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ABSTRACT: Adequate hole mobility is the prerequisite for dopant-free polymeric hole-transport
materials (HTMs). Constraining configurational variation of polymer chains to afford a rigid and
planar backbone can reduce unfavorable reorganization energy and improve hole mobility. Herein,
a noncovalently conformational locking via S--O secondary interaction is exploited in a
phenanthrocarbazole (PC) based polymeric HTM, PC6, to fix molecular geometries and
significantly reduce reorganization energy. Systematic study from structurally explicit repeats to
targeted polymers reveals that the broad and planar backbone of PC remarkably enhances -
stacking of adjacent polymers, facilitating intermolecular charge transfer greatly. The inserted
“Lewis soft” oxygen atoms passivate the trap sites efficiently at perovskite/HTM interface and
further depressing interfacial recombination. Consequently, PSC employing PC6 as dopant-free
HTM offers an excellent power conversion efficiency of 22.2% and significantly improved
longevity, rendering it as one of the best PSCs based on dopant-free HTMs.
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INTRODUCTION

An amazing increase of power conversion efficiency (PCE) from 3.8% to 25.5% has been
certified by perovskite solar cells (PSCs) in the last decade, which mainly benefits from the
excellent light absorption and unapproachable charge-carrier transport of perovskite crystals.!!
Despite the rapidly surging PCE, long-term stability of PSCs is another indispensable factor
expediting PSCs towards economic feasibility. However, several inescapable barriers, for instance,
the thermal and humidity susceptibility of perovskite crystal and interstitial degradation originating
from adverse interfacial processes, still stand in the PSC’s pathway to commercial application.
Therefore, extensive research efforts have been made to prolong the lifespan of PSCs.?! In
particular, special attention is drawn on the damping of PCE caused by dopants in charge
transporting layers.’! In n-i-p type PSCs, hole-transport materials (HTMs) play an irreplaceable
part in efficiently extracting and transporting holes from perovskite layer to positive electrode,
besides, protecting humidity-sensitive perovskite crystals from directly confronting water in
ambient atmosphere. Thus far, massive organic and inorganic materials have been developed as
HTMs, among them, 2,2°,7,7-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifuorene
(spiro-OMeTAD)!®! usually acts as state-of-the-art HTM to hit record highs of PSCs.[!& ©
Nevertheless, the fatal weakness of spiro-OMeTAD is caused by its huge steric hindrance,
resulting in an inadequate charge mobility and considerably large resistivity. That is why dopants,
such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), tert-butylpyridine (TBP) etc., have
to be employed to improve the charge transport of spiro-OMeTAD.!”) However, the widely applied
dopants are usually featured with hygroscopicity or volatile.l¥) Moreover, the noncovalently
bonded dopants can migrate and relocate in HTM layers, triggering morphology deterioration and
destroying device stability.” All the adverse effects mentioned above significantly spur
deterioration of PSCs under practical application, rendering dopant strategy unpractical in
commercial production. Thereby, massive efforts have been devoted to develop next-generation
dopant-free HTMs aiming at stable and economically feasible PSCs.['” Thus far, very few first-

class PSCs employing dopant-free HTMs have been reported.! 1]

Conjugated polymers are featured with tunable energy levels, excellent carrier mobility, good
thermal stability and favorable film-forming ability, well meeting the requirements for industrial
production of PSCs.!"”) Thus far, enhanced PCEs of PSCs have been achieved by dopant-free

polymeric HTMs with sophisticated structures of alternately appearing donor and acceptor units.
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Among them, several highly efficient systems of PBDTT!3!, PBT1-C!'*), PTEG!'®), alkoxy-PTEG
(2-MA)!'® and asy-PBTBDT,!'”! ect., have afforded over 20% PCEs. Note that poly(3-
hexylthiophene) (P3HT) was also employed as polymeric HTM in a double halide architecture of
PSC, demonstrating an exciting PCE over 24%.[!®] However, the applied P3HT still needs to be
incorporated by gallium(III) acetylacetonate, meanwhile, a complicated interfacial treatment by 7-
hexyl trimethyl ammonium bromide is essential, jeopardizing its potential practical applications
in view of either cost or reproducibility. Recently, our group developed a series of low-cost and
highly efficient polymeric HTMs by replacing structurally complicated heterocyclic acceptors

