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Abstract

To date, the most efficient perovskite solar cells (PSCs) require hole transporting materials
(HTMs) that are doped with hygroscopic additives to improve their performance.
Unfortunately, such dopants negatively impact the overall PSCs stability and add cost and
complexity to the device fabrication. Hence, there is a need to investigate new strategies to
boost the typically modest performance of dopant-free HTMs for efficient and stable PSCs.
Thionation is a simple and single-step approach to enhance the carrier-transport capability of
organic semiconductors, yet still completely unexplored in the context of HTMs for PSCs. In
this work, a novel polymeric semiconductor, P1, based on diketopyrrolopyrrole (DPP) moiety,
is proposed as dopant-free HTM. Its modest performance in PSCs (PCE = 7.1%) is

significantly enhanced upon thionation of the DPP moiety. The resulting

dithioketopyrrolopyrrole (DTPP)-based HTM, P2, leads to PSCs with nearly 40%
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performance improvement (PCE = 9.7%) compared to devices based on the non-thionated
HTM (P1). Furthermore, thionation also remarkably boosts the shelf-storage and thermal
stability with respect to traditional spiro-OMeTAD-based PSCs. This work provides useful
insights to further design effective dopant-free HTMs employing the straightforward one-step
thionation strategy for efficient and stable PSCs.

1. Introduction

Power conversion efficiency (PCE) and stability of perovskite solar cells (PSCs) are heavily
dependent on the adopted hole-transporting materials (HTMSs), which form the key working
junction with the perovskite in the solar cell.l! To date, nearly all the most efficient PSCs
employ organic HTMs, with 2,2°,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-
spirobifluorene (spiro-OMeTAD) being the most popular choice. However, spiro-OMeTAD is
not suitable for large-scale development of PSCs because of its onerous multistep synthesis
and demanding purification.[d Furthermore, its inadequate hole mobility and conductivity
require the addition of chemical p-dopants to ensure the PSCs to work efficiently.l?
Nevertheless, these hygroscopic additives negatively impact the device stability.l! Hence,
there is an urgent need to develop dopant-free HTMs with good charge transport
characteristics in pristine form to ensure efficient charge extraction and high PSCs stability at
the same time.l®lll To this aim, a fairly rich variety of dopant-free molecular HTMs has been
already proposed,® with those based on anthanthrone,®!l] triazatruxene,[’! spiro-fluorene,!
or tetra-thiafulvalenel® moieties being the most promising ones. Significantly less examples
of dopant-free polymeric HTMs can be found in literature, mostly obtained from the costly
benzodithiophene (BDT) or monofluoro-substituted benzothiadiazole (FBT) units via
challenging synthesis procedures.[*®! Solution processable diketopyrrolopyrrole (DPP)-based
polymers display high charge carrier mobility ranging from 0.1 to 10 cm? V! s, because of
the strong 7- m stacking between the conjugated backbones.[** They have been widely used in

organic field-effect transistors (OFETs)[*21314] and organic photovoltaics (OPVs),t5116l and
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they could be ideal candidates when aiming at cheaper dopant-free polymeric HTMs for PSCs.
However, while their energy levels are well aligned with the valence band (VB) and
conduction band (CB) of perovskite, on the other hand only few examples of DPP-based
PSCs have been reported in the literature and their efficiency remains modest.'-**1 Hence,
strategies are needed to harness the full potential of this facile class of polymers.

Thionation is a straightforward oxygen-sulfur atomic substitution that remarkably tunes the
material’s optical and electronic properties without the need to synthesize a new compound
from scratch but via a simple and single-step reaction.[?>%! Seferos and coworkers
demonstrated that perylene diimide small molecules display enhanced charge transport
characteristics upon thionation, because of the change in their morphological and
photophysical properties.?!! Tieke et al. reported about the thionation of DPP-polymers to
synthesize the corresponding dithioketopyrrolopyrrole (DTPP) derivatives with low bandgap
and broad absorption using Lawesson's reagent.[?61 More recently, Zhang et al. demonstrated
that isomeric DTPP polymers could be promising building blocks for OFETSs, with hole
mobility up to 0.49 cm? V! s1.121 |n addition, this work showed that the Highest Occupied
Molecular Orbital (HOMO) levels of the material could be increased upon thionation. Both
the high hole mobility and high HOMO level are essential prerequisites when designing
dopant-free HTMs for PSCs. While thionation has been very recently employed to tune the
properties of n-type materials in OPVs,?% to the best of our knowledge this strategy remains
still completely unexplored in the context of HTMs for PSCs applications.

