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ABSTRACT: Conjugated polymers are regarded as promising candidates for dopant-
free hole-transport materials (HTMs) in efficient and stable perovskite solar cells
(PSCs). Thus far, the vast majority of polymeric HTMs feature structurally
complicated benzo[1,2-b:4,5-b’]dithiophene (BDT) analogs and electron-with-
drawing heterocycles, forming a strong donor—acceptor (D—A) structure. Herein, a
new class of phenanthrocarbazole (PC)-based polymeric HTMs (PC1, PC2, and
PC3) has been synthesized by inserting a PC unit into a polymeric thiophene or
selenophene chain with the aim of enhancing the 7—7 stacking of adjacent polymer
chains and also to efficiently interact with the perovskite surface through the broad
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properties are obtained via meticulously tuning the conformation and elemental

composition of the polymers. As a result, PSCs containing PC3 as dopant-free HTM show a stabilized power conversion efficiency
(PCE) of 20.8% and significantly enhanced longevity, rendering one of the best types of PSCs based on dopant-free HTMs.
Subsequent experimental and theoretical studies reveal that the planar conformation of the polymers contributes to an ordered and
face-on stacking of the polymer chains. Furthermore, introduction of the “Lewis soft” selenium atom can passivate surface trap sites
of perovskite films by Pb—Se interaction and facilitate the interfacial charge separation significantly. This work reveals the guiding
principles for rational design of dopant-free polymeric HTMs and also inspires rational exploration of small molecular HTMs.

B INTRODUCTION

Perovskite solar cells (PSCs) have gone through an
unprecedented increase in power conversion efficiency

transport materials (HTMs) play an imperative role in efficient
hole extraction from the perovskite layer and transport to the
positive electrode, preventing the moisture-sensitive perovskite
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(PCE) from a mere 3.8% to 25.2% in the past decade due
to the excellent light-harvesting capacity and unrivalled charge-
carrier diffusion length of organic—inorganic hybrid lead halide
perovskites.' ™ In spite of the rapidly surging PCE, PSCs have
also caused extensive scientific studies because of their
exceptional photoelectric character, facile processability, and
promising commercial potential.'®~'* Recently, perovskite/Si
tandem devices surpassed crystalline Si photovoltaics, display-
ing an exciting PCE of 29.1%, greatly boosting PSCs toward
the ultimate aim of economic feasibility.” However, there are
still several hurdles on the way to commercial application, for
example, the inherent thermal and humidity instability due to
the ionic nature of the perovskite crystals and the interstitial
degradation caused by adverse interfacial reactions.>”"
Therefore, massive research has focused on prolonging the
lifespan of PSCs.'°"** In particular, attenuation of PCE
induced by dopants in charge-transporting layers has received
special concern.® In a typical n-i-p device architecture, hole-
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material from directly touching the water molecules in ambient
atmosphere. Therefore, rational selection of HTMs is very
crucial for boosting the PCE and device longevity of PSCs.
Thus far, a large number of organic small molecules,
conjugated polymers, as well as inorganic materials have
been explored as HTMs for efficient PSCs.*~*' Among them,
2,2/,7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobi-
fuorene (spiro-OMeTAD)**** usually serves as the state-of-
the-art HTM for the benchmarking of PSCs containing new
materials.”>* Nevertheless, despite the unique success of spiro-
OMeTAD, the material still suffers from unaffordable cost and
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tedious synthesis, probably disqualifying it from large-scale
fabrication of PSCs. Even more fatal is that the steric hindrance
of the spiro center gives rise to a large resistivity and low
charge mobility. Therefore, introduction of proper dopants
becomes necessary to increase the charge transport capacity of
spiro—OMeTAD.3‘ ~3% However, the basic problem is that the
widely wutilized dopants, such as lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI), tert-butylpyridine
(TBP), and cobalt metal complexes, all are hygroscopic or
volatile.>**® Moreover, migration and relocation of the
noncovalently bonded dopants usuallgr cause morphology
deterioration of the HTM layers."'~* All of the adverse
aspects mentioned above will accelerate device deterioration
significantly under a practical application environment, making
the doping strategy inappropriate for production and
industrialization. Therefore, a large amount of research has
been devoted to exploring next-generation HTMs with the aim
of improving the stability and economic feasibility of PSCs
avoiding the need for dopants.***® Thus far, very few of the
top class PSCs containing dopant-free HTMs have been
reported.

Conjugated polymers, characteristic of excellent and tunable
physicochemical properties, have been widely applied in
organic optoelectronic devices. Compared to some other
HTMs used in PSCs, such as small molecules or inorganic
materials, polymeric HTMs possess several advantages
involving excellent carrier mobility, thermal and optical
stability, solution processability, film-forming ability, and
potential industrial production through roll-to-roll printing
technologies.””~* Thus far, several dopant-free polymeric
HTMs have been applied in PSCs and contributed to relatively
high PCEs and significantly enhanced device stability.”"™>’
However, nearly all known materials feature a strong donor—
acceptor (D—A) structure inherited from the polymeric donors
in bulk heterojunction organic solar cells (OSCs). Polymeric
donors in OSCs should extract and conduct holes efficiently
and at the same time act as powerful light-harvesting materials
to absorb sufficient photons from sunlight.”*>” However,
HTMs in PSCs are preferably colorless and photochemically
inert because the perovskite films themselves provide saturated
absorption of visible light under irradiance of simulated AM
1.5G sunlight (100 mW cm™). Thus, the strong electron
acceptors, which are structurally complicated and cost driving,
are unnecessary in HTMs for PSCs. Bearing this in mind, we
simply polymerized the widely used benzo[1,2-b:4,5-b"]-
dithiophene (BDT) unit with thiophene and synthesized the
low-cost P3 (Figure S1) as a dopant-free HTM in a recent
study from our lab.”* P3-based PSCs provide an exceptional
stabilized PCE of 20.3%, which is comparable to control
devices based on doped spiro-OMeTAD. This work
demonstrated that polymers without strong D—A structures
could also work efficiently as HTMs in PSCs. However, the
BDT analogs, which involve multiple reaction steps and
dangerous reagents (n-BuLi, LDA, etc.) during the tedious
synthesis, are still indispensable for the highly efficient HTMs
in PSCs or even donor polymers in OSCs.