Y1 indicating the rational design guideline for dopant-free polymeric

with thiophene analogs,!
HTMs. The kernels directly correlating to chemical structures include (1) two dimensionally
conjugated plane to enhance intermolecular stacking, (2) hydrophobic alkyl chains to improve
molecular solubility and humidity resistivity, (3) “Lewis soft” heteroatoms to passivate trap states.
As we know that adequate hole mobility is the prerequisite for efficient dopant-free HTMs, while
hole mobility is tightly associated with reorganization energies according to nonadiabatic
semiclassical Marcus charge-transfer theory.?’! In our guideline above, a key factor failing to take
into account is the large unfavorable reorganization energy caused by considerable change of
polymer geometries between ground and oxidized states. The configurational variation of polymer
usually originates from semi-free rotation of adjacent aromatic rings. Therefore, how to constrain
the unnecessary rotation of building blocks in polymeric HTMs is a crucial issue to further improve
PCEs of PSCs. Bearing rotation constraint in mind, we designed and synthesized a
phenanthrocarbazole (PC) based polymeric HTM PC6 in this work. An efficient strategy of
noncovalently conformational locking (S--O secondary interaction) was explored to fix molecular
geometries and reduce reorganization energies. Consequently, PSC employing PC6 as dopant-free
HTM yielded an excellent PCE of 22.2% and significantly improved longevity, rendering it as one
of the best PSCs based on dopant-free HTMs.
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RESULTS AND DISCUSSION
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Figure 1. (a) Molecular structures of PC4 and PC6. R1 and R represent 2-hexyldecane and 2-
ethylhexane, respectively; (b) single crystals of bithiophene derivatives; (c) energy barriers (AE)
of rotating dihedral angle of C1-C2-C3-S4 from 0 to 360 degrees; (d) molecular geometries of

ground and oxidized states of PC-M. The dihedral angles between two central thiophenes were
highlighted.
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PC based functional molecules are usually endowed with a high luminescence yield and
outstanding photostability, thus stimulating their widely applications as fluorescent lipid probes,
automotive paints and photosensitizers.?!! Herein the broad PC units were utilized as main
building blocks to greatly enhance intermolecular n-w stacking between adjacent polymer strands
(Figure 1a). Due to the strong n-m stacking, several branched aliphatic chains could be allowed to
graft to improve the solubility and humidity toleration of polymers. Then thiophenes were utilized
to connect PC units to maintain a relatively planar geometry. However, excessive single bond
connections will cause considerably large degree of freedom of molecular geometries, resulting in
unfavorable reorganization energies. Therefore, from PC4 to PC6, two oxygen atoms were
selectively placed at 3,3’-positions of bithiophene, constructing a S--O noncovalently
conformational locking to fix molecular geometries and reduce reorganization energies.*?!
Moreover, due to the lone pair electrons on oxygen atoms, PC6 may be able to more efficiently

passivate the surface trap states caused by insufficiently coordinated lead ions compared with PC4.

