
Efficient Inverted Perovskite Solar Cells Enabled by Dopant-Free
Hole-Transporting Materials Based on Dibenzofulvene-Bridged
Indacenodithiophene Core Attaching Varying Alkyl Chains
Enwei Zhu,† Jiantao Wang,† Jing Xu, Liying Fu, Ruxue Li, Chengzhuo Yu, Shijie Ge, Xiaosong Lin,
Rui Chen, Hongkai Wu, Hsing-lin Wang,* and Guangbo Che*

Cite This: ACS Appl. Mater. Interfaces 2021, 13, 13254−13263 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Inspired by the structural advantages of spiro-OMeTAD, which is the most commonly used hole-transporting
material (HTM), two rationally designed HTMs with butterfly-shaped triarylamine groups based on dibenzofulvene-bridged
indacenodithiophene (IDT) core (attaching hexyl and octyl chains) have been synthesized, namely, IT-C6 and IT-C8, respectively.
Shorter alkyl-chain-based IT-C6 exhibits a marked increase in glass-transition temperature (Tg) of 105 °C, whereas IT-C8 shows a
Tg of 95 °C. Moreover, it is demonstrated that IT-C6 exhibits a higher hole-transporting mobility, more suitable band energy
alignment, better interfacial contact, and passivation effect. The inverted devices of employed HTM based on IT-C6 obtained a
champion PCE of 18.34% with a remarkable fill factor (FF) of 82.32%, whereas the IT-C8-based device delivered an inferior PCE of
16.94% with an FF up to 81.20%. Both HTMs embodied inverted devices present high FF values greater than 81%, which are among
the highest reported values of small molecular HTM-based PSCs. This work reveals that cutting off the symmetrical spiro-core and
subsequently combining IDT (attaching tailored alkyl chains) with the spiro-linkage fluorine to construct the orthogonal molecular
conformation is a significant principle for the design of promising dopant-free HTMs.
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1. INTRODUCTION
Perovskite solar cells (PSCs) have become a power competitor
in new-generation photovoltaics because of the rapid
developing power conversion efficiency (PