 5)0.0sPb(Tg.9sBro.02)3) perovskite by the 2-step
method with the evaporated Cg/BCP ETL stack showed higher repro-
ducibility and device performance (PCE of 11.15 £ 1.62%). In the
case of the perovskites by the 1-step method followed by the spin-
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coated PCBM/BCP or evaporated C4o/BCP, PCEs
of 924 £ 2.47% and 9.72 £+ 1.50% were
achieved, respectively. In particular, for the 1-
step and Cqo/BCP ETL case, only 40% of
devices were operational (the others showed
shunting behaviors due to the presence of mul-
tiple pinholes). Using the optimized conditions
for module fabrication, we fabricated a proof-
of-concept module obtained with 2PACz depos-
ited by spray-coating. Figure 5a shows the J-V
curve of the module with the highest aperture
efficiency of 13.34% (efficiency calculated over
the entire illumination region, including the
active area and the inactive interconnections).

Comparing the module efficiency to that of a
module prepared intentionally without 2PACz
HTL (Figure S43, Supporting Information)
shows that, without HTL, the module PCE
remains considerably lower (below 5%). In Figure 5b, the SEM cross
section of a module shows large and ordered perovskite grains with
sizes of about >500 nm wide and 450 nm thick. Figure S44, Support-
ing Information, shows a summary of reported PCEs for perovskite
solar modules with different active area sizes using SAMs as
HTL.>"¢378] Based on our survey,!® despite the large success of
SAMs in the literature for fabricating small area p-i-n perovskite solar
cells, the results of perovskite solar modules made on SAM HTLs under-
line the inherent decrease in PCE as a function of module size.l’%) Fur-
thermore, the highest PCEs in inverted perovskite solar modules in the
literature are obtained using one or more traditional HTLs (e.g., PTAA,
NiOx)7"™1 or SAMs coupled with these (e.g., PTAA+MeO-2PACy,
NiOx+2PACz, NiOx+Me-4PACz, and so on).[73775] This leads to our
understanding that further molecular engineering design is required for
boosting the performance of SAM-based large area perovskite solar
modules.l°®! For example, Sun et al.l7¢! demonstrated that Al, O3 nano-
particles combined with diethyl (4-(3,6-diphenyl-9H-carbazol-9-yl)
butyl) phosphonic acid (Ph-4PACz), molecule presenting a large dipole
moment (2.32 D), helps boosting the FF when applied in large area
devices (e.g., 1 cm?”) leading to a certified PCE of 24.48%. Our system-
atic investigations of 2PACz deposition by upscalable techniques can be
further extended to those new types of SAM HTLs, where further
improvements of perovskite solar module efficiencies and stability are
expected.

2.6. Conclusion

We have utilized thermal evaporation and spray-coating as alternative
techniques to deposit 2PACz HTL in perovskite solar cells and modules.
It is in fact very urgent to find methods for the deposition of 2PACz on
large area solar modules. For devices employing perovskites with a
bandgap of 1.57 eV, the optimized conditions are 50 nm evaporated
2PACz followed by a postdeposition treatment (based on ethanol wash-
ing), and 10 cydes of spray-coating. The optimized spin-coating, evap-
orated, and spray-coated 2PACz-based PSCs achieved average PCEs of
19.7%, 19.3%, and 20.0%, respectively. As proof-of-concept, we have
used the optimized spray-coating technique of 2PACz for the fabrica-
tion of large area perovskite solar modules with an aperture area of
22.4 cm” achieving a PCE of 13.34%. As for the operational stability,
we consistently obtained stable power outputs for PSCs with

© 2024 The Author(s). Energy & Environmental Materials published by
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solution-based methods of spin-coated and spray-coated 2PACz, while
the devices with evaporated 2PACz showed poor stability. ATR and XPS
analyses performed on the 2PACz before and after the thermal evapora-
tion showed differences in the chemical composition (C-N/C-H/C—C
bonds), suggesting that degradation of the 2PACz occurred under high
temperature and vacuum conditions, thus affecting the performance
and stability of the PSCs. Nevertheless, the degradation can be mitigated
by controlling the evaporation temperature (below 200 °C) and reduc-
ing the evaporation rate. Combining this work with that of Cassella
et al.**] and Farag et al,*'] both spray-coating and thermal evapora-
tion techniques find broad applicability for all types of SAMs, although
for thermal evaporation, special care should be taken regarding the deg-
radation temperature of each SAM.