Perylene and its derivatives are excellent candidates for
functional materials in many fields.”"*” In this work, a series of
non-BDT polymers, PC1, PC2, and PC3, was designed and
synthesized through incorporating the large heteroatom-
containing PAH unit phenanthrocarbazole (PC) into poly-
meric thiophene or selenophene chains. The obtained
polymers feature suitable energy levels, excellent thermo-

stability and humidity resistivity, exceptional film-forming
ability, and remarkable photoelectric properties as dopant-
free HTMs in PSCs. Consequently, PSCs containing PC3 as
the dopant-free HTMs showed a stabilized PCE of 20.8% and
significantly enhanced stability. Experimental and theoretical
studies reveal that the planar conformation of the polymers will
facilitate the more ordered and face-on stacking of the polymer
strands. Furthermore, introduction of the “Lewis soft”
selenium element passivates the surface trap sites on the
surface of perovskite films by a Pb—Se bond. The guiding
principles for rational design of dopant-free polymeric HTMs
are illustrated in this work.

B RESULTS AND DISCUSSION

Figure 1 displays the molecular structures and design strategy
of the three polymers PC1, PC2, and PC3. We first inserted
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Figure 1. Molecular structures and design strategy of the three
polymers PC1, PC2, and PC3.

PC into the polymeric thiophene chain with the aim of
enhancing the 7—7 stacking of the polymer chains and also to
improve interaction with the perovskite surface through the
broad and planar conjugated backbone of the PC unit. On the
premise of strong 7— stacking, several bulky and hydrophobic
aliphatic chains were grafted on the rigid backbone to improve
the solubility and humidity resistivity of the polymers as
HTMs. From PC1 to PC2, we used configurational control by
changing the position of the side chains on the thiophene
units. In this way, PC2 mitigates the significant steric
hindrance caused by the R, groups and the bulky PC unit,
maintaining a more planar configuration. The relatively planar
geometry will facilitate the 7m—n stacking between adjacent
polymer chains and most likely increase the hole mobility in
the resulting HTM films. Further compositional tuning was
made in PC3 by introducing selenium, which may further
improve the hole mobility through its larger polarizability. At
the same time, selenium may passivate the sites of insufficiently
coordinated lead ions.

Scheme 1 illustrates the synthetic routes to the three new
polymers. The detailed synthetic procedures and character-
ization data of the new compounds are given in the Supporting
Information. For the PC1 polymer’s synthesis, the reported
3,10-dibromo-1-(2-hexyldecyl)-1H-phenanthro[1,10,9,8-
cdefg)carbazole (1)®* was treated with n-butyllithium in an
inert atmosphere to get a rapid halogen—lithium exchange and
then transformed into its borate 2 by adding 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane. The obtained 2 was
cross-coupled with 2-bromo-3-(2-ethylhexyl)thiophene by a
Suzuki reaction to generate the intermediate 3, which was

https://dx.doi.org/10.1021/jacs.0c08352
J. Am. Chem. Soc. 2020, 142, 17681—17692



Journal of the American Chemical Society

pubs.acs.org/JACS

Scheme 1. Synthetic Routes to PC-Based Polymers”

“Reagents and conditions: (i) n-BuLi, THF, —78 °C, 1 h; then 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, —78 °C to RT, 1
h; (ii) 2-bromo-3-(2-ethylhexyl)thiophene, Pd(PPh;), K,COj;,
toluene/H,0/ethanol (1/1/0.2, v/v/v), reflux, overnight; (iii) NBS,
THF, 0 °C to RT, 2 h; (iv) 2,5-bis(trimethylstannyl)thiophene,
Pd,(dba);, P(o-tol);, chlorobenzene, reflux, 72 h; (v) (4-(2-
ethylhexyl)thiophen-2-yl)trimethylstannane, Pd,(dba);, P(o-tol)s,
toluene, reflux, 6 h; (vi) NBS, THF, 0 °C to RT, 2 h; (vii) 2,5-
bis(trimethylstannyl)thiophene, Pd,(dba),, P(o-tol);, chlorobenzene,
reflux, 72 h; (viii) 2,5-bis(trimethylstannyl)selenophene, Pd,(dba),,
P(o-tol),, chlorobenzene, reflux, 72 h.

further brominated using the mild reagent NBS to give the
monomer 4 in good yield. Finally, polymerization of
compound 4 was achieved with 2,5-bis(trimethylstannyl)-

thiophene through a Stille coupling reaction, affording the PC1
polymer. The syntheses of PC2 and PC3 started with the
cross-coupling reaction between compound 1 and (4-(2-
ethylhexyl)thiophen-2-yl)trimethylstannane to afford § in an
excellent yield. Thereafter, compound § was brominated in the
presence of NBS to quantitatively yield the monomer 6, which
was further polymerized with 2,5-bis(trimethylstannyl)-
thiophene and 2,5-bis(trimethylstannyl)selenophene to pro-
duce PC2 and PC3 in an excellent yield, respectively.

