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ABSTRACT: The commercialization of perovskite solar cells o
(PSCs) has seen an important limitation in the instability that i
afflicts the hole-transporting layer (HTL), namely, spiro-

OMeTAD, used in high-efficiency devices. The latter is, in turn, :;gz-':figiie::::;:i”T
relatively expensive, undermining the sustainability of the device. Latgera,high Hole Mobility
Its replacement with polymeric scaffolds, such as poly(3-
hexylthiophene) (P3HT), will solve these issues. In this work,

we adopted various sustainable synthetic methods to obtain four

different homemade P3HTs with different molecular weights M
(MWs) and regioregularities (RRs), leading to different structural e A% 4 PCE B 17.6%
properties. They are implemented as HTLs in PSCs, and the effect S )

of their properties on the efficiency and thermal stability of devices

is thoroughly discussed. The highest eficiency is obtained with the highest MW and low-RR polymer (17.6%) owing to the more
sustainable approach, but a very promising value is also reached with a lower-MW but fully regioregular polymer (15%). Finally,
large-area devices with an efficiency of 16.7%, fabricated with a high-MW P3HT, show more than 1000 h (T80 = 1108 h) of stability
under accelerated thermal stress tests (85 °C) out of glovebox while keeping over 85% of the initial efficiency of an unencapsulated
device after more than 3000 min under continuous light soaking (AM 1.5G).

KEYWORDS: P3HT, regioregularity, thermal stability, steric hindrance, molecular weight
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B INTRODUCTION nium (FA) and cesium (Cs).'®"” Another approach to tune
the features of the absorbing layer deals with the exploitation
of perovskite quantum dots (Pe-QDs).'® Nevertheless, the
thermal instability of perovskite solar cells (PSCs) is not only

The attention drawn by photovoltaic (PV) technologies based
on hybrid organic—inorganic perovskite (PSK)-structured
materials in these years is justified by the tremendous

improvement in the power-conversion efficiency (PCE) that due to the perovskite (PSK) but also related to other layers in
they have witnessed in less than a decade, going from just 3.8% the device structure, in particular, charge-selective materials.
up to 25.5%.'~ Such amazing PCE values in addition to the Specifically, the n-i-p structure, which is currently the most
relatively low energy payback time (EPBT) and cost-effective efficient one reported in the literature,'”** employed 2,2',7,7'-
solution-based production make perovskite solar cells (PSCs) a tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene
promlsmg sustainable alternative for the near-future PV (known as spiro-OMeTAD) as HTM.”' Spiro-OMeTAD, a
market.""® However, one of the main limitations preventing small-molecule organic p-type semiconductor, was found to be
perovskites from entering the PV market is the concern the main cause of the thermal instability of perovskite-based

7210
regarding their stability. To comply with IEC standard devices because of its low glass-transition temperature and the

61215, thin-film PV devices should pass, among others, a damp volatility of the tert-butylpiridine (TBP) dopant, which is used
heat stability test at 85 °C with 85% relative humidity (RH) for to increase the hole conductivity.>~>> The spiro-OMeTAD
1000 h. For this reason, several research groups are trying to '

address the stability issue for this technology, and “stable” has ]

become a notorious word in the title of most publications on Recf"“’e‘i: December 11, 2020 Sitanable
this topic.''~'* The versatility of perovskites lies in their Re‘”?ed: Mar.Ch 11, 2021 =
chemical composition, which can be tuned to satisfy specific Published: April 1, 2021
requlrernents, e.g., band-gap tuning through halide substitu-

tion'® or improved thermal and chemical stability by replacing

the volatile methylammonium (MA) cation with formamidi-

© 2021 The Authors. Published b
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with additives undergoes crystallization at 85 °C and its hole
mobility significantly deteriorates, hence causing thermal
instability.”" Generally, doping of the molecular-based HTMs
(e.g., spiro-OMeTAD) can negatively affect the overall stability
due to an increase in the natural hgfdrophilic effect of these
HTMs and chemical degradation,”® while in the polymeric
HTM with long hydrophobic chains, selection/optimization of
the best doping mixture not only can improve charge
extraction and overall efliciency of the device but also shows
a promisin§ stability toward humid air, thermal, and light
stresses.”” " Such an improvement can be attributed to
localization of the polaron induced by the dopant’s mixture
into the polymer chains (with a higher influence for longer
polymeric chains).”® Bonomo et al. employed thermosetting
polyurethanes as encapsulant materials, proving a strong
interaction with the hole-transporting layer (HTL) that results
in an improved light and thermal stability.”’

Aiming at replacing spiro-OMeTAD, different polymers are
being investigated for application in PSCs, also because of the
possibility to adjust their properties by acting on their
molecular weight (MW).”*”*” Among these, a suitable
candidate is poly(3-hexylthiophene) (P3HT), a material that
has seen vast application in the field of organic photovoltaics
(OPVs) as a donor polymer in bulk-heterojunction solar
cells,®® thermoelectric applications,39 and organic light-
emitting devices (OLEDs). P3HT has attracted great interest
as a polymeric hole-selective material for PSCs due to its
scalable solution processability,”’ high thermal stability,"" low
cost,”” relatively high hole mobility (0.1 cm®* V7' s7!),*
oxygen impermeability, wide band-gap,”* and robust hydro-
phobicity.*

Recently, Jung et al. have demonstrated a 22.7% efficient
PSC with P3HT as the HTL by passivating the perovskite/
P3HT interface through the application of a wide band-gap
halide (WBH) material to reduce undesired nonradiative
recombination phenomena, which reduces the device’s output
voltage.46 With this strategy, they also observed a good stability
of over 1300 h under constant 1 sun illumination. In our
previous works, we have also successfully used high-
regioregular (RR around 96%) P3HT as the HTL and
evaluated the influence of its molecular weight (MW) and
mesoporous scaffold thickness on the performance of PSCs.*’
The results showed that increasing the MW of the polymeric
hole-transporting material (HTL) enhances the PCE from
below 5% for the lowest MW 44 kDa to over 16% for a 124
kDa P3HT transport layer.”” Afterward, we also reported a
perovskite PV module with P3HT exhibiting an efficiency of
13.3% on a large-area-module (43 cm?) active area.”” Nia et al.
presented how the differences in MW and the differences in
energetic disorder influence the interfacial carrier losses in the
PSCs under operating conditions.**

Thermal stability is an important parameter for the
commercialization of PV technologies; therefore, the materials
that are used should not degrade under operating conditions
even in the harshest environments. In organic polymeric
semiconductors, the temperature increase enhances the chain
motion, which could induce morphological degradation of the
layer and consequently a reduced long-term stability of the
device.” Many research groups have addressed this issue
through the cross-linking approach, which can improve the
thermal stability by reducing chain dynamics.”’~>

Actually, when dealing with polymers, MW and RR are
parameters that should be considered. The influence of MW of
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conjugated polymers on their stability and on their electrical
and physical properties has been the subject of numerous
studies in many different fields. In the PV field, a recent study
by Kang et al. evidenced how the MW of the donor polymer in
the PPDT2FBT:P(NDI2OD-T2) donor—acceptor blend
could affect the performance of the obtained polymeric bulk-
heterojunction solar cells.”® In particular, they observed that
higher MWs favored the “face-on” orientation of PPDT2FBT,
which is the most favorable for improving hole transport
among the chains, producing a 5-fold increase in hole mobility
with respect to the lowest MW considered in the examination.
Higher donor MW also favored the intermixing with the
acceptor, thus positively influencing the electron mobility too.

Stability-wise, Wang and Hsieh correlated the thermal
stabilities of two series of segmented poly(urethaneureas)
thermoplastics with the molecular weight and structure of their
soft segment.54 Thermogravimetric analysis (TGA) carried out
in both air and nitrogen and differential scanning calorimetry
(DSC) revealed that a higher MW of the polyol soft segment
corresponds to an improved thermal stability of TPUs,
resulting in higher temperatures required to cause the same
mass loss. Yang and co-workers studied the effect of
poly(ethylene glycol) (PEG) MW on the thermal stability
and dissolution behavior of a Griseofulvin PEG crystalline
inclusion complex. They observed that thermal stability is
improved with increasing MW, until reaching a plateau.>® This
is justified by the growth structure of the lamellae of the PEG
polymer, which thickens as the MW increases up to 4 kDa,
thus increasing the melting point of the material. For MWs
higher than 4 kDa, the lamellae thickness does not change
much because of a folded chain crystal growth, so no further
change is observed in the thermal stability.’**” Huang et al.
investigated the effect of RR of P3HT in the blend phenyl-Cg;-
butyric acid methyl ester (PCBM)—P3HT: by increasing the
RR of the polymer, the thermal stability improved.”® Kim et al.
also showed that by enhancing the RR the photovoltaic
efficiency of the device enhanced, and the influence of the RR
on the improvement of the solar cell performance could be
related to the enhanced optical absorption and transport
resulting from the organization of the P3HT chain and
domain,”® while Sivula and co-workers showed that on
increasing the RR, the stability decreased.” Chuang et al.
reported that the RR effect on optical anisotropy increased the
power-conversion efficiency of large-area P3HT /PCBM-based
organic solar cells.”"

In this work, we investigate the thermal behavior of four
homemade P3HT's with different combinations of MWs/RRs,
namely, 19 kDa/95%, 194 kDa/100%, 223 kDa/79%, and 338
kDa/76%, and their influence on the thermal stability of
mixed-cation ((FAPbL;),g(MAPbBr;)14(Csl)ogs) perovskite
solar cells (small-area and large-area cells, Figure S2).
Importantly, P3HT films of different RRs and MWs were
investigated by means of X-ray diffraction (XRDs) measure-
ments and grazing incidence wide-angle X-ray scattering
(GIWAXS) analysis, and the role of the structural properties
is discussed.

B EXPERIMENTAL SECTION

All materials and methods, experimental data and procedures,
polymer syntheses and characterizations, device preparation, tests,
and characterizations are reported in the Supporting Information
section.
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B RESULTS AND DISCUSSION

Synthesis and Characterization of P3HT Polymers.
Synthetic Procedures and Regioregularity. Different syn-
thetic methods were used to prepare the polymers.”> A low-
MW (19 kDa/95%) P3HT was prepared by the direct
arylation protocol (DArP) method (Scheme 1, path a),
showing a 95% RR,*” while the GRIM (Grignard methathesis)
method gave a very-high-MW P3HT (194 kDa/100%) with
full RR (Scheme 1, path b).0>%

Scheme 1. Synthesis of P3HT with Different Structural
Characteristics. Reactions Conditions: (a) K,CO;,
Pd(OAc),, Neodecanoic Acid, Dimethylacetamide (DMA),
95 °C, 72 h; (b) (1) iPrMgCl, Tetrahydrofuran (THF),
Room Temperature (rt), 1 h; (2) Ni(IPr)(Acac),, THF, 30
min; (c) FeCl;, CHCL,, rt, 24 h; (d) FeCl;, CoCl, (10%),
CHCL;, rt, 24 h

CeH13
CeH13
H () B oxidative L/—ﬁ
s F DAP method s
: c
CeH13
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° d
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Finally, two high-MW P3HT polymers were obtained by an
oxidative polymerization, induced by FeCl; as the oxidizing
agent (Scheme 1, path ¢).* Since FeCl; can also induce, at
least in part, a radical mechanism for polymerization, one of
the polymers was obtained by adding also CoCl, (10% with
respect to the monomer), which was known to act as a radical
scavenger, thus suppressing the radical polymerization pathway
(Scheme 1, path d).°® This was reported to help increase the
molecular weight. However, the FeCl; method is known to
produce polymers with low RR (70—80%).

For all of the soluble polymers (19 kDa/95%, 223 kDa/79%,
338 kDa/76%), the molecular weights were measured by size-
exclusion chromatography (SEC), using THF as a solvent and
working at 35 °C (for experimental details, please see the
Supporting Information). "H-NMR spectra of the synthesized
polymers have been presented in Figure SI.

The 194 kDa/100% polymer was insoluble in THF, and
only less than 10% could be eluted during SEC. Due to this
limitation, the SEC conditions were modified, using o-
dichlorobenzene as the eluent, working at a very high

temperature (145 °C).°° In these conditions, the molecular
weight could be easily determined. The results are reported in
Table 1. The polymers with higher RR showed lower
polydispersity (PDI), while the P3HT obtained by the
oxidative method showed a higher PDI.

TGA and DSC of P3HT Polymers. The polymers were
analyzed by thermogravimetric analysis (TGA) under N, to
assess their thermal stability (Figure 1a). The decomposition
temperature was in the range 425—441 °C, establishing the
excellent stability of the polymers and their attitude to be
processed for solar cells. The TGA plot of different MW P3HT
is presented in Figures la and S3.

The differential scanning calorimetry (DSC) character-
ization (Figures 1b and S4) was performed under N,, to
assess the thermal behavior of the polymers, establishing the
degree of crystallization and the dependence of the polymer
behavior on the PDL In general, higher crystallinity and lower
PDI result in sharper high fusion peaks. The DSC thermal
analysis showed a wide peak in the warming cycle for P3HT
223 kDa/79% and P3HT 338 kDa/76% at around 180—187
°C, which was attributed to the fusion of the crystalline
domains of the polymers. This is consistent with the limited
RR, around 76—79%, of these polymers, which are
characterized by a predominance of amorphous regions as
proved by the relatively low peak intensity. The recrystalliza-
tion peak was found to occur at lower temperatures, around
89—102 °C (Table 2).

The P3HT 19 kDa/95% polymer showed a quite wide peak
in DSC, attributed to the melting of crystallites. The
crystallinity is quite high, but the wide peak suggests a
somewhat large PDI for this short-MW P3HT or some content
of irregularity. However, the 194 kDa/100% polymer showed a
high and well-defined fusion peak (at a very high temperature,
235.5 °C), denoting the larger occurrence of crystalline
regions. This is consistent with the full RR of this polymer.
The crystallization peak occurs at 189.7 °C in the cooling
cycle. The high RR, the limited PDI, and the high MW
contribute to the high crystallinity, which in principle should
be important to give good conductivity and hole mobility.”” =%

UV Spectra of P3HT Polymers. The absorption (solid line)
and emission (dashed line) UV spectra are reported in Figure
lc. It is well-known that high RR hampers the solubility of
P3HT in many solvents due to the close packing allowed by
the alkyl chain interaction between different polymer chains,
even at relatively high temperatures.