In this work, we show that the thionation of a novel donor (D)-acceptor (A) polymer (P1)
with m-electron rich indacenodithiophene (IDT) and n-electron deficient diketopyrrolopyrrole
(DPP) moieties can significantly increase the figure of merit of PSCs employing DPP-based
polymeric HTMs without dopants. In fact, P2-based PSCs show a nearly 40% device
performance improvement (PCE = 9.7%) compared to P1-based ones (PCE = 7.1%). We

attribute such an enhancement to the role of thionation in effectively improving the interfacial
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hole transfer dynamics, as demonstrated by our combined electrochemical, computational,
and photophysics studies. Finally, the stability of PSCs employing P1 or P2 outperforms that
of devices based on the traditional spiro-OMeTAD HTM, as expected thanks to the lack of
hygroscopic additives in P1 and P2 and to their remarkable thermal stability.

2. Results and Discussion
2.1 Design and synthesis
Two n-conjugated polymers with D-A structures, P1 and P2, were synthesized starting from

electron-donating dibromo-IDT and electron-withdrawing di(trimethylstannyl)-substituted
DPP monomers. Small molecules or polymers with an alternating D-A structure have
demonstrated high performance in organic electronics due to their narrow band gaps and
effective intramolecular charge transfer capability.l?®-%2 Particularly, we selected IDT being
an interesting electron-rich moiety derived from thiophene with a fully planar core, extended
n-conjugation, and high electronic density arising from a large fused system.*3IMoreover, the
multiple available positions for substitutions in IDT guarantee good solubility and wide range
fine-tuning of the polymers energy levels.*¥ DPP is a versatile unit with short - stacking
distance and highly coplanar polymer chains that result into excellent charge mobility.[!

In our design, we co-polymerized the electron-deficient DPP-based monomer with dibromo-
IDT via palladium-catalyzed Stille coupling to yield the target material P1 (Scheme 1). Both
DPP- and IDT-based monomers are commercially available and were purchased from
Derthon Optoelectronic Materials Science Technology Co LTD. In order to probe the
beneficial role of thionation on polymeric HTMs for PSCs, we synthesized another polymer
(P2), where the oxygen atom of the DPP core was replaced by sulfur yielding a DTPP-based
material (P2), by treating P1 solution with Lawesson’s reagent (2,4-bis(4-methoxyphenyl)-
1,3,2,4-dithiadi-phosphetane-2,4-disulfide) (Scheme 1). Further details on the synthesis of P1

and P2 can be found in the Supporting Information.
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Scheme 1. Synthetic route for P1 and P2 polymers.

The weight-average molecular weights (My) of the polymers P1 and P2, determined by gel
permeation chromatography (GPC, Figure S1), lie between 82 kDa and 84 kDa and the
dispersity index in the range 2.8-4.0. The polymer structures were analyzed by FTIR and *H-
NMR spectroscopy (see Supporting Information for further details and Figures S2—S5). The
FTIR data (Figure 1) clearly prove the thiocarbonylation reaction, which alters the O atom
from DPP core into S atom, as the absorption peak between 1622 and 1758 cm™ (C=0
stretching of DPP core, dark green band) disappears after thionation, and a new band,
attributed to the C=S stretching vibration, emerges at 1140 cm™.[?627] Proton spectra of the
polymers are shown in Figures S6-S8. The spectra contain all the expected signals to confirm
the corresponding molecular structures of P1 and P2. The signals between 0.7 and 2.09 ppm
originate from the alkyl groups, while the chemical shift between 6.99 and 8.94 ppm are
ascribed to the DPP and IDT core, respectively. After thionation, the signals from DPP with
chemical shift of 7.38 ppm can be found at 7.36 ppm (DTPP, Figure S8).