In order to confirm the planar structure of alkoxy substituted bithiophene, we investigated single
crystals of bithiophene analogs (Figure S1, S2 and Table S1 and S2 for details). As shown in
Figure 1b, both S-H-Br and S-O-Sn display planar geometries and the dihedral angles between
two thiophene units are inclined to be zero. It is notable that the oxygen atom locates at the same
side with sulfur at adjacent thiophene for S-O-Sn and the distance of sulfur to oxygen is
approximate 2.84 A, much less than the normal no-bonding van der Waals distance,?? in favor of
successful formation of a S--O noncovalently conformational locking. In addition, the energy
barriers (AE) of reversely rotating two thiophenes were also evaluated through density functional
theory (DFT) calculations to investigate the rotation constraint. Figure 1c showed that S-O unit
requires much more energies compared with S-H, if activating their thermodynamically stable
planar configurations towards other twisted ones. Therefore, the formation of S--O noncovalently
conformational locking can greatly constrain unnecessary rotation between adjacent groups and is
expected to reduce reorganization energies (Erec) of HTMs.[%l In order to clearly demonstrate the
change of Ere, we calculated Erc of PC4-M and PC6-M. Figure 1d showed that molecular
geometries of PC4-M and PC6-M tend to be planar when transforming from ground states to
oxidized states. Therefore, a planar and conformationally locked structure will suffer a smaller
configurational change and result in reduced Erec. As a result, PC6-M is endowed with a much
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smaller Erc of 0.01 eV than that of 0.21 eV for PC4-M, exhibiting the potential of PC6 as an
excellent dopant-free HTM.
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Figure 2. (a) Molecular structures of PC4-M and PC6-M; (b) optimized geometries and
electrostatic surface potential maps (ESPs) obtained by DFT calculations; (c) normalized
electronic absorption spectra of PC4-M and PC6-M in 20 uM THF solution; (d) cyclic
voltammetry measured in solutions; (e, f) variable-temperature absorption spectra of PC4-M and

PC6-M in chlorobenzene.

Diverse molecular weights may lead to much different physicochemical properties of polymeric
HTMs. To exclude effects of molecular weight, we synthesized model molecules PC4-M and PC6-
M with well-defined structures (Figure 2a and Scheme S2). DFT calculations in Figure 2b show
relatively planar structures for both molecules. ESPs of PC6-M exhibits much more electron-rich
property than that of PC4-M, especially around oxygen, which may facilitate the secondary
interaction with coordinatively unsaturated lead (electron-withdrawing sites) at perovskite surface.
The calculated highest occupied molecular orbital (HOMO) energy level of PC6-M is —4.59 eV,
much higher than that of —4.72 eV for PC4-M (Figure S3). The greatly upshifted HOMO of PC6-
M should be attributed to remarkably electron-donating oxygen atoms. Consequently, PC6-M
offers a smaller energy gap of 2.57 eV with respect to 2.60 eV for PC4-M. 1t is thus plausible to
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observe the red-shifted maximum absorption wavelength for PC6-M, regardless of in solutions or
solid states (Figure 2¢ and S4). The experimental HOMOs were determined to be —5.08 eV for
PC4-M and —4.73 eV for PC6-M (Figure 2d). It is worth noting that the relative alignment of
energy levels is in good agreement with theoretical results (Table S3). Then we recorded the
variable-temperature UV-vis spectra in chlorobenzene from 10 to 100 °C to investigate molecular
stacking models (Figure 2e and f). Molecules should be most dispersed at high temperature of 100
°C, whereas intend to aggregate during cooling process, which could influence their absorption
spectra.[?*! PC6-M exhibits more red-shifted electronic absorption peak (by 11 nm) than that of
PC4-M (by 8 nm) from 100 to 10 °C. This tendency can be further amplified by corresponding
polymers of PC4 and PC6 (Figure S5a and SSb), suggesting the fixed configuration by S--O

conformational locking can enhance intermolecular n-n stacking of PC6.
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Figure 3. (a, b) Normalized electronic absorption spectra of PC4 and PC6 in chlorobenzene (CB)
solutions and solid films; (c) energy levels of polymer films derived from CV and optical band

gaps; (d) TGA traces of polymers; () DSC traces of polymers; (f) film of PC6.

The synthetic routes to polymers were illustrated in Scheme S1. The average molecular weights
(Mn) of PC4 and PC6 can be estimated as 55 and 59 kDa with polydispersity indexes of 1.08 and
1.16, respectively. As shown in Figure 3a and 3b, PC6 has the maximum absorption wavelength

(A¥) at 501 nm, bathochromically shifted by nearly 13 nm with respect to that of 488 nm for