After a first trial to perform the UV measurements in
dichloromethane and/or chloroform, we had to resort to
dichlorobenzene as the solvent. Notwithstanding, the fully
regioregular polymer (194 kDa/100%) showed the appearance
of a small peak around 610 nm, which indicates the presence of
a minimal quantity of aggregates even in solution. The UV

Table 1. Structural Characterization of P3HT Polymers (for the Synthetic Methods, See the Text)

P3HT polymer 338 kDa/76%

223 kDa/79%

194 kDa/100% 19 kDa/95%

method oxidative (CoCl,) oxidative GRIM DArP
yield [%] 414 427 1.8 91.0
RR* 76 79 100 95
M, [kDa] 61" 558 69° 82"
M, [kDa] 338" 223" 194° 19°
PDI 5.6° 4.1° 2.8° 2.3°

“Regioregularity. "MW determined by SEC in THF at 35 °C. “MW determined by SEC in o-dichlorobenzene at 145 °C.
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Figure 1. TGA (A) and DSC (B) curves, absorption (solid line) and emission (dashed line) spectra (C), and cyclovoltammetric measurements
(D) of 19 kDa/95% (black), 194 kDa/100% (blue), 223 kDa/76% (red), and 338 kDa/76% (green).

Table 2. Thermal, Optical, and Electrochemical Properties of Synthetized P3HT Polymers

HOMO* band gap” LUMO" . A
P3HT polymer (eV) (eV) (eV) (nm) (nm
338 kDa/76% —=5.14 2.34 —-2.80 453 5§75
223 kDa/79% -5.10 2.32 —2.78 458 583
194 kDa/100% =5.12 2.27 —-2.85 467 586
19 kDa/95% —5.13 2.29 —2.84 462 585

heat. cycle® fusion cool. cycle® cryst. stability” E@9)5%) in N,
o o OC

180.3 89.1 434.5
186.8 102.7 426.2
23S.5 189.7 441.3
205.3 152.6 435.2

“From cyclic voltammetry. “From optical measurements. “From DSC. “From TGA.

maximum wavelength increases with the RR since the latter
induces a higher conjugation length in the P3HT.®” The choice
of dichlorobenzene as the solvent was however beneficial, and
the same solvent was used for the CV measurements (Figure
1d).

Electrochemical Characteristics of the Polymers and Their
Thin Films. The electrochemical characterization of different
MWs of P3HT showed similar features, with the highest
occupied molecular orbital (HOMO) level of the four
polymers being located at about —5.10 eV vs the vacuum, in
accordance with literature reports.

The optical band gap was calculated from the intersection
between the absorption and the emission spectra, and it was
found to be close to 2.30 eV. The energy of the lowest
unoccupied molecular orbital (LUMO) could be roughly
estimated by the sum between the HOMO energy and the
optical band gap, and it is close to 2.28 and 2.33 eV for
regioregular and not-regioregular polymers, respectively.

It is worth mentioning that the electrochemical analyses
were conducted on solubilized HTMs (in dichlorobenzene),
but just slight changes are expected in the solid state. The
optoelectronic properties of the HTMs seem to be
uninfluenced by the different synthetic approaches and, in
turn, by the different molecular weights or RRs of the
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polymers. Therefore, we are quite confident that any difference
in the photoelectrochemical behavior of the corresponding
PSCs could be ascribed to morphological, interfacial, or
stability issues.

Electrochemical impedance spectroscopy (EIS) is a very
sensitive detector of interfacial modification. Potentiostatic EIS
of different MWs of P3HT (fluorine-doped tin oxide, FTO/
P3HT/Au, Schottky diode structure) has been evaluated under
dark conditions and zero bias voltage. Nyquist plots are
composed of one semicircle at low frequency (the equivalent
circuit is reported as an inset) (Figure SS), R, is mainly related
to the resistance of the FTO substrate.”””" The semicircle in
the low-frequency range is associated with the recombination
resistance (R,) at the HTL/electrode interface.*””*” The
fitted values of the circuit elements are presented in Table S1.
The results show a clear effect of MW tuning for blocking the
interfacial recombination through marked enhancement of
recombination resistance with MW increment of the P3HT.

On the other hand, to measure the carrier mobility of P3HT
thin-film layers, dark JV curves of the Schottky diode of three
polymers were measured, and the space charge limited current
(SCLC) and carrier mobility (1) parameters were extracted by
fitting the dark JV curves in the SCLC equation and the Mott—
Gurney equation,”* and the results are listed in Table S2. The
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results show similar magnitude changes of the carrier mobility
of doped P3HT following an increase of the MW from 223 to
338 kDa. Such a molecular weight dependence of carrier
mobility and recombination rate has been studied in neat
undoped P3HT films.”