The thermal stability of the polymers was investigated with thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). Experimental details, together with TGA
and DSC curves, can be found in the Supporting Information. From TGA analysis, the
decomposition temperatures (Tq), corresponding to 5 % weight loss of P1 and P2, are 380 °C
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and 367 °C, respectively (Figure S9). In other words, both the polymers exhibit a good
thermal stability, comparable to that of other high-performing polymeric dopant-free
HTMs,[%6-381 and well above solar cell operational conditions. From DSC data, no distinct
glass transition temperature (Tg) can be identified between 30 °C and 270 °C (Figure S10).
This is in line with what has been reported for other DPP-based polymers,®° and it is related
to the high rigidity of the polymer backbone as well as to the strong intermolecular
interactions between the neighboring polymer chains. This, in turn, confirms that P1 and P2
are morphologically stable, with no phase transitions between 30 °C and 270 °C. In
comparison, for the most widely adopted HTM, spiro-OMeTAD, the Ty is relatively low (125
°C).[*I These results suggest that P1/P2 could have a positive impact on the thermal stability
of resultant PSCs compared to standard spiro-OMETAD-based devices, as will be
demonstrated in Section 2.6.

2.2 Optical and electrochemical characterization

The absorption spectra of P1 and P2 in chloroform (c= 0.05 g/L) and in solid state (thin spin-
coated films) are shown in Figure 2. The corresponding optical data are summarized in Table
1. Both polymers exhibit broad optical absorption between 500 and 830 nm with strong
absorption peaks at 712 nm (P1) and 719 nm (P2) in solution (Figure 2). In solid state, the
absorption extends up to the near-infrared (NIR) region, with absorption maximum at 721 nm
(P1) / 738 nm (P2) and a long-wavelength tail reaching to 1000 nm. The absorption in the
NIR region indicates a highly conjugated backbone and/or efficient molecular packing in the
thin film state.[?”] The solid-state spectra of P1 and P2 are bathochromically (red) shifted by 9
and 19 nm, respectively, compared to the solution spectra (Figure 2, Figure S11). This could
be due to the strong packing and - interactions in thin films, induced by the closer distance
between the polymer backbones compared to solution phase. These interactions are beneficial
for the charge transport between neighboring molecules, which potentially promote charge

mobility and their conductivity, too.[*}42]



When we compare the spectra of the non-thionated P1 with those of the thionated P2, a small
bathochromic shift in the absorption maxima is observed (7 nm shift in solution spectra and
17 nm in thin film spectra, Figure 2, Table 1). The shift toward longer wavelengths might be
due to the stronger electron-withdrawing ability of DTPP unit with respect to DPP,[* which
induces strong D-A stacking interaction in P2’s backbone structure, thus eventually
promoting the charge transfer within the individual molecule.

When designing novel HTMs for PSCs, it is essential to tune their energy levels in order to
match the VB and CB of perovskite. This ensures effective hole extraction from the
perovskite layer and meanwhile prevents electrons from reaching the top-electrode (e.g. Au).
We conducted cyclic voltammetry (CV) measurements to determine the HOMO/LUMO
energy levels of the P1 and P2 films. Details on the CV measurements and the
voltammograms are given in Supporting Information (Figure S12). The polymers exhibit two
reversible cathodic waves and quasi-reversible anodic curves. From the oxidation and
reduction onset potentials, the derived HOMO/LUMO energy levels are -5.44 eV/-3.66 eV
and -5.23 eV/-3.79 eV for P1 and P2, respectively. These results are visually summarized in
Scheme 2, together with the energy levels of perovskite and of all the other constituents of the
PSCs architecture studied in this work. The energy levels of both polymers are well aligned to
perovskite VB and CB, indicating the suitability of P1 and P2 as HTMs. In fact, Murata et al.
have identified the selection criteria in terms of energy levels for HTMs, showing that the
HTM HOMO and LUMO levels should be at least 0.1 and 0.25 eV higher than the perovskite
VB and CB, respectively.*!! Both P1 and P2 fulfill this requirement, indicating that they can
potentially realize efficient hole injection while effectively blocking electrons. Furthermore,
the DTPP-based polymer P2 has higher HOMO (0.21 eV increase) and lower LUMO (0.13
eV decrease) levels than the corresponding non-thionated P1. The increase of the HOMO
level upon thionation, already demonstrated by Zhang et al.,?” further improves the energetic

alignment of P2 with the perovskite layer, suggesting a better-performing HTM in PSCs
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compared to the DPP-based one (P1). Furthermore, the simultaneous lowering of LUMO
level in P2 contributes to narrowing the material’s bandgap, hence enhancing the light

harvesting in the NIR.
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Scheme 2. Energy level diagram of polymers P1, P2, and spiro-OMeTAD and of the other
layers of the PSCs considered in this study. Particularly, we have adopted a triple cation Csix-
yMALFAPDI3.; Br; perovskite light absorber. The energy levels of each material (except those
of the new HTMs) have been taken from literature.[547]

The effect of thionation on the polymers’ ground state frontier molecular orbitals (FMO),
electron density distributions, as well as the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) energy levels were investigated further
computationally via density functional theory (DFT) at the M062X/6-31G(d,p) level using the
Gaussian 09 program package. Two constitutional repeating units (CRU) long (n=2)
molecules, i.e. dimers, with methyl groups as the substituents R (Scheme 1) were used as
models. For the ground state structures of the dimers, see Figure S13 in Supporting
Information. Figure S14 shows that the DPP-based polymer P1 exhibits a DPP-dominating
LUMO distribution with some of the electron wave function delocalized at the IDT unit,

while the electron distribution of the LUMO for the thionated polymer P2 localizes only on

the electron-withdrawing DTPP core. The difference between the polymers’ LUMO electron
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densities could be due to DTPP with a stronger electron-acceptor ability compared to DPP.
The HOMO orbitals of both polymers are similar, as the electron wave functions are mainly
delocalized along the polymer backbone. When the polymers are excited, electron transfer
takes place from the conjugated backbone to the DPP or DTPP unit. Quantum computation
results also indicate that the thionation reaction could increase the HOMO energy levels and
reduce the LUMO energy levels of the polymers, which is in good agreement with the
electrochemical results. The HOMO/LUMO energy levels and the HOMO-LUMO gaps of
the polymers predicted via the DFT calculations are different from the electrochemical ones.
This is ascribed to the fact that the DFT calculations were carried out with dimer models
instead of full polymers, and the intermolecular interaction was not taken into account. We
will address the intermolecular interaction below and present the bulk hole mobilities of the
HT-materials calculated according to the hopping model“® with DFT using two CRUs (with
n=1) sliding on top of each other (for the details of the computational procedure, see
Supporting Information). Figure S13 shows that the backbone of the DTPP-polymer is more
planar than that of the DPP-polymer. Planarity is beneficial for both the intra- and
intermolecular charge transfer.

2.3 Thionation-enhanced hole mobility

We computed the bulk hole mobilities for P1 and P2 with DFT to gain understanding on their
material characteristics (see Supporting Information for the details). Furthermore, in order to
a) obtain experimental reference values for the hole mobilities in a device and to b)
demonstrate the suitability of these isomeric DTPP polymers as building blocks for OFETS,
we explored the charge transport characteristics of P1 and P2 by fabricating and analyzing
bottom gate/bottom contact field effect transistors. Figure S15 and Figure S16 show the
transfer and output characteristics of the OFETs (for the corresponding device performance
data see Table S1). Both polymers exhibit p-type behavior. The measured OFET hole

mobility of the DPP-polymer is up to 1.02 cm? V1 s (P1). After the thionation reaction, the
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OFET hole mobility increased significantly to as high as 1.64 cm? V! s for P2. The bulk
mobility values of 1.7x107 and 8.8x10% cm? V! s? calculated with DFT for P1 and P2,
respectively, are in accordance with the experimental trend and typical for hole mobility
values of DPP-based materials.[*>%% The notable enhancement of both experimental OFET
and computed bulk hole mobility of the thionated-polymer could be ascribed to the following
reasons: (i) in the thin film state, the slightly stronger intermolecular interactions of the
DTPP-based polymer compared to the DPP-based polymer (revealed by bathochromic shift
from solution to thin film) is helpful for the hole transfer between the neighboring molecules;
(if) the more planar polymer backbone and stronger D-A effect in the DTPP-polymer is
advantageous for the intra- and intermolecular hole transfer.

2.4 Photovoltaic performance

To study the effect of thionation of HTM on the performance of PSCs, P1 and P2 were
incorporated without any doping additives in standard mesoporous n-i-p structures. The
devices consisted of a triple cation (Cesium (Cs), methylammonium (MA), and
formamidinium (FA)) Csi.xyMAxFAyPbIs_; Br; perovskite layer on a fluorine-doped tin oxide
(FTO)/TiO2 compact layer (c-TiO.)/TiO2 mesoporous layer (m-TiO) substrate, fabricated by
one-step deposition method (see the detailed procedure in Supporting Information). The full
PSC structure is FTO/c-TiO2/m-TiO2/CsixyMAxFAPDI3; Br/HTM (P1 or P2)/Au, as
illustrated in Figure 3a. Additionally, PSCs with standard spiro-OMeTAD HTM (with and
without dopants) were fabricated for comparison under identical experimental conditions. The
thicknesses of each PSCs layer, derived from cross-sectional scanning electron microscopy
(SEM) image (Figure S18a), are in line with those reported in previous studies.®™™ For both P1
and P2, a thickness of nearly 135 nm (films spin-coated from chlorobenzene solution with ¢ =
10 mg/mL) was used (Figure S18b).

The current density (J) —voltage (V) curves of the best-performing (champion) devices based

on the different HTMs, recorded under standard 1 Sun condition (100 mW cm? AM 1.5 G
10



illumination), are depicted in Figure 3b and Figure S19. The averaged photovoltaic
performance (20 devices per HTM) along with the standard deviation, together with the
photovoltaic parameters of the champion cells (derived from Figure 3b), are summarized in
Table 2. The high reproducibility of our results is demonstrated by the small standard
deviations.

The DTPP-based HTM P2 leads to PSCs with a remarkable 37% performance improvement
(average PCE = 9.7%) compared to devices based on the non-thionated P1 (Table 2). The
improvement in the PCE is determined by the increase in both short-circuit current density
(Jsc) and fill factor (FF). The Jsc enhancement is related to the beneficial effect of thionation
on the hole injection process from perovskite to HTM, as discussed in detail in the next
section. To clarify the reasons for the enhanced FF, we have extracted the series (Rs) and
shunt (Rsk) resistance of the devices, according to the 1-diode model,[®2 from the J- V curves
in a backward scan (Table 2). Both Rsy and Rs affect the FF, with lower Rs and higher Rsn
being needed for enhancing the FF values.53 Data in Table 2 confirm this trend since P2 cells
have lower Rs and higher Rsy (nearly 1 order of magnitude) than the P1-based cells. As
observed in earlier reports, a low FF is an indicator of low mobility and conductivity of the
material.®*% The intermolecular charge transport is enhanced upon thionation, as
demonstrated in Section 2.3, thus explaining the increase in the FF of the corresponding
DTPP-based photovoltaic devices. In addition, it is reported that FF is also influenced by non-
geminate charge recombination at the perovskite interface,% thus, the improved FF obtained
by P2-based cells suggests that thionated P2 could more effectively hinder the interfacial
charge recombination compared to P1, which will be evidenced in the time-resolved
photoluminescence study reported in next section.

It is worth noting that P1- and P2-based devices presented nearly identical Voc values. This
confirms that in perovskite solar cells the Voc is mainly determined by the bulk and surface

recombination in the perovskite, while being less sensitive to the energetic offset between the
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VB of the perovskite and the HOMO level of the HTMs, as recently reported by Déanekamp et
al.b4l

Control devices based on the doped Spiro-OMeTAD HTM lead to an increased PCE, yet
comparable, with respect to P1/P2-based solar cells. In order to understand the poorer
performance of P1 and P2 HTMs in perovskite solar cells with respect to the spiro-OMeTAD,
the morphology of their thin films deposited on perovskite-coated glass substrates has been
investigated by atomic force microscopy (AFM), as shown in Figure S17. The surface root
mean square roughness values for both P1 and P2 films were similarly above 20 nm, which
are over two times higher than the roughness of spiro-OMeTAD film (~ 9 nm) deposited on
perovskite. Smoother spiro-OMeTAD film on top of the perovskite layer could be more
favorable for efficient hole transfer compared to P1 or P2 film (as demonstrated in following
Section), and this could also partly explain the enhanced device performance of spiro-
OMEeTAD based cells. In case of P2 film, we also note larger domain size compared to P1
films (Figure S17), due to the thionation-induced phase aggregation which could reduce pin
holes and improve the hole transfer.

The lower performance of PSCs employing P1 or P2 is compensated by the lack of additives,
which will have a beneficial effect on the device stability (see Section 2.6). In fact, if all the
HTMs are used without dopants, a huge enhancement of P1 and P2 performance with respect
to Spiro-OMeTAD is observed (Table 2). Furthermore, P1 and P2 are significantly cheaper
than Spiro-OMeTAD (see cost analysis in Supporting Information), and the lack of dopants
additionally reduces the cost and complexity of device fabrication. Finally, it is worth
emphasizing that, while for spiro-OMeTAD optimal thickness values are well known and
adopted in this work as well, for P1 or P2 HTMs we have not yet optimized their layer
thicknesses in PSCs, which could potentially lead to even better performance of the

corresponding devices.
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From the J- V curves in forward and backward scans (Figure S18), we note that both P1- and
P2-based cells display significantly lower hysteresis than spiro-OMeTAD-based devices. It is
well known that the carrier transfer dynamics at the interfaces in PSCs (including the
perovskite|HTM interface) affect the overall device hysteresis.® Lower hysteresis can thus
partly attributed to a better interaction between perovskite and P1 or P2, most likely promoted
by the presence of S atoms that coordinate to Pb of perovskite, as observed by Zheng et al. in
case of thiolated HTMs.[56:57]