PC4, which should be ascribed to the electron-donating oxygen atoms. Note that 31 nm red-shifted
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maximum absorption wavelengths (A7% ) for PC6 can be observed from solution to solid film,

larger than that of 19 nm for PC4, suggesting stronger n-r stacking of PC6 induced by S--O
noncovalently conformational locking.[>! Figure 3¢ diagrammed the HOMO and LUMO energy
levels derived from CVs (Figure S5¢) and optical band gaps. The HOMOs are located at —5.27 eV
for PC4 and —5.07 eV for PC6, and LUMOs are determined to be —3.15 eV for PC4 and -3.11 eV
for PC6. The relative alignment of energy levels can well match the commonly used perovskite
materials, enabling adequate driving force to extract holes from perovskite crystals and
simultaneously depressing reverse electron flow to back contact. As displayed in Figure 3d and
3e, the thermal gravimetric analysis (TGA) curves indicate the decomposition temperatures of 426
°C for PC4 and 419 °C for PC6. Meanwhile, no obvious peak can be observed up to 300 °C
according to differential scanning calorimetry (DSC), indicating no phase transition. Therefore,
both polymers possess rather low crystallinity but high thermal stability, satisfying the prerequisite
for durable device operation. A compact red film of PC6 came into being due to the strong n-n
stacking of PC backbone and fixed polymer configuration by S--O noncovalently conformational
locking (Figure 3f). The excellent film-forming property will enable effective coverage of
perovskite surface with a small amount of material. The detailed parameters associated with the

physicochemical properties were listed in Table S4.

(a)
PC4 s
\/O—":QE%\(\\ r‘)‘ % Swiee >0y
«fff’ "‘\(‘? >
<J
/_/
b c
(l —=—PC4 (l
S —e—PC6 S
S, S,
> 2
< e —=—PC4
2 2 ——PC6
00 05 10 15 20 05 10 15 20
g, A7 q, A7

Figure 4. (a) Optimized stacking models obtained by DFT calculations; (b) in-plane, (c) out-of-

plane line cuts of the 2D GIWAXS traces for two polymers on silicon substrates.
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The thermostatic self-stacking models of polymers were investigated through DFT calculations
by piling up two layers of each polymer segments (Figure 4a). As might be expected, PC4 and
PC6 displayed the ordered molecular packing due to the highly strong intermolecular n-m
interaction of PC units, which will undoubtedly improve the charge-transport ability of polymers.
The hole mobilities (x, ) of PC4 and PC6 were estimated to be 4.2x107* and 8.2x107* ¢cm? V!

s”!, respectively (Figure S6). The higher x, of PC6 should be ascribed to the stronger - stacking

and lower reorganization energy induced by the S--O noncovalently conformational locking. In

order to shed light on the intrinsic connection between x, and molecular packing model, grazing-

incidence wide-angle X-ray scattering (GIWAXS) measurements were further performed (Figure
S7).129 As recorded in Figure 4b and ¢, both PC4 and PC6 exhibited a typical face-on orientation,
indicated by the apparent diffraction peaks locating at ~0.29 A™! in in-plane direction and ~1.5 A™!
in out-of-plane direction. The favorable face-on orientation is expected to facilitate the
intermolecular charge transfer of polymeric HTMs in the vertical diode architecture of PSCs. Note
that PC6 possesses a slightly smaller n—r stacking distance of ~4.19 A compared with that of 4.25
A for PC4, further verifying that noncovalently conformational locking can immobilize the
geometry and give rise to a more compact packing. The closer intermolecular stacking of PC6 will
result in the more effective overlap of frontier molecular orbitals, accounting for its higher hole
mobility compared to that of PC4.°"! In addition, the observed larger absorption shift from
solutions to thin solid films for PCé can be also logically explained by the enhanced molecular
stacking. Generally, the favorable face-on orientation, including the more compact polymer
stacking of PC6, is expected to output the better performance when applied as dopant-free HTM
in PSCs. To further study the morphology overlaying on top of perovskite films, we carried out
the atomic force microscopy (AFM) measurement. As observed in Figure S8, the root-mean-
square (RMS) roughness of PC4 and PC6 were calculated to be 13.2 and 10.2 nm, respectively,
greatly smaller than that of 20.9 nm for neat perovskite film. The adequate and uniform coverage
of HTMs on perovskite surface can protect the perovskite layer from direct touch with moisture in
the air and also with counter electrode, significantly prolonging the device durability and reducing

adverse shunt losses of PSCs.
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Figure 5. (a) Theoretically optimized packing of PC polymers and binding energies (BE) on a
perovskite (PVSK) surface. The color balls of green: Pb; magenta: I; cyan: Cs; (b) XPS signals of
O 2p from a pristine PC6 film and a PC6 coated perovskite film; (c) XPS signals of Pb 4f from
PC4- and PC6-coated perovskite films.