XRD and GIWAXS of Polymeric Thin Films. Preliminary
XRD measurements were performed in the Bragg—Brentano
configuration to evaluate the perovskite-layer crystalline
structure of (FAPbI,)og(MAPDBr; ), ,4(Csl)gos- As shown in
Figure 2a, the presence of the substrate signal is also detected,
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Figure 2. (A) XRD patterns of glass/FTO/perovskite/P3HT
samples. Black squares are used to label perovskite reflections, and
cesium lead bromide and FTO reflections are also indicated. (B)
GIWAXS patterns of glass/FTO/perovskite/P3HT samples. Black
squares are used to label perovskite reflections, and the cesium lead
bromide reflection is also indicated. In the inset, the P3HT (010)-
reflections observed from P3HT 223 kDa/79% and 338 kDa/76%
samples are highlighted.

as expected, in all samples: FTO diffraction peaks are
attributed accordingly to crystallographic ICDD Card Nr:
00-003-1114. Perovskite reflections are labeled with a black
square, and Miller indexes are reported in Table $3./%77 A
minor contribution of the cesium lead bromide CsPb,Br; is
also detected, with the (002) reflection at 26 = 11.6° and the
(300) reflection at 20 = 31.60° being observed (according to
ICDD card Nr: 00-025-0211). XRD patterns of all samples are
perfectly overlapping regarding this preliminary investigation.
Appearance of the Brrich CsPb,Brs diffraction signal in
addition to the (Cs,FA,MA)Pb(I,Br), perovskite phase could
be attributed to the influence of the doped polymeric HTM on
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the perovskite/HTM interface. Such an interesting phenom-
enon has been observed on the perovskite/PTAA interface
with a positive impact on device stability.***’

Subsequently, samples were characterized by means of the
GIWAXS technique to evaluate the P3HT layers’ structural
characteristics and detect possible modifications induced by
different MWs and RRs. Observing the patterns in Figure 1b, a
first comment can be made: samples P3HT 223 kDa/79% and
P3HT 338 kDa/76% show a much lower crystalline
contribution (inset of the figure) in comparison to samples
P3HT 19 kDa/95% and P3HT 194 kDa/100%, films that are,
in turn, the ones showing a higher RR.

Despite the GIWAXS measurements being performed “ex
situ” upon different samples, using the substrate as an internal
reference, it is possible with good confidence to affirm that the
crystallinity (Bragg reflection intensity) of the high-MW films
is considerably lower (=1 order of magnitude) than the one
observed upon the lower-molecular-weight samples, having a
higher RR. Such evidence is, in turn, in good agreement with
the DSC results reported above.

Analyzing the GIWAXS results in greater details, two
different orientations of the crystalline P3HT domains with
respect to the glass/FTO substrate are identified: the (100)
reflections due to the lamella-layer structure and the (010)
reflections due to 7m—r interchain stacking. It is found that
samples with higher RRs (19 kDa/95% and 194 kDa/100%)
showed preferential orientation along the (100)-axis, normal to
the film (edge-on configuration), with the polymers oriented
with the alkyl chains stacked normal to the substrate.”® The
(100) reflection is observed at 28 = 4.82°, corresponding to a
distance d of 18.15 A. On the contrary, samples with the
highest MW and lowest RR are found to be oriented in a face-
on configuration along the (010)-axis (29 = 22.24°), with the
thiophene rings parallel to the substrate and a planar
interdistance corresponding to d = 3.99 A. The reflections
corresponding to such a configuration are evidenced in the
inset of Figure 2b.”"~%

Perovskite Solar Cells. Photovoltaic and Optical
Performances of Small- and Large-Area PSCs. Photovoltaic
parameters of small-area PSCs using different synthesized
P3HTs as HTL were measured under 1 sun AM 1.5G
illumination, and the statistic box plots of their PCEs are
shown in Figure 3a. Other PSC (PCE vs MW and RR)
parameters are presented in Figures S6 and S7. In particular, a
trend emerges from Figure 3a, suggesting that the PCE of the
PV devices is directly related to the increase in MW of the
P3HT, confirming our previous findings.” Devices fabricated
with the 19 kDa polymer are the worst-performing ones,
exhibiting the lowest V, fill-factor (FF), and J,.. Furthermore,
these devices also show the highest statistical dispersion related
to worse reproducibility. The best efficiency was obtained for
the highest MW P3HT polymer (338 kDa), reaching a PCE of
17.6% for a small-area device (active area 0.1 cm?). The
increment compared to intermediate MWs (194 kDa/100%
and 223 kDa/79%) comes from the slightly enhanced J,. and
V. and mainly from the FF increase, as shown in Figure S6. J
increased considerably from low to high MW; increasing the ]
also could be related to the higher RR,*! as shown in Figure
S7.

The comparison between P3HT with similar RR permits
one to directly assess the impact of the MW on the PCE. By
increasing the MW from 19 to 194 kDa (both with RR around
95—100%), the average PCE increases from 9 to 13% (+44%).
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Figure 3. (A) PCE for small-area cells with different MWs. (B) PCE for high-MW large-area cells. (C) IV of the champion high-MW large-area
device; the reverse scan from V. to 0 and the forward scan from 0 to V,. are represented by solid and dashed lines, respectively. (D) Incident
photon-to-current conversion efficiency (IPCE) of the champion device. (E) Photoluminescence (PL) curves of the perovskite-based layers with

different MWs of P3HT. (F) SEM images of the bare PSK layer.