The molecular weights of the three polymers were estimated
by gel permeation chromatography (GPC). The average
molecular weights (M,) were calculated as about 30, 39, and
40 kDa with polydispersity indexes (PDI) of 1.12, 1.20, and
1.19 for PC1, PC2, and PC3, respectively. It is well known that
diverse molecular weights may give rise to differences in light
absorption, hole mobility, thermal stability, and photovoltaic
properties of the polymers. In order to precisely reveal the
molecular structure-dependent physicochemical properties, we
first investigated the repeat units of the polymers showing well-
defined structures. This allows a more rational comparison
between the structures and the properties. As shown in Figure
2a, the polymer segments PC1-M, PC2-M, and PC3-M were
constructed by shortening the aliphatic chains of the polymers.
The synthetic routes to PC1-M, PC2-M, and PC3-M and the
detailed procedures are presented in Scheme S2 in the
Supporting Information. Density functional theory (DFT)
calculations at the level of B3LYP/6-31G(d,p) generated
optimized geometries and energy levels of the frontier
molecular orbitals for these three polymer fragments. A large
dihedral angle of 64° between the thiophene and the PC unit
can be observed in PC1-M (Figure 2b), which should be
attributed to the large steric hindrance caused by the
substituent groups on the thiophene unit and the bulky
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Figure 2. (a) Molecular structures of fractions (PC1-M, PC2-M, and PC3-M) of the PC-based polymers. (b) Optimized geometries and
electrostatic surface potential maps (ESPs) obtained by density functional theory (DFT) calculations. Large aliphatic groups were substituted with
methyl groups to accelerate the computations. Dihedral angles between the PC units and neighboring thiophenes are highlighted. (c) normalized
electronic absorption spectra in 20 uM THF solution. (d) Energy levels derived from solution cyclic voltammetry and optical band gaps.
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Figure 3. (a) Normalized electronic absorption spectra of the polymers PC1, PC2, and PC3 in chlorobenzene (CB) solutions. (b) Normalized
electronic absorption spectra of polymers in the solid films. (c) Energy levels of polymer films derived from CV and optical band gaps. (d) TGA
traces of the polymers. (e) DSC traces of the polymers. (f) Obtained film of PC3 polymer.

backbone of PC.** Conformational effects by changing the
grafting site of the alkyl chain to the other side of the
thiophene unit mitigates the steric hindrance, which
contributes to a more planar backbone of PC2-M with respect
to PC1-M. As might be expected, compositional tuning by
introducing selenium into PC3-M in place of sulfur does not
influence the molecular geometry significantly. The electro-
static surface potential maps (ESPs) of PC1-M, PC2-M, and
PC3-M demonstrate the electron-rich property of the PC
units. Consequently, the results from the theoretical calcu-
lations show relatively high energy levels of the highest
occupied molecular orbitals (HOMOs) of —4.87 eV for PC1-
M, —4.73 eV for PC2-M, and —4.70 eV for PC3-M, upshifting
with the structural modifications (Figure S2). However, the
lowest unoccupied molecular orbital (LUMO) energy levels
are located at —2.01 eV for PC1-M, —2.07 eV for PC2-M, and
—2.10 eV for PC3-M, giving rise to a stepwise smaller energy
gap of 2.86 eV for PC1-M, 2.66 eV for PC2-M, and 2.60 eV for
PC3-M. It is thus plausible to observe the red-shifted

maximum absorption wavelength (Kmx) from PC1-M to
PC3-M in accordance with the electronic absorption spectra of
the three molecules simulated by time-dependent DFT
calculations (Figure S3). The SO — S1 vertical electronic
transitions to the LUMO for three molecules occur
predominantly from the HOMO, demonstrating a clear
intramolecular charge-transfer character. The normalized
electronic absorption spectra in THF solvent are shown in

Figure 2c. 7‘15\/?}4\2( for PC2-M and PC3-M are 469 and 473 nm,
respectively, about 20 nm red shifted with respect to 451 nm
for PC1-M. A similar trend can be also observed from the
absorption spectra in the state of thin films of the molecules
(Figure S4). The red-shifted absorption should be mainly
attributed to the up-shifted HOMO energy levels of the
constituent molecules. Cyclic voltammetry (CV) was em-
ployed to estimate the experimental energy levels of the
molecules (Figure S5). The HOMO energy levels were
estimated by E = —4.8 — ¢E ., where E . is the onset
redox potential of a ground-state molecule in THF, being
—5.09 eV for PC1-M, —4.90 eV for PC2-M, and —4.88 eV for
PC3-M (Figure 2d). As listed in Table S1, the relative

alignment of the energy levels as well as the red-shift tendency

of me are in accordance with the results from the theoretical
calculations.