The compact contact of HTMs with perovskite surface is indispensable for efficient hole
extraction. Therefore, we implemented DFT calculations to investigate the secondary interaction
between perovskite films and HTMs. As exhibited in Figure 5a and Figure S9, the structural
segments of PC4 and PC6 with three repeat units are able to stack with perovskite surface tightly
through the broad conjugated plane of PC. This highlights our design strategy of enhancing
interfacial packing by introducing large PAH units. Note that oxygen atoms in PC6 distribute much
close to the surface of perovskite, being prone to approach lead sites and form an additional strong
secondary interaction. Consequently, a prominently larger binding energy of —229 kcal/mole is
achieved by PC6 segment with respect to that of —177 kcal/mole for PC4. The stronger interaction
between PC6 and perovskites will result in extensive overlap of wavefunction at perovskite/HTM
interface and hence facilitate hole extraction. To further clarify the effect of oxygen passivation,
we carried out the X-ray photoelectron spectroscopy (XPS) to monitor the binding energy variation
of characteristic peaks of O 2p and Pb 4f orbitals. The O 2p peak of PCé-capped perovskite films
emerges at 532.1 eV, slightly larger than that of 531.8 eV for a pristine PC6 film (Figure 5b),
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suggesting an efficient interaction between oxygen atoms and perovskite surface. Furthermore, as
displayed in Figure Sc, the symmetric peaks of PC4-coated perovskite films locate at 136.7 and
141.5 eV, corresponding to Pb 4f core level. A ~4.8 eV gap of spin-orbit split between 4f 7> and 4f
s can be observed, in good agreement with the literature values.®! Note that the characteristic
peaks of Pb for PC6-coated perovskite films appears at 136.5 eV and 141.3 eV. The ~0.2 eV
displacement towards the low-binding energy region from PC4 to PC6 should be ascribed to the
potential Pb—O interaction. Given that the amount of surface trap states can partially indicate the
extent of passivation by HTMs, we further measured trap-state densities of PC4 and PC6 coated
perovskite films, being 1.19x10' cm™ for PC4 and 9.28x10'> cm™ for PC6 (Figure S10). The
prominently reduced trap-state density of PC6 can be ascribed to the additional passivation effect
of oxygen, which is in good accordance with the discussions above. The lower trap states density

is expected to yield fewer recombination sites and thus contributes to an improved photovoltaic

10.1002/anie.202114341
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recombination resistance of PSCs.
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To evaluate the interfacial charge transfer, time-resolved PL decay (TRPL) traces were recorded
in Figure S11. The significantly PL quenching occurs when coating two HTMs on top of
perovskite films, suggesting efficient hole extraction at the energy-offset perovskite/HTM
interface. Moreover, PC6 capped perovskite film displayed an obviously reduced PL lifetime as
compared to PC4 (Table S5), indicating a more efficient hole extraction from perovskite. The
higher HOMO and stronger interfacial interaction with perovskite films for PC6 should account
for the enhanced hole extraction and transport. Then PSCs with a structure of
glass/FTO/SnO/perovskite (MAPbI3)/HTM/Au were fabricated to evaluate the potential of PC4
and PC6 as dopant-free HTMs. HTM film thickness related performance was firstly investigated
and both HTMs contributed to the best device with a low precursor concentration of ~5 mg/mL
(Figure S12 and Table S6). The concentration is markedly smaller than that of spiro-OMeTAD
(>80 mg/mL), in favor of enhancing economic feasibility of PSCs. As displayed in Figure 6a, both
PSCs exhibited excellent external quantum efficiencies (EQEs) with integrated current densities (