Similarly, by increasing the MW from 223 to 338 kDa (both
with RR around 76—79%), the average PCE increases from
12.4 to 14.7% (+20%). We should however notice that, while
the MW increment is sufficiently similar for the two cases
(+110 vs +175 kDa), the increment of the efficiency is just half.
At the same time, we can assess the impact of RR on the
performance of the cells by comparing the two average MW
P3THs, which have quite different RRs. The performances of
PSCs with 194 kDa/100% (average PCE = 13%) clearly
outperformed the ones of PSCs with 223 kDa/79% (average
PCE = 12.4%): indeed, for the PCEs, the slightly lower MW of
the 194 kDa/100% one with respect to the 223 kDa/79%
(—27 kDa) one is positively counterbalanced by a notably
higher RR (+21%). This leads us to the conclusion that to
obtain high-performing PSCs, embodying P3HT as the HTL,
the latter should present a higher MW and RR as much as
possible.

The reported results would hint at the fact that shorter
polymer chains hinder charge extraction from the perovskite
active layer, therefore reducing the FF; this also results in a
higher nonradiative recombination rate at the interface, which
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jeopardizes the V,_ of the device.””’" On the other hand, the
improvement in J . could be related to the better hole mobility
of high-MW P3HT compared to the low-MW one. Higher FF
could be related to the increase in conductivity of the higher
MW (doped) with respect to the lowest MW (doped) and
could be due to the better interface contact between the
perovskite and HTL and also between HTL and gold."’

Furthermore, to evaluate the scalability of the best polymeric
HTL, a batch of large-area devices using 338 kDa/76% P3HT
as the HTL has been fabricated and the statistic box plots of
their (PCE) parameter are presented in Figure 3b, while their
FF, V,, and ], are presented in Figure S8. The champion
large-area device has a PCE of 16.7%, V. of 1.05 V, J,. of 21.5
mA/cm?, and FF of 74% with almost no hysteresis, as shown in
Figure 3c. Incident photon-to-current conversion efliciency
(IPCE) measurement confirms the ], extracted from the IV
measurements (Figure 3d).

Photoluminescence (PL) curves of the perovskite-based
layers are presented in Figure 3e. The PL emission peak at 772
nm is quenched significantly in the sample with PSK/P3HT
with respect to the bare perovskite layer. The reduced PL
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Figure 4. (A) Tafel plots of the PSCs with different MWs of P3HT as HTL evaluated from cyclic voltammetry analysis. (B) Charge extraction
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intensity in a perovskite/selective layer stack is due to eflicient
charge extraction from the perovskite into the selective layer.
We observed that P3HT with a higher MW shows a higher
quenching magnitude with respect to the lower-MW P3HT.
This fact confirms our previous claim concerning the improved
charge extraction in correlation to a higher MW of the P3HT
HTL. This element is crucial to avoid nonradiative
recombination at the interface and achieve a higher V,.*
Also, P3HTs with higher RRs show a higher quenching
magnitude with respect to the lower RR counterparts. The
SEM image from the surface of the bare perovskite layer is also
presented in Figure 3f. The image shows good surface coverage
of pinhole-free perovskite crystals with a grain size range of
200—400 nm.

Optoelectronic Characteristics of PSCs. We carried out
cyclic voltammetry (CV) analyses of the PSCs with different
MWs of P3HT under the dark condition and the —1.5to 1.5V
voltage range. The Tafel plots of the CV analysis are shown in
Figure 4a.

By applying a bias (dark condition), the current flowing
through the device could be expressed as™”*"”

V — IR

=1y
RSH

oV-IRe/2Kt/q I, oV-IR/Kt/q

(1)

where I, and I, are diode saturation currents and Rg and Rgyy
are the series and shunt resistance of the device, respectively.
Owing to eq 1, the plot is divided into four bias regions: (1)
<V1, dark current; (2) V1-V2, the dominant term that is
related to the recombination in the depletion zone; (3) V2—
V3, which is related to trap-assisted and radiative recombina-
tion; and (4) >V3, dark current that is limited by series
resistance and will saturate.

In our devices, by increasing the P3HT MW, recombination
in the depletion zone occurred at lower voltage ranges. This
clearly shows a positive effect of the presence of high-MW
HTL at the perovskite/HTL interface, enhancing the rate of
hole extraction and reducing the direct recombination, which is
the third term on the right-hand side of eq 1. At V2, when the
bias voltage exceeded the kink Gpoint corresponding to the trap-
filled limit voltage (Vyp),*>*® the current enhanced quickly,
indicating that the trap states were filled. The dark JV result
demonstrated that the photovoltaic improvement reached by
tuning the MW of P3HT is due to the notable decrease in
charge recombination. Transient photocurrent (TPC) and
transient photovoltage (TPV) analyses are performed for
P3HT-based PSCs. The extracted charge versus J. is measured
from TPC’*’® and plotted in Figure 4b. An evident
improvement in hole extraction by tuning the MW from low
to high has been demonstrated. Once more (as already
evidenced for PCE measurements), the complete RR of 194
kDa was proved to be an added value to improve the
photoelectrochemical properties of the HTL. In addition, from
TPV,”® the recombination time was evaluated (Figure 4c). It
shows longer recombination times with increasing MWs,
reducing the amount of recombination centers, confirmed also
by dark JV.