Furthermore, using thermal evaporation and spray-coating tech-
niques have shown advantages in analyzing the electronic properties of
2PACz layers, particularly regarding their thickness and morphology. In
the case of optimized spray-coated 2PACz, the films are not uniform
in morphology showing rough surfaces with a thickness of 7-9 nm.
However, the excessive 2PACz is not covalently bond to ITO, and thus,
this mixes with the perovskite precursor solution during spin-coating
and remains in the perovskite film. In fact, SIMS analysis reveals that the
PO, signal (originating from 2PACz) appears in spray-coated 2PACz/-
perovskite sample and may correlate with the device performance
improvements of spray-coated devices as compared to control (spin-
coated 2PACz) devices, due to the SAM passivation effect. KPFM and
UPS analyses show the correlation between ITO/2PACz WF and the
corresponding device Vo, where higher WF is associated with
the increase in average Voc employing thicker 2PACz layers. Thus, thick
2PACz layers help to attain a conformal coverage on the ITO substrate,
and the excess of 2PACz remaining in the perovskite layer helps to
increase the device performance. Thus, despite it is assured that 2PACz
forms a monolayer HTL, its optimum deposition thickness leading to
the highest device performances does not necessarily correspond
to monolayer characteristics. Currently, numerous new SAM molecules
have been reported leading to higher PCEs than 2PACz. Nevertheless,
our studies can be further extended to new types of SAM HTLs, where
higher efficiencies and stabilities are expected.

3. Experimental Section

Device fabrication: Small area devices were fabricated on substrates
15 x 15 cm?, each with four contacts with an active area of 0.16 cm”. The ITO
substrates were cleaned with DI water and detergent, DI water, acetone, and IPA
in an ultrasonic bath for 15 min each. The substrate was treated using UV-Os
cleaner for 15 min immediately before the 2PACz deposition, which was carried
out by spin-coating, spray-coating, and thermal evaporation. 2PACz was pur-
chased from TCI. For the solution-processed deposition methods (spin-coating
and spray-coating), 2PACz solution (1 mg mL™") in ethanol was prepared 1 day
before the deposition, kept in the glovebox without stirring, and then sonicated
for 5 min before use. For the spin-coating process, the 2PACz solution was spin-
coated at 3000 rpm for 15 s and then annealed at 100 °C for 5 min. For the
spray-coating method, the 2PACz solution was sprayed with an airbrush (Anest
Iwata Corp, HP plus nozzle tip diameter ¢ 0.3 mm) at an angle of 45° and at a
distance of 15 cm from the substrates, on a hotplate at 100 °C. After spray-
coating, the samples were annealed for an additional 5 min at 100 °C to remove
the ethanol in excess. As for the evaporated 2PACz, samples were inserted in a
vacuum chamber, a vacuum of ~2-3 x 10~ Pa was reached and then the evap-
oration was started, using a rate of 022 A s~ ' measured using a quartz crystal
microbalance (QCM). Prior to each deposition, crucibles were cleaned with
ethanol, and new powder was used for each evaporation. After evaporation, a
post-deposition treatment was performed: Films were annealed at 100 °C
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for 5 min, then a washing treatment with ethanol was performed to remove the
excess 2PACz (spin-coated at 3000 rpm for 15 s), and finally, a second annealing
for 5 min at 100 °C was carried out to evaporate the solvent.

Perovskite deposition: In this work, three types of perovskite composition
were fabricated.

1 One-step 1.57 eV triple cation (Csgos5(FA083MAG17)0.95Pb(lo.0sBroos)s), for
small area devices with narrow bandgap. The precursor solution was pre-
pared by dissolving cesium iodide (Csl, Aldrich), methylammonium bro-
mine (MABr, Dyenamo), formamidinium iodide (FAI, Dyenamo), and lead
iodide (Pbl,, TCl) in 4:1 N,N-dimethylformamide (DMF, Fujifilm Wako) to
dimethyl sulfoxide (DMSO, Fujifilm Wako). The solution was heated up
for 60 min at 65 °C and left to cool down, then filtered in a glove box
using a 0.22 um filter (PVDF, Millex-GV). The precursor was then spin-
coated in a nitrogen glovebox at 3000 rpm for 40 s, where ethyl acetate
(EA, Fujifilm) antisolvent was dripped statically at 20 s. The film was sub-
sequently annealed at 100 °C for 20 min.

2 One-step 1.68 eV triple cation, for small area devices with wide bandgap.
The precursor solution was prepared using the same chemicals as above
but with different composition (Csgos(FAg77MA023)095Pb(lo77Bro23)3). The
solution was heated up for 60 min at 60 °C and left to cool down, and
then filtered in a glove box using a 0.22 um filter (PVDF, Millex-GV). The
precursor was spin-coated in a nitrogen glovebox at 5000 rpm for 90 s,
using EA as antisolvent, which was dripped statically at 40 s, and then
the film was annealed at 100 °C for 30 min.

3 Two-step 1.57 eV perovskite (Coo5(FAosMA5)095Pb(lo.9sBro2)3), for mod-
ule fabrication with narrow bandgap. A solution of 1.35 M Pbl, and
0.0675 M Csl was dissolved in DMF/DMSO (19:1) and was spin-coated at
3000 rpm for 30 s and annealed for 1 min at 70 °C. The organic precur-
sor solution was prepared using FAl (40 mg), MAI (20 mg), MABr
(7.5 mg), and MACI (5 mg) in isopropyl alcohol (1 mL, IPA, Fujifilm
Wako) and was then spin-coated onto the Pbl,/Csl layer at 3000 rpm for
30 s and annealed at 70 °C for 1 min and then 150 °C for 10 min. Both
depositions were performed in a dry room, with temperature of ~18 °C
and a relative humidity (RH) of 15%—20%.