JE%) 0f 22.5 and 23.3 mA-cm? for PC4 and PC6, respectively. Figure 6b displayed that PSCs

C

employing PC4 as the dopant-free HTM offered a good PCE of 18.9% accompanied by a J . of
22.8 mA-cm?, aV,. of 1.09 V and an FF of 76.2%. In contrast, after configurational locking by

S-O secondary interaction, PC6 based PSCs output a much better PCE of 21.0% and entirely
upgraded J., V.. and FF, being 23.5 mA-cm 2, 1.11 V and 80.3%, respectively (Table 1). The
negligible hysteresis effects, superior and highly stable PCEs recorded at the maximum power
point (MPP) qualify PC6 based PSCs as one of the best devices using dopant-free HTMs (Figure
S13~S15). Note that a higher V. of 1.11 V was afforded by PC6 based PSCs with respect to that

of 1.09 V for PC4, despite the upshifted HOMO of PC6. We further implemented the

electrochemical impedance spectroscopy (EIS) to reveal the origin of V__.and FF improvement.

Two kernel parameters are involved, R, and R_,!*”) among them, R, and R_ act as the charge

rec 2

transport resistance and recombination resistance of HTMs layer, respectively. As shown in Figure

6¢, PSCs based on PC6 possess a lower R, at a given bias voltage with respect to that of PC4,

which can be attributed to its increased hole mobility. Meanwhile, an enlarged R__ alternating from

PC4 to PC6 can be recorded (Figure 6d), demonstrating a depressed interfacial charge

recombination for PC6 based PSCs. Generally, the larger R_ originates from more efficient

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition 10.1002/anie.202114341

interfacial passivation caused by additional Pb-O secondary interaction, while the smaller R, is

evoked by multiple factors such as fixed molecular geometry, strong intermolecular interaction
and also efficiently stacking with perovskite. The efficient interfacial passivation of PC6 based
PSCs results in large interface recombination resistance and small hole transport resistance, which
should account for its higher Voc with respect to that of PC4. Besides, the enlarged hole mobility
of PC6 and enhanced n-n stacking with perovskite surface should account for the improved FF.
The statistical analysis for each polymer and also three different batches of PC6 demonstrates an
excellent synthetic and device reproducibility for PC6 (Figure S16 and S17). This extricated PC6

based PSCs from susceptible device preparation, which is meaningful for large-scale production.
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Figure 7. (a) EQEs and JF derived from PC6 based PSC; (b) J-V curves; (c) steady-state output

C

of photocurrent density and PCE; (d) Structure-function relation analysis of PC6 HTM.

In view of the huge potential of PCé as efficient dopant-free HTM, we further explored its
application in PSCs with an architecture of  glass/ITO/SnOz/perovskite
(FA0.ssMAo.1sPbls)/HTM/MoO3/Ag. With the aid of post-passivation*®), the resulting PSCs can
offer better V. and Jsc due to the broader absorption range and less recombination sites of mixed
perovskite crystals. Consequently, PSCs employing PC6 as the dopant-free HTM afford an
excellent Jg. of 24.2 mA-cm™?, V. of 1.16 V and an FF of 79.6%, generating an impressive
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22.2% PCE which ranks in the best PSCs using dopant-free HTMs according to our knowledge

(Figure 7b). The integrated J5>° derived from EQE spectrum in Figure 7a was estimated to be

23.9 mA cm2, being in good agreement with J—J characters. Moreover, the steady-state power
output at MPP was recorded for 200 s, displaying a steady efficiency of 21.96% (Figure 7¢). Note
that the PC6-based PSCs also displayed a superior device reproducibility (Figure S18), rendering
PC6 as an efficient and feasible HTM candidate for the potential large-scale production of PSCs.

Table 1. Photovoltaic Parameters of PSCs Based on Dopant-Free Polymeric HTMs and
Doped Spiro-OMeTAD.