Stability of PSCs. To evaluate the thermal stability of the
devices, we performed thermal stress tests at 85 °C monitoring
the PCE of the devices during that time and comparing the
relative decrease in performance, as shown in Figure Sa. The
test was performed out of glovebox and up to 1000 h with
sealed devices and for all different P3HTs. The thermal
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stability of the devices evidences a direct relation with an
increase of MW and an increase of RR: 338 kDa/76%; the
MW retained more than 80% of its initial efficiency after 1000
h of thermal stress at 85 °C with an extracted T80 lifetime of
1108 h (please see Figure S9). On the other hand, a higher RR
had a positive effect on the stability too: indeed, by comparing
194 kDa/100% and 223 kDa/79% P3HTs, the 194 kDa/100%
one shows a slightly higher thermal stability. Along with
thermal stability, it is important to evaluate the stability under
operating conditions of these PSCs; therefore, light stability
tests were carried out on the P3HT-based devices to evaluate
the effect of molecular weight of the polymer. Maximum power
point tracking (MPPT) of all P3HT large-area PSCs under 1
sun (AM 1.5G) continuous illumination measured in air at
70% relative humidity (RH) is presented in Figure Sc, and the
MPP (maximum power point) stability of P3HT 100% RR is
comparable to the one of the polymer with the highest MW.
The highest MW P3HT (338 kDa) retains over 85% of its
initial efficiency after more than 3000 min under continuous
light soaking (AM 1.5G), as shown in Figure Sb. It is worth
noting, however, that there is an initial drop in efliciency, as for
the other samples, which is then recovered. Often, the
efficiency of PSCs when exposed to light soaking initially
shows a fast, exponential decay phase; yet, these losses are
generally recoverable at dark conditions.”* Nie et al. proposed
the physical origin of this phenomenon as the formation of
spatially localized and deep charge states (or small polarons)
within the band gap of the perovskite.*> These charged states
coexist with the conventional photogenerated free carriers,
dominating the photocurrent, resulting in photodegradation of
the devices. However, differently from PSCs containing
molecular HTMs (e.g., spiro-OMeTAD), devices employing
polymeric HTMs usually show a recovery of efliciency after the
fast initial decay, during a continuous MPP tracking at light
soaking conditions.””*” ® In particular, Nia et al. demonstrated
that the enhancement of polaron delocalization on the
polymeric chains through the combined effect of doping
strategy and MW tuning can markedly improve the efficiency
and stability of the PSCs using polymeric HTMs.”
Accordingly, the efficiency recovery of the polymer-based
PSCs during light soaking analysis might be attributed to light-
induced delocalization of the polarons in the polymeric HTM
thin film, which can positively neutralize the photogenerated
small polarons of the perovskite layer through an interfacial
reaction route.

The final state probably achieved a better contact of the
HTM with the perovskite and a better charge extraction
ability.* A picture of the unencapsulated device is presented in
Figure S10. The morphology and the grain size of the
perovskite-layer microscopy (SEM) imaging before (fresh) and
after thermal stress are presented in Figure 6a—f. The fresh
P3HT surface is very smooth and has a mirrorlike appearance,
and no pinholes into the perovskite or polymer surface can be
observed with the various MW P3HT layers, as investigated by
top-view and cross-sectional scanning electron microscopies.

The analysis of a thermally stressed low-MW P3HT (19
kDa/95%) film over perovskite, Figure 6b, evidences the
formation of holes in the film (as also witnessed by SEM cross-
section images in Figure 6e). Conversely, the highest MW
polymer (338 kDa/76%) film has a lower density of pinholes
after thermal stress (Figure 6d,f).

This also corresponds to a reduced gold diffusion through
the HTL toward the perovskite or TiO, layer and, therefore,
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Figure 6. (A) Surface SEM of fresh 19 kDa/95%. (B) Surface SEM of
stressed 19 kDa/95%. (C) Surface SEM of fresh 338 kDa/76%. (D)
Surface SEM of stressed 338 kDa/76%. (E) Cross-section SEM of
stressed 19 kDa/95%. (F) Cross-section SEM of stressed 338 kDa/
76%.

Figure 7. Lattice orientational expansion of P3HT across (A) (100)
and (B) (010) crystallographic planes. The figures are produced
through packing/slicing of the P3HT single-crystal information file®”
using Mercury 3.8 software.

lower shunting in the solar cell. As previously shown in the
literature, increasing the MW of a polymer can reduce chain
dynamics, allowing for higher thermal robustness and higher
glass-transition temperatures.”’ This explanation justifies the
lower degree of morphological change occurring in the high-
MW P3HT layer after the thermal stress at 85 °C. At the same
time, a higher chain density may also result in improved
impermeability to external agents, namely, water and oxygen,
which could account for additional stability in a damp heat test
(i.e., 85% humidity at 85 °C).