From molecular fragments to the polymers, we observed that
all three polymers show very good solubility in several
commonly used solvents, such as chloroform, toluene, and
chlorobenzene, facilitating their later solution-based process for
PSCs fabrication. Figure 3a and 3b shows the electronic
absorption spectra of the three polymers dissolved in
chlorobenzene and as solid thin films, respectively. In
accordance with the absorption features noted for the PC-M
fragment molecules, the spectra of PC2 and PC3 are
bathochromically shifted by nearly 30 nm as compared to
that of PC1, which can be attributed to their more planar
structures. It is also notable that no obvious difference is
observed regarding the maximum absorption wavelength of
PC1 from solution to a solid thin film; however, an
approximate 10 nm red shift can be observed for PC2 and
PC3. This might imply that J-type aggregates, which can push
the absorption toward low energies, may be formed by PC2
and PC3 because of their relatively planar backbones,
suggesting a difference in stacking with respect to PCL.%
Comparing with PC2, the absorption of PC3 demonstrated a
slight red shift of 3 and 6 nm in solutions and as solid films,
respectively, which is expected to arise from the more electron-
rich property of the Se atom than the S atom. The optical band
gaps of the three polymers can be estimated as 2.37, 2.13, and
2.09 eV, respectively. Figure 3¢ shows the relative alignment of
the energy levels of the frontier molecular orbitals as derived
from the CVs of the solid thin films (Figure S6) and optical
band gaps. The HOMO energy levels are determined to be
—5.37 eV for PC1, —5.17 eV for PC2, and —5.16 eV for PC3,
and the LUMO energy levels are estimated to be —3.00 eV for
PC1, —3.04 eV for PC2, and —3.07 eV for PC3. All three
polymers exhibit HOMOs and LUMOs located in a suitable
energy range when comparing with the energy levels of the
perovskite material used. This enables the polymers to
efficiently extract holes from the perovskite film and
simultaneously block the reverse electron flow from the
perovskite to the metal back contact. Furthermore, we
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performed thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) to monitor the phase stability of
the polymers under thermal stress. As revealed in Figure 3d
and 3e, the decomposition temperatures, defined as having lost
5% weight, are 400, 422, and 405 °C for PC1, PC2, and PC3,
respectively. No obvious peaks can be noticed in the DSC
curves at lower temperatures, suggesting that the polymers are
thermally stable without detectable phase transitions up to 300
°C. All of the polymers thus display low crystallinity and high
thermal stability in the film state, which is a prerequisite for
durable device operation. The PC3 polymer forms an
exceptionally compact film, which can be attributed to the
strong m—n stacking of the broad and planar conjugated
backbone of PC (Figure 3f). The excellent film-forming ability
of the polymers can facilitate effective coverage of the
perovskite surface even at a low amount of material. The
detailed parameters of the optical, thermal, and electro-
chemical properties are listed in Table S2.

An adequate charge-transporting ability is vital for the
polymeric materials to become useful as HTMs in PSCs, and
therefore, hole-only devices with the structure of ITO/
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PE-
DOT:PSS)/HTM/Au were constructed to measure the hole
mobility of the HTMs by utilizing the space charge-limited
current (SCLC) method. As displayed in Figure 4a, the
estimated hole mobilities (y;,) of PC2 and PC3 are 7.3 X 107*
and 8.1 X 107 cm® V™' 57!, respectively, demonstrating over 1
order of magnitude higher mobility than that of PC1, being 4.2
X 107 cm® V™' s 7. The slightly higher u, of PC3 with
respect to PC2 can be probably rationalized as an effect of the
incorporated selenium atom in the structures given the only
structural change is the replacement of sulfur with selenium.
However, the dramatic differences of p;, between the two
“isomers” PC1 and PC2 are expected to be correlated to the
significantly different geometries of the respective polymeric
backbones (twisted for PC1 and planar for PC2).

In order to gain insight into the underlying correlation
between 4, and the molecular packing, grazing-incidence wide-
angle X-ray scattering (GIWAXS) experiments were carried
out (Figure $7).°*%” As observed from Figure 4b and 4c, PC2
and PC3 mainly feature a typical face-on orientation as
discerned from the apparent peaks in the in-plane direction (g,
~ 0.29 A™') and the out-of-plane direction (g, ~ 1.5 A™!). In
contrast, the PC1 polymer displays a much weaker peak at g, &
1.4 A™" along the out-of-plane direction and an unambiguous
lattice plane (100) in the in-plane direction, suggesting a more
edge-on orientation of molecular stacking. The edge-on
orientation is expected to impede efficient charge transport
in the vertical diode architecture of solar cells.”® These results
are in accordance with the lower hole mobility observed for
PCI1 film as compared to that of PC2 and PC3. Furthermore,
PC2 and PC3 display a shorter 7—x stacking distance of ~4.1
A with respect to that of 4.5 A for PC1, further confirming that
the planar polymer backbone favors a more compact packing
of the polymer chains through secondary interactions. The
closer stacking may enhance an effective overlap of orbitals
between the neighboring polymer strands, facilitating charge
mobility.”” Meanwhile, the optimized stacking models by
piling up three layers of polymers were obtained by the DFT
calculations (Figure 4d). As might be expected, PC2 and PC3
exhibit a more ordered molecular packing pattern than PCl1
due to their more planar conformations. This is in good
agreement with the results from the experiments. To
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Figure 4. (a) Hole mobilities of the three polymers derived from
SCLC measurements. (b) In-plane and (c) out-of-plane line cuts of
the 2D GIWAXS traces for the three polymers on silicon substrates.
(d) Optimized stacking models obtained by DFT calculations.