2-phenethylamine  hydroiodide (PEAI, TCl) was dissolved in IPA
(125 mg mL™", IPA, Fujifilm Wako). The solution was spin-coated at 5000 rpm
for 30 s and further annealed at 100 °C for 10 min.

Phenyl-C61-butyric acid methyl ester (PCBM, TCl) solution (20 mg mL™") in
1,2-Dichlorobenzene (Thermo Scientific), was prepared 24 h before use under
stirring and then filtered using a 0.22 um filter (PVDF, Millex-GV). The solution
was spin-coated at 1000 rpm for 45 s and then annealed for 10 min at 70 °C.

Bathocuproine (BCP, TCI) solution was also prepared 24 h ahead under stir-
ring, by dissolving BCP (2 mg) in IPA (1 mL), then filtered and spin-coated at
6000 rpm for 30 s, and then annealed for 5 min. Seventy nanometers of silver
(Ag), were thermally evaporated under a vacuum of around 10~ Torr, the first
10 nm was evaporated at a low rate (~0.2 A s77), and then the evaporation rate
was gradually increased up to 15 A 5",

Module fabrication: For module fabrication, 5 x 5 cm® glass/ITO
patterned (P1) was used and 2PACz was deposited using spin-coating and spray-
coating. Then, the perovskite layer by a 2-step method was deposited using spin-
coating inside a dry room, and PEAI surface treatment was used in the same way
as for small area solar cells (dynamic spin-coating using tilted angle to cover the
full device surface, 5000 rpm for 30 s, and then annealed at 100 °C for 10 min).
A PCBM solution (5 mg-mL™") in chlorobenzene (Fujifilm) was spin-coated at
2000 rpm for 45 s. The modules were transferred in an evaporator chamber for
the deposition of Ce, (18 nm, TCI) and BCP (8 nm, TCI). For our best device with
spray-coated 2PACz presented in Figure 5a, BCP was replaced with SnO, (20 nm)
deposited by ALD (tetrakis(dimethylamino)tin(IlV) (TDMASn) precursor; ALD,
Cambridge Nanotechnology, Savannah S200). Then, P2 laser scribing was per-
formed, and 80 nm of Ag were deposited as back contact on the whole device
surface (no mask) using thermal evaporation. Finally, the P3 laser scribing was per-
formed before the PCE measurement. The total area of perovskite solar modules
is 25 cm” and the aperture area is 22.4 cm’.,

Characterization methods: J-V and MPP were measured using Keithley
2400 source meter and a solar simulator (Oriel, Sol1A, Newport) with a
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calibrated AM15 lamp (100 mW cm™2). The J-V measurements and MPPT
were performed in a dry room with relative humidity of ~20% and tempera-
ture <20 °C. For the MPPT, all parameters were analyzed over time. The first
point in the MPPT was used for normalization. As for the long-term steady-
state operational stability measurements, the devices were loaded in the
home-designed enclosure box and a nitrogen gas flow was kept constant for
all samples to ensure similar temperature conditions between all samples
(~29-30 °C). The solar simulator lamp was calibrated each time before start-
ing the measurement to ensure accurate light intensity. Keithley 2401 source
meter controlled by a customized LabVIEW program was used to apply a
fixed voltage (Vmpp). Samples were measured two times for both spin- and
spray-coated 2PACz, using different batch conditions to make sure that the
data were reproducible. However, in the case of devices prepared using evapo-
rated 2PACz, the measurements have been repeated three times, due to their
different behaviors.

ATR was performed on 2PACz fresh and aged powders using a Fourier Trans-
form Infrared Spectrometer (Bruker, Vertex 80 V).

The steady-state PL spectra were taken using a JASCO FP-8500 spectropho-
tometer, using excitation wavelength of 790 nm.

The UV-Vis spectra were recorded using a JASCO V-670 spectrophotometer.

SEM images were taken using a FEl Quanta 250 scanning electron microscope.

Contact angle measurements were conducted using a drop shape analyzer
(FM 4000, Kriiss GmbH, Germany).

Tapping mode AFM images were acquired using ASYLUM-MFP-3D equip-
ment with standard silicon cantilevers and a nominal spring constant of 48 Nm ™'
and a resonant frequency of 190 kHz (AFM cantilever model number and manu-
facturer: Tap 190Al-G from Budget Sensors).

The chemical compositions and energy levels were determined by XPS and
UPS, respectively, on a photoelectron spectrometer (XPS-AXIS Ultra HAS, Kra-
tos) equipped with monochromatic Al-Ka = 14866 eV and nonmonochro-
matic He—lo. = 21.22 eV sources with a probing area of 300 x 700 um’. The
binding energy scales for UPS and XPS were calibrated by measuring the Fermi
edge (Er = 0 eV) and Au 4f;;, (840 eV) on a clean Au surface. For all the
2PACzZ/ITO samples, the In 3d peaks were compared and observed to be all
aligned, indicating minimum or no sample charging phenomena in our XPS
measurements.

Low-energy inverse photoemission spectroscopy (LEIPS, ALS Technology Co.,
Ltd) measurements were performed in an ultrahigh vacuum chamber with a pres-
sure of ~107 " Torr.
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