2.5 Influence of thionation on the interfacial hole transfer process

When aiming at highly efficient PSCs, it is crucial to probe the hole injection dynamics at the
perovskite/HTM interface.[5® In fact, it has been recently reported that a swift hole injection
dominates the overall charge separation efficiency with respect to a relatively slow electron
injection. 7%

To evaluate the hole-injection process from the perovskite VB to the HOMO level of the
HTMs (P1 and P2), steady-state photoluminescence (PL) experiments (details in Supporting
Information) on glass/perovskite and glass/perovskite/HTM samples were conducted. Figure
4a shows the stronger PL quenching capability of P2 with respect to the non-thionated P1,
although the reference spiro-OMeTAD sample displays the strongest quenching effect. The
calculated quenching efficiencies, or in other words the hole-injection yields, are 77.9 % and
96.2 % for P1 and P2, respectively. The remarkable hole-injection yield increase achieved
when P2 is employed, suggests that thionation promotes the extraction of the photogenerated
holes from the perovskite layer at the perovskite/P2 interface. This could partly explain the
higher Jsc in P2-based solar cells with respect to P1-based ones (Table 2).

To assess the influence of thionation on the hole transfer dynamics, we monitored the time-
resolved PL decays on glass/perovskite and glass/perovskite/HTMs samples by time-
correlated single photon counting (TCSPC) measurements (experimental details in Supporting

Information). The PL decays are presented in Figure 4b. The excitation wavelength of 648 nm
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was selected not to excite the residual Pbl> (~550 nm) potentially present in the perovskite
layer.I%%1 The PL decay of pristine perovskite film shows the perovskite excited state decay
with relatively long effective lifetime (370.9 ns), similarly as in previous works.[3 A clear
acceleration of the PL decay is observed for glass/perovskite/P1 sample, thus indicating that
hole transfer from the perovskite to P1 occurs at the interface. An even more pronounced
acceleration is detected for glass/perovskite/P2, hence suggesting that the hole transfer from
perovskite to P2 is significantly faster than that to P1. On the other hand, the
glass/perovskite/spiro-OMeTAD reference sample shows the most accelerated PL decay
compared to P1 or P2, indicating that a hole injects from perovskite to spiro-OMeTAD in the
most efficient way, which is consistent with the corresponding solar cells results presented in
previous section.

In order to quantitatively assess the influence of thionation reaction on hole transfer process,
we now focus only on P1 and P2. All PL decays can be well fitted with bi-exponential decay
model (details in Supporting Information). The first component is attributed to the radiative
charge recombination related to carrier trap states, while the second component is linked to
the non-geminate free carrier (electron and hole) recombination and hole injection
process.*":62 The results of the fitting (Table 3) reveal that both HTMs display similar decay
lifetimes of the first component, with z1 being 7.2 ns and 6.5 ns for P1 and P2 samples,
respectively. However, the first component shows much higher initial amplitude (A1 > 50 %)
for P2 PL decay with respect to the corresponding initial amplitude (A1 < 10 %) of P1
containing sample (Table 3), indicating that the surface states of perovskite in P2-based
sample could be effectively passivated upon the thionation reaction compared to the non-
thionated P1-based sample. In addition, the decay lifetime 7> of the second component of P2-
based sample (38.3 ns) is much shorter than that of the sample containing P1 (98.6 ns). Such
an acceleration in the lifetime of the second component suggests that, by the replacement of

oxygen with sulfur atoms upon thionation, the properties of the perovskite|HTM interface can
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be effectively modified, hence leading to suppressed charge recombination and promoted
swift hole injection. Our results clarify, for the first time, the role of thionation in the charge
(hole) transfer dynamics: thionation affects both the trap-state-mediated recombination, the
non-geminate charge recombination, and the hole injection reaction.