HTMs J&F [mAem™?]  J [mAem?] Vo [V]  FF [%] PCE [%]
PC4 22.5 22.8 1.09 76.2 18.9
PCé6 233 23.5 1.11 80.3 21.0
PCé6° 23.9 24.2 1.16 79.6 22.2
Spiro-OMeTAD 23.1 232 1.10 79.8  20.4 (Doped)

@ Device parameters of PSCs using mixed perovskite.

Humidity-induced decomposition of perovskite crystals is a vital degradation pathway for PSCs.
Therefore, sufficient hydrophobic alkyl chains are usually needed to improve the water-repelling
properties of HTMs capped perovskite films. However, bulky alkyl chains may impede the
effective interactions between neighboring polymer strands and also with perovskite films, hence
hindering efficient charge transfer. Herein, a delicate balance between enough humidity resistivity
and highly strong intermolecular or interfacial interaction was established in PC6 owing to the
broad PC plane as well as noncovalently conformational locking. Quite large contact angles of
~100° was observed when placing a water droplet on PC polymer layers, much larger than ~60°
on neat perovskite films (Figure S19). This demonstrates an effective protection of the
hygroscopic perovskite crystals from water molecules in ambient atmosphere. It is thus plausible
to observe our champion PSCs employing PC6 as dopant-free HTM exhibit much improved long-
term stability under ambient atmosphere with respect to that of doped spiro-OMeTAD (Figure
S20a). After a fast initial burn-in decay,*! PC6 based PSCs still possessed an excellent PCE when
placed under the irradiation of continuous AM1.5 G equivalent light at 40 °C for 1000 h. In
contrary, a nearly >80% PCE loss could be observed for doped spiro-OMeTAD based PSCs
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(Figure S20b) because of the definitely hygroscopic property of applied dopants in spiro-
OMeTAD. Generally, PC6 as dopant-free HTM features the remarkable ability to produce PSCs
with both high efficiency and excellent durability.

Besides several well-known prerequisites, such as suitable energy levels, high hole mobilities
and excellent stabilities, a comprehensive image was depicted to demonstrate the essential
architectural features of efficient dopant-free HTMs, being (1) two dimensionally planar
conjugated backbones to achieve strong intermolecular n-n stacking and compact packing with
perovskite; (2) suitable dihedral angles to improve hole mobilities on the premise of adequate
solubilities; (3) enough hydrophobic aliphatic chains to improve humidity resistivity of PSCs; (4)
several “Lewis soft” atoms to passivate coordinatively unsaturated lead ions on perovskite surface;
(5) fixed molecular configurations by use of noncovalent secondary interactions to reduce

recombination energies (Figure 7d).
CONCLUSION

In summary, an efficient strategy of noncovalently conformational locking via S--O secondary
interaction in a PC based polymeric HTM is successfully exploited to fix the molecular
geometries, reduce the reorganization energy and further improve the PCE of dopant-free HTM
based PSCs. Systematic study from the structurally explicit repeat segments (PC4-M and PC6-
M) to targeted polymers (PC4 and PC6) reveals that the broad and planar PC unit can greatly
enhanced the intermolecular n-t stacking of polymers, as well as compact packing with the
perovskite surface. The introduced “Lewis soft” oxygen atoms are able to efficiently passivate the
coordinatively unsaturated lead ions at perovskite/HTM interface, suppressing the interfacial
recombination and enlarging the V. of PSCs. As a result, the PSCs using multifunctional PC6 as
dopant-free HTM, yield an excellent PCE of 22.2% and significantly improved longevity. The
combined excellent PCE and stability qualify PC6 as an encouraging dopant-free HTM for
commercially feasible PSCs. This work developed a semiempirical design principle for dopant-
free polymeric HTMs and will inspire the rational exploration of dopant-free polymeric, even

small molecular HTMs.
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A polymeric hole-transport material (HTM) of PC6 is delicately established, featuring a two
dimensionally conjugated phenanthrocarbazole and S-O noncovalently conformational locking.
Perovskite solar cells (PSCs) employing PC6 as dopant-free HTM, afforded an excellent PCE of
22.2% and long-term stability, qualifying them as top-class PSCs based on dopant-free HTMs.
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