Computational Study on the Polymer Crystal Organ-
ization. Lattice orientational growth of the polymeric layer
during spin-casting can directly affect the stability and
conductivity performances of the HTL. As aforementioned
from GIWAXS analysis results, lower MWSs show a preferential
stacking along the (100) plane, while higher MWs represent
more preferential stacking along the (010) plane of the P3HT
crystalline lattice. To gain a better understanding of the lattice
orientational growth of these two planes, we produced the
packing/slicing of the P3HT (space-filled molecular style)
along the (100) and (010) planes using a reported single-
crystal information file®” and Mercury software (Figure 7). As
presented in the figure, the main difference in the stability and
mobility performance of the P3HT with high and low MWs
(lower and higher RR) can be attributed to the steric
hindrance of the hexyl group. The high-molecular-weight
(HMW) polymeric chains prefer to grow on the (010) plane,
which prepare a suitable in-plane interchain connectivity
between thiophene groups and high out-of-plane steric
hindrance of hexyl groups. This steric hindrance of the
hydrophobic substituents led to impenetrability of the
polymeric film against polar and/or ionic compounds, which
can be formed inside the cell during thermal and light stresses.
Furthermore, stacking of the polymeric chains along these two
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important planes would be relevant to the degree of polymeric
RR.

Since neighboring polymer chains interact strongly via 7—x
interaction between the thiophene rings and by van der Waals
interaction between the alkyl substitutions, these interactions
give rise to two-dimensional sheets (lamellae) with ordering of
the polymer backbones along the z-stacking direction. Carrier
mobility within a lamella is enabled by the delocalization of the
carriers in the 7-stacking direction.®” Interactions between the
alkyl side chains originating from neighboring lamellae can give
rise to ordered stacking in the third dimension, thereby
forming P3HT crystals. Indeed, P3HT polymer chains with
predominantly head-to-tail ordering (RR) can be orderly
stacked along the planes via self-assembly of the non-
interdigitated lamellae and enhance 7—7n stacking, leading to
improved carrier mobility across the layer.*”

However, lower-MW polymers with preferential stacking
along the (100) plane have more alkyl side chains in-plane,
which lead to more stacking via van der Waals interaction and
more out-of-plane access to thiophene rings without any steric
hindrance. This crystalline configuration of lower-MW
polymers might be the main reason for their lower perform-
ance and stability compared to high-MW P3HT layers. In
particular, such a preferential orientation of lower-MW
polymers causes unfavorable stacking of the P3HT chains on
the hexyl steric hindrance along to the charge carrier direction
inside the HTM layer (opposite to the 7-stacking direction)
and hinders charge extraction from the perovskite active layer.

B CONCLUSIONS

In this paper, the effect of both molecular weight (MW) and
regioregularity (RR) of the P3HT hole-transporting layer
(HTL) on the stability of perovskite solar cells is thoroughly
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investigated. We synthesized four P3HT polymers, following
different synthetic routes, to modulate both MW and RR. All
of the materials showed excellent thermal stability but different
crystallinity related to their RR. XRD and GIWAXS analyses
were performed on P3HT films of different RRs and MWs, and
the role of the structural properties was discussed. A
preliminary XRD analysis assessed the perfect reproducibility
of perovskite structural properties, thus enabling an accurate
investigation of the P3HT layers to be carried out, excluding
disturbance of the underlying films. GIWAXS analysis proved
the P3HT structural evolution related to the polymeric MW,
evidencing that lower MWs correspond to higher crystallinity
of the HTL, in agreement with DSC data.

Relevant to the internal orientation of P3HT crystalline
domains, the effect of RR on structural properties was also
explored. Specifically, high RR promotes a preferential edge-on
configuration (not influencing crystallinity itself) and higher
RR combined with lower MWs induces a preferential edge-on
configuration with the polymers oriented with the alkyl chains
stacked normal to the substrate. On the contrary, lower RR
combined with higher-MW P3HT films are found to be
oriented in a face-on configuration, with the thiophene rings
parallel to the substrate. Concerning the optoelectronic
properties, no clear difference could be evidenced due to the
high similarity of the chemical structure of the materials. Thus,
any modification in the performance of the HTMs should be
related to how the minimal structural differences affect the
morphology of the deposited film. From this point of view,
evidence is gained that both MW and RR are of paramount
importance in controlling both the device efliciency and
stability. HTLs, once implemented in complete PSCs, showed
interesting results, reaching an efficiency higher than 17% and
more than 1000 h of thermal stability at 85 °C in an oven (out
of glovebox). A higher MW accounted in general for the better
performance since it gives smooth and pinhole-free films.
Indeed, the examination and comparison of two polymers
having similar RR but very different MWs (19 vs 194 kDa)
showed that the latter parameter is crucial to obtain a PCE
improvement. On the other hand, the comparison of two
polymers with similar MW but different RRs (RR 100% for
194 kDa vs 79% for 223 kDa) showed that also this latter
parameter should not be neglected to improve device
efficiency. It should also be pointed out that high P3HT 338
kDa/76% can be obtained at a fraction of the cost normally
needed for conventional P3HTSs, which is a valuable factor
toward the large-scale production of PSCs.
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