Hole injection rate and yield can be also estimated by comparing the lifetimes of the observed
PL decays (see the analysis method in Supporting Information).l®® Interestingly, the hole
injection rate (zn-inj) Of P2 (17.7 ns) is significantly faster than that of P1 (113.8 ns) by nearly
one order of magnitude, confirming that thionation promotes a fast hole-injection at the
interface between perovskite and P2. The estimated hole injection rate for P2 in nanosecond
timescale is still slower than values reported using femtosecond transient absorption and
terahertz spectroscopies (from 200 fs to several tens of picoseconds).[*] This difference could
be due to the multi-phasic hole injection processes, i.e. more than 3 components over fs-ns
time scales, which have been recently reported. The hole injection yields for P1 and P2 were
estimated by using Equation S2-S4 (Supporting Information). Upon thionation, the hole
injection yield (@n.inj) of P2 exceeds 95 % (Table 3), while that of non-thionated P1 is limited
to less than 80 %, in a good agreement with the quenching efficiency data of the steady-state
PL spectra (Figure 4a).

2.6 Stability

The stability of non-encapsulated PSCs employing the dopant-free polymeric HTMs P1/P2
was studied by analyzing the PCE decay curves for the devices in shelf-storage conditions
(darkness, dry environment with RH ~10%). Identical experiments were conducted in parallel
on doped spiro-OMeTAD PSCs. The normalized PCE of the 3 champion cells containing P1,
P2, or spiro-OMeTAD as a function of time are presented in Figure 5a. Additionally,
equivalent degradation studies were conducted on several devices per each PSC structure, and
a similar degradation pattern as the one in Figure 5a was confirmed. P2-based cell exhibit

remarkably improved stability compared to P1-based cell, sustaining 70% and 49% of the
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initial PCE, respectively, after nearly 100 days of storage. Doped spiro-OMeTAD cells
instead decrease their performance more quickly (29% of their original PCE retained in nearly
100 days under identical experimental conditions). This is expected since neither P1 nor P2
contain hygroscopic dopants that, in case of spiro-OMeTAD, can cause moisture intrusion in
the perovskite layer with a detrimental effect on device degradation. This effect would be
even more evident when storing the devices in high-humidity atmosphere, as demonstrated in
Ref .[64]

P2-based PSCs show the slowest degradation in air. In order to identify the reasons for the
difference in degradation kinetics between P1-, P2-, or spiro-OMeTAD-cells, we have
measured the water contact angles on the perovskite/HTM films (Figure S19). The contact

angle values are 103.26° £0.39°, 109.75°£1.13°, 66.82° +0.59° for P1, P2, and doped spiro-

OMEeTAD, respectively. These results indicate that P2 is the most hydrophobic material, since
it displays higher moisture resistance. Being able to keep perovskite more protected from
moisture, P2 allows enhanced PSC stability.

Finally, PSCs based on P1, P2, or spiro-OMeTAD HTMs underwent a straightforward high-
temperature stability test as in Ref. ¥l in order to evaluate the thermal stability of the devices.

The normalized PCEs of the solar cells, before and after being heated at 65 C for 12 h in

nitrogen atmosphere, are reported in Figure 5b. The devices employing the new polymeric
HTMs, and P2 in particular, retain the initial performance much better than those with the
traditional spiro-OMeTAD. The high thermal stability of these polymers, already suggested
by the results of the DSC characterization (Section 2.1), indicates their potential use for stable
PSCs. P2 displays the highest thermal stability, with practically no change in the performance
after 12h of heating. Thionation increases the number of S atoms in P2 HTM with respect to
P1, in turn potentially promoting Pb-S coordination bonding, as already mentioned. Since Pb-

S bond shows higher exciton binding energy than Pb-O bond, 5% thionation may lead to
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higher heating tolerance for perovskite or, in other words, higher thermal stability of the
corresponding device.

3. Conclusions

In conclusion, we propose thionation as an effective and straightforward strategy to
dramatically boost the performance of dopant-free polymeric hole-transporting materials for
perovskite solar cells. Thionation of a novel donor (D)-acceptor (A) polymer (P1) with 7-
electron rich indacenodithiophene (IDT) and =n-electron deficient diketopyrrolopyrrole (DPP)
moieties (leading to polymer P2) enhances the power conversion efficiency of the
corresponding solar cell devices by nearly 40%. We attribute such an increase to the role of
thionation in effectively improving both the hole transport within the HTM (bulk hole
mobility increased by 5 times upon thionation) and the interfacial hole transfer dynamics. The
latter results mainly from three factors: 1) thionation increases the HOMO level of P2 (210
meV higher HOMO than P1), providing more driving force (i.e. Gibbs free energy) for the
hole injection from perovskite VB to the HTM’s HOMO; 2) The coordination Pb-S bonds
promoted by the increasing number of S atoms of the thionated HTM (P2) may also
potentially guarantee an effective pathway for swift and efficient hole injection; 3) thionation
can effectively passivate the surface states of perovskite film, i.e. diminish the deep trap states,
which is beneficial for fast hole injection at the perovskite interface.

Finally, the stability of PSCs employing P1 or P2 outperforms that of devices based on the
traditional spiro-OMeTAD HTM, as expected due to the lack of hygroscopic additives in P1
and P2 and to their remarkable thermal stability.
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Figure 1. FTIR spectra of KBr dispersions of polymers P1 and P2.
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Figure 2. UV/Visible/NIR absorption spectra of P1 and P2 in chloroform solution (c=0.05
g/L) and in thin spin-coated films, respectively.
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Tables

Table 1. Optical and electrochemical properties of P1 and P2.

Compounds Amax [NM] Lavsonset OF film  Oxidation onset [V] Reduction onset [V]  Eg%" % EgP
[nm] {HOMO [eV]} {LUMO [eV]} [eV]
in CHCIl;  in film
P1 712 721 875 0.64 {-5.44} -1.14{-3.66} 1.42/1.78
P2 719 738 865 0.43 {-5.23} -1.01{-3.79} 1.43/1.44

3 B4 (optical bandgap) was measured at the onset of absorption of polymer film (E°" =
1240/ Aabs,onset €V). PE¢*C electrochemical bandgap, HOMO-LUMO gap was calculated
according to the equation: —ELumo = Eonset(red) + 4.8 €V, and —EHomo = Eonset(ox) + 4.8 V.
Eonset(ox) and Eonset(red) are onset potentials for oxidation and reduction processes vs. Fc/Fc*

couple.

Table 2. Summary of perovskite solar cells performance with different HTMs (The data are

from the backward scans).

HTMs Jsc Voc FF PCE Rs Rsh
[mA cm?] V] [%0] [Q cm] kQ cm]
P1 13.6+0.5 1.04+0.02 0.50+0.02 7.1+0.5 19.04+1.03 0.384+0.15
(14.2)3 (1.06) (0.53) (7.9) (18.01) (0.53)
P2 14.4+0.3 1.04+0.02 0.64+0.01 9.7+0.4 12.80+1.25 3.05+0.30
(14.6) (1.06) (0.65) (10.1) (11.55) (3.39)
Undoped spiro- 4.0£0.7 0.77+0.08 0.49+0.04 1.5+0.5 51.33+£1.25 0.104£0.05
OMeTAD 4.7) (0.86) (0.54) (2.2) (50.08) (0.15)
Doped spiro- 17.5+0.8 1.04+0.03 0.68+0.03 12.3+£0.6 8.97+0.46 1.53+0.35
OMeTAD (18.5) (2.08) (0.70) (14.1) (8.51) (1.88)

AValues in brackets refer to the photovoltaic parameters of the champion cells.
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Table 3. Summary of the fitting results and corresponding dynamic parameters for PL decays
of glass/perovskite/HTMs samples.

HTMs Ar T Az T2 Tye® Thein® Opin®

[%] [ns] [%0] [ns] [ns] [ns] [%]
P1 6.5 7.2 93.5 98.6 87.1 113.8 76.5
P2 51.2 6.5 48.8 38.3 16.9 17.7 95.4
Spiro- 94.4 0.4 5.6 10.6 0.9 0.9 99.3
OMeTAD

% 1170 is the effective lifetime of PL decay.
%) 71.inj i the hole injection rate.
©) ®n.inj is the hole injection yield.
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Thionation enhances the performance of polymeric dopant-free hole-transporting
materials for perovskite solar cells

Thionation is a straightforward strategy to dramatically boost the performance of dopant-free
polymeric hole-transporting materials (HTMs) for perovskite solar cells. Upon HTM
thionation, a nearly 40% enhancement in the power conversion efficiency of the
corresponding devices is observed. Such an increase is attributed to the enhancement of both
the hole transport within the HTM and the interfacial hole transfer dynamics.
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