summarize, all of the above experimental and theoretical
modeling results are in good agreement with the lower vertical
iy, of PC1 as compared to PC2 and PC3. Moreover, molecular
stacking effects on the absorption differences of the three
polymers going from solutions to thin solid films emerge as a
logical consequence. The face-on orientation as well as the
sequentially compact polymer stacking in PC2 and PC3 are
expected to result in better performance of the resulting PSC
devices as compared to those based on PCI. In order to
investigate the film morphology of the polymers when coated
on top of the perovskite films, field emission scanning electron
microscopy (FE-SEM) and atomic force microscopy (AFM)
were performed. Figure S8 displays the SEM images of the
noncovered perovskite surface and with the three polymers
capping perovskite films. The excellent film-processing ability
attributed to the planar backbones in PC2 and PC3 results in
uniform films that clad the surface of the perovskite layers
perfectly. AFM images were further analyzed to extract
morphology information on the perovskite films covered by
the different polymers on a nanoscale level. As displayed in
Figure S9, the root-mean-square (RMS) roughness amounts of
PC1, PC2, and PC3 were estimated to be 13, 12, and 11 nm,
respectively, significantly smaller than that of neat perovskite
film (20 nm; the estimated statistical error of the roughness is
less than 0.5 nm). The complete and uniform coverage by the
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J. Am. Chem. Soc. 2020, 142, 17681—17692



Journal of the American Chemical Society pubs.acs.org/JACS
@ B eops - (b) 1+ pc
: : 1071
R | 3 : PC1 @ PVSK ] Pc2
'}ﬂ : : BE ~—96 kcal/mole 21 0’4- + PC3
¥ dad ol
2 e &‘ ] '.‘-‘:--"'
rM‘ e *’(( 10° 0.1 1
RS0 T PP ST | ™
(C) Se 3d POR
- —— PC3/PVSK
PC2 @ PVSK .
BE =—96 kcal/mole ‘%
kS
3
e TR e
52 53 54 55 56 57 58
r ,_T_,_T—a—T—)—T—g:T:#—T—‘_T_"_T_‘ Binding Energy [eV]
(d) Pb 4f —— PC2/PVSK
PC3 @ PVSK —— PC3/PVSK

BE =—137 kcal/mole|

WW;*M&(O 7A—- 3 ,w..m@.
S FISE PP w3 FE PR

Counts [a. u.]

134 136 138 140 142 144
Binding Energy [eV]

Figure S. (a) Theoretically modeled stacking patterns of the PC polymers on top of a perovskite (PVSK) surface. Binding energies (BE) between
the polymers and the perovskite surface are given. (b) Trap state densities of the PC polymers coating perovskite films. (c) XPS signals of Se 3d
from a pristine PC3 film and from a PC3-coated perovskite film. (d) XPS signals of Pb 4f from PC2- and PC3-coated perovskite films.

polymers prevents the perovskite layer from direct contact with
the counter electrode materials and may thus significantly
reduce undesired shunt losses in the resulting PSCs.
Considerations concerning the perovskite surface passivation
by electron-rich heteroatoms were behind our rational
inclusion of abundant nitrogen, sulfur, and selenium elements
into the new PC-based polymeric HTMs. Thus far, the widely
utilized passivators have been confined to the oxygen-,
nitrogen-, and sulfur-containing compounds.””® However,
selenium-involved passivators are rarely reported in the
literature. The empirical covalent radius and calculated atomic
radius of selenium are 115 and 103 pm, respectively, clearly
larger than those of 100 and 88 pm for sulfur.”"”> Therefore,
the larger atomic radius and “Lewis softer” selenium atom
represents a characteristic example of a highly electron-rich,
easy polarizable, and relatively large element. Therefore,
selenjium has properties that may offer efficient surface
passivation to stabilize coordinatively unsaturated lead ion at
the perovskite—HTM interface. In order to investigate the
secondary interaction between polymeric HTMs and the
perovskite films, DFT calculations were conducted by
positioning three repeat segments of polymeric HTMs on
the top of a perovskite crystal model with subsequent
constraint optimization. As demonstrated in Figure Sa and
Figure S10, all three polymeric HTMs interact tightly with the
perovskite surface through the rigid and bulk conjugated plane
of PC. This gives support to the strategy of our design of
introducing large PAH units to enhance the interfacial packing
between the perovskite surface and the HTMs. It is worth
noting that the selenium atoms in PC3 are prone to approach
lead sites at the perovskite surface, forming weak but specific
interactions characterized by a bond length of 3.07 A, resulting
in a binding energy of —137 kcal/mol between the PC3
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segment and perovskite layer, which is much larger than that of
—96 kcal/mol obtained for the PC1 and PC2 systems. The
tighter packing will lead to a larger orbital overlap at the
perovskite/HTM interface and consequently facilitate hole
extraction. The trap state sites on the surface of the perovskite
film can be partially passivated by Lewis bases, such as the
electron-rich atoms being part of the HTMs as discussed
above, indicating the extent of passivation by the HTMs.
Thereby, we made specific devices with an architecture of
ITO/PEDOT:PSS/MAPDLI;/HTM/Au to estimate the trap-
state densities directly and further evaluate the passivation
effects of the three HTMs (Figure Sb). The trap-filling-limited
voltages (Vrp) of the three dopant-free PC1-, PC2-, and PC3-
coated perovskite films were obtained as 0.91, 0.72, and 0.54 V,
respectively. The corresponding trap-state densities were
determined to 1.55 X 10%, 1.21 x 10' and 92 x 10%
cm™?, respectively. The significantly lower trap-state density of
the perovskite surfaces capped by PC3 should be attributed to
the higher passivation effect of selenium. This is in good
agreement with the results from our DFT modeling. The lower
density of trap states for PC3-coated perovskite films will be
expected to generate fewer recombination centers and thus
afford a better photovoltaic performance. X-ray photoelectron
spectroscopy (XPS) was carried out to monitor the energy
change of characteristic peaks caused by selenium passivation
(Figure Sc and 5d). The Se 3d peak of PC3-coated perovskite
films is located at 54.9 eV, shifting to a higher binding energy
with respect to the 54.6 eV for a pristine PC3 film. This
indicates a direct interaction between selenium in PC3 and the
perovskite surface. The symmetric peaks that appear at 136.7
and 141.6 eV of PC2-capped perovskite films should be
ascribed to the Pb 4f core level. The spin—orbit split of 4.8 eV
between the 4f ,/, and the 4f ,, peaks is in good accordance
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with reported values.”> However, for the PC3-capped perov-
skite films, these peaks appear at 136.4 and 141.3 eV, showing
a ~0.3 eV shift toward the low-binding energy direction. These
shifts should be attributed to the Pb—Se interaction mediated
by the PC3 polymer and perovskite surface.

Steady-state PL spectra (Figure 6a) and time-resolved PL
decay (TRPL) traces (Figure 6b) were recorded to elucidate
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Figure 6. (a) Steady-state photoluminescence (PL) spectra and (b)
time-resolved PL decay traces of the perovskite films (PVSK) and
HTM-capped perovskite films.

the interfacial charge transfer between the three polymers and
the perovskite films. Capping with diverse HTMs will evoke
PL quenching of the perovskite films, indicating hole extraction
at the energy-offset HTM/perovskite interface. With respect to
PCl-capped perovskite film, PC2- and PC3-capped ones
display a clearly more efficient depression of the perovskite PL
intensity. This may be partly caused by the larger hole mobility
and upshifted HOMO energy levels of these polymers which
will provide a larger driving force for hole collection. The
TRPL decay traces can be modeled by a biexponential
equation, and the obtained parameters are given in Table S3.
The results are in good agreement with the steady-state PL
spectra, where a dramatically reduced PL lifetime can be
observed when the pure perovskite film is capped by the
polymers. Among the polymers, the PC3 system demonstrates
a reduced PL lifetime with respect to the other two polymers,
suggesting a more efficient hole extraction from the perovskite
film to the HTM layer.

In order to explore application of the polymers as dopant-
free HTMs, PSCs with the regular architecture of glass/FTO
(flourine-doped tin oxide)/mesoporous SnO,/perovskite/
HTM/Au were assembled (Figure 7a).”* All of the polymers
were applied as HTMs without any dopants in this work. The
detailed fabrication of PSCs is described in the Supporting
Information. We first investigated the device performance
related to the HTM film thickness by adjusting the
concentrations of the HTM precursors from 3 to 10 mg/mL
in chlorobenzene, and the obtained photovoltaic parameters
are displayed in the Supporting Information (Figure S11 and
Table S4). All three polymers showed the best device
performance at a low precursor concentration, about 5 mg/
mL, which is markedly less than the >80 mg/mL necessary for
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Figure 7. (a) Schematic structure of the PSCs studied. (b) External
quantum efficiencies (EQEs) and the corresponding JE& derived
from the PC1-, PC2-, and PC3-based PSC devices. (c) J—V curves
obtained under irradiance of 100 mW cm™ (d) Steady-state output
of photocurrent density and PCE recorded at the maximum power
point (MPP) under AM 1.5G illumination. (e) Potential bias-
dependent hole transport resistance (Ry) of the PSCs. (f) Potential
bias-dependent interface recombination resistance (Rppc) of the
PSCs.

spiro-OMeTAD. The perfect coverage of the perovskite surface
at the low concentration of the HTMs can be ascribed to the
excellent film-forming ability of PC polymers, which in turn
can be attributed to the planar backbone-induced strong
interchain coupling (7—7 stacking) between adjacent polymer
strands. The resistance and electrochemical impedance spectra
of PC3 films of different thicknesses (Figure S11b and S11c)
demonstrate that the higher resistance of the thicker films (10
mg/mL precursor solution concentration) is almost twice as
high as that for the thinner films (S mg/mL), which most likely
will be responsible for the lower FF exhibited by the PSCs
based on the thicker films. The low polymer amounts
necessary will result in low-cost PSCs when taking the scaling
of HTMs into consideration (Figures S12—S16, Tables SS—
S7). Several key intermediates during the synthesis of PC3 are
not commercially available at this moment, which will
inevitably push the human resource and materials costs up.
However, the significant cost advantage for per cell (low
concentration, dopant free, etc.) with respect to that of spiro-
OMeTAD still qualifies PC3 as a promising candidate for
large-scale production of PSCs. Figure 7b shows the optimized
J—V curves by reverse scanning, and detailed photovoltaic
parameters are collected in Table 1. PSCs based on the PC1
HTM display an inferior PCE of 8.8% with a relatively good
short-circuit current density, Jsc, of 21.3 mA-cm™> However,
the PSCs also show a low open-circuit voltage, V¢, of 0.85 V
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Table 1. Photovoltaic Parameters of Champion PSCs Based on Dopant-Free Polymeric HTMs and Doped Spiro-OMeTAD*

HTMs EE [mA cm2] Jsc [mA cm™?]
PC1 21.1 21.3
PC2 22.6 22.7
PC3 23.5 23.5
Spiro-OMeTAD 23.2 23.3

Voe [V] FF [%] PCE [%]
0.85 49.1 8.8
1.06 762 18.3
111 80.0 20.8
1.10 78.8 20.3 (doped)

e was calculated via wavelength integration of the standard AM1.5G emission spectrum.

and fill factor, FF, of 49.1% along with a problematic hysteresis
effect (Figure S17). Obviously, the low hole mobility of PC1
manifests itself in the inefficient PSCs. In contrast, after
configurational tuning of the polymer backbone structure,
PC2-based PSCs demonstrate much better performance with a
good PCE of 18.3% together with a Jgc of 22.7 mA-cm™2, a
Voc of 1.06 V, and a FF of 76.2%. Meanwhile, no obvious
hysteresis effect can be observed for PC2-based PSCs. As
shown above, inclusion of Se increased the hole mobility of
PC3 as well as improved the passivation of the perovskite
surface. As a result, a better PCE of 20.8% was displayed by
PC3-based PSCs with negligible hysteresis, generating an
excellent Jsc of 23.5 mA-cm™2, Vo of 1.11 V, and FF of 80.0%,
ranking this type of PSC as one of the best reported by
employing dopant-free HTMs. The PC3-based PSCs are
superior to the reference one including doped spiro-OMeTAD
as HTM (Figure S18). Furthermore, the power output at the
maximum power point (MPP) was recorded for 1500 s, and
highly stable PCEs of 18.2% and 20.8% are obtained for PC2-
and PC3-based PSCs, respectively (Figure 7c). It is notable
that all of the photovoltaic results are in good agreement with
the structure-based analysis and prediction above. As shown in
Figure 7d, external quantum efficiencies (EQEs) were obtained
for the PSCs based on the three dopant-free HTMs as a
function of wavelength. PC2- and PC3-based PSCs both show
excellent EQEs in a broad range from 400 to 800 nm,
generating integrated J5&¥ of 22.6 and 23.5 mA-cm7?
respectively. Nevertheless, The Ji& of 21.1 mA-cm™> for
PCl1-based PSCs is much lower than those of PC2- and PC3-
based devices, which should be ascribed to its poor charge
extraction properties. All of the JE& calculated from the EQEs
are in good accordance with the Jsc depicted in Figure 7b.
From the cross-sectional SEM image of PC3-based PSCs, a
ca. 40 nm thick HTM layer can be observed, showing the
uniform and complete coverage of the surface of the ~450 nm
thick perovskite layer (Figure S19). For PC1, the performance
of the resulting PSCs is significantly lower as the concentration
of HTM precursors is increased from S to 10 mg/mlL,
especially regarding the FF and V. Most likely a thicker film
suffers from the charge transport losses due to the intrinsically
low conductivity of the organic materials. However, PC3-based
PSCs exhibit comparable PCEs independent of the precursor
concentration changes, which should be attributed to the high
hole mobility of PC3. The PCEs independent of the HTM
thickness are crucial for the conformity rate in future scalable
roll-to-roll printing production. A lower concentration of HTM
precursors than 5 mg/mL will give rise to incomplete coverage
of the perovskite surface, resulting in severe shunt loss at the
interface. We carried out a statistical analysis of 30 devices for
PSCs based on each polymer to monitor the reproducibility of
PC1-, PC2-, and PC3-based PSCs. As displayed in Figure S20,
the distribution of the median PCE gets more narrow going
from PC1- to PC3-based PSCs, probably reflecting a hole
mobility dependency. In order to track the synthetic
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reproducibility of PC3, three different batches were synthe-
sized and applied in PSCs. As shown in Figure S21, the statistic
PCEs of PSCs suggest excellent synthetic reproducibility and
device reproducibility of PC3, extricating PC3-based PSCs
from vulnerable device fabrication, especially for large-scale
production. In order to gain insights into the origin of V¢ and
FF variations, we employed electrochemical impedance
spectroscopy (EIS) at a range of potential bias. A simplified
equivalent circuit model used for analysis is presented in the
Supporting Information. The model unveiled two key
parameters, Ry and R,.,’”> where Ry represents the transport
resistance of the hole-transport layer and R, is determined by
the charge recombination resistance at the HTM/perovskite
interface. As shown in Figure 7e, the PSCs of PC1, PC2, and
PC3 exhibit a stepwise lower Ry at a given potential bias,
which can be ascribed to the stepwise increase of thin film hole
mobility. At the same potential bias, an incremental R, going
from PC1 to PC3 can be observed (Figure 7f), indicating a
retarded interfacial charge recombination for PC3-based PSCs.
Overall, the higher R, and lower Ry agree well with the
observed higher V¢ and higher FF for PC3-based PSCs. The
Voc trend of PC1 > PC2 > PC3 will be affected by a multitude
of effects, such as the quality of coverage of the perovskite film
by the polymers and the density of trap states on the surface of
the perovskite film. The low Vi, of PCl-based devices is
mainly caused by the poor coverage of the perovskite film by
PC1 (Figure S8). The higher Vi of PC3-based devices, with
respect to that of PC2, can be attributed to the strong
passivation effects of selenium reducing the density of the trap
state sites on the surface of the perovskite film. Therefore, it is
reasonable that the lower densities of the trap states (Figure
Sb) cause the interface recombination resistances to become
higher (Figure 7f) going from PC1 to PC3.
Moisture-induced decomposition of the perovskite film is a
critical degradation path for PSCs. Consequently, in our
rational design of the PC-based polymeric HTMs, a number of
bulky and hydrophobic aliphatic chains were introduced to
improve the water-repelling properties of the resulting HTM-
coated perovskite films. In general, the alkyl groups usually
disturb the interaction between the HTMs and the perovskite
films and thus hinder efficient charge transfer. However, in the
current systems, a delicate balance was established to maintain
excellent humidity resistivity on the premise of a highly strong
interface interaction by introducing the PC units as well as
selenium in the polymer candidates. Quite large contact angles
(~100°) with respect to water droplets were obtained by the
PC-based polymers when applied as capping layers with
respect to the neat perovskite film (~60°). This indicates an
excellent protection of the hygroscopic perovskite material
from moisture by the PC-based polymers (Figure S22). The
device stability of our champion PSCs containing PC3 as the
dopant-free HTM was investigated and compared to a device
based on the well-known spiro-OMeTAD (Figure S23). The
devices were first placed under ambient atmosphere with
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Figure 8. Schematic stacking models of the polymers including the perovskite surface: (a) PC1, (b) PC2, and (c) PC3.

indoor light. The PSCs capped with PC3 as dopant-free HTM
layer maintained a nearly unaltered PCE after 1000 h with
respect to the original one. In contrast, the control PSCs
coated by doped spiro-OMeTAD suffered a dramatic decrease
of PCE during the test. Subsequently, the stability of the PSCs
was further evaluated under continuous AM1.5 G equivalent
light irradiation at 40 and 85 °C. After a fast initial burn-in
decay, likely involving migration of the A-site cations in the
perovskite,” the PC3-based PSCs remained highly stable at 40
°C. However, the control PSCs based on doped spiro-
OMeTAD display a >80% PCE loss after 1000 h. This should
be attributed to the hygroscopic dopants FK209, TBP, and
LiTFSI used in combination with spiro-OMeTAD, which will
definitely accelerate the decomposition of perovskite films
involving water. The obvious PCE decrease of PSCs at 85 °C
should be attributed to the insufficient thermal stability of
perovskite materials. The stability test highlights the
remarkable ability of the dopant-free polymers studied in this
work to generate excellent photovoltaic performance and
excellent durability of the resulting PSC devices.

Figure 8 displays schematic stacking models of PC-based
polymers and the interaction with a perovskite surface, giving
us an image for rational design of dopant-free polymeric
HTMs. Despite well-known prerequisites, (1) a well-aligned
HOMO energy level with respect to the perovskite valence
band (VB) to extract holes in near unity yield, (2) significantly
higher LUMO energy level than the perovskite conduction
band bottom (CB) to obstruct contrary electron flow, (3)
good hole mobility for efficient charge extraction and
transport, and (4) excellent thermal and optical phase stability,
several guiding design principles directly correlated to the
molecular structure have also been highlighted in this work.
First, a large conjugated system with a rigid and planar
backbone can be inserted into the polymer chains to enhance
the 77— stacking of adjacent polymer strands and also with the
perovskite surface. Second, the suitable dihedral angles should
be addressed between the broad backbone and connected
units. A too large dihedral angle may result in disordered
packing of the polymers strands. This may, from a design point
of view, be a difficult balance since a too small dihedral angle
may induce low solubility and therefore become an obstacle for
solution processing. Third, several bulky and hydrophobic alkyl
chains can be grafted on the polymeric backbone to improve
the humidity resistivity and solubility of polymer provided that
strong n—7x stacking is not prevented. Finally, several “Lewis
soft” atoms, characteristic of being highly electron-rich and
having a large atomic radius, can be introduced as efficient
passivators to bond to coordinatively unsaturated lead ions at
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the surface of the perovskite layer and to enhance the
interfacial charge transfer.

B CONCLUSION

To summarize, we synthesized a series of novel and cost-
effective polymeric semiconductors PC1, PC2, and PC3
characterized by a rigid PC plane and explored their
application as dopant-free HTMs in PSCs. Introduction of a
broad and planar PC unit significantly enhanced the n—x
stacking of adjacent polymer strands as well as the interaction
with the perovskite surface. The configurational control of PC1
mitigates the huge steric hindrance between combined units
and generates a more planar geometry as realized in PC2,
promoting a face-on-oriented stacking and good charge
transport properties. Subsequently, compositional tuning by
introducing the “Lewis soft” selenium element improved
passivation of the trap-state defects at the PC polymer/
perovskite interface and thereby reduced recombination losses.
As a consequence, the PSCs based on the well-designed PC3
gave rise to an excellent PCE of 20.8%, ranking as one of the
best performances recorded by PSCs based on dopant-free
HTMs. Benefiting from the very strong polymer strand
stacking promoted by the PC units, several bulky and
hydrophobic aliphatic chains can be grafted on the polymer
backbone without restraining interstrand orbital overlap and
thereby hole mobility. The excellent humidity resistivity of the
polymers resulted in excellent PSC device durability and
morphology stability under the dual pressure of thermal stress
and light soaking. The combination of excellent PCE and long-
term stability for PSCs based on the newly designed PC3
polymer offer an encouraging platform for commercially
teasible PSCs. Several guiding principles for further rational
design of dopant-free polymeric HTMs are also revealed in this
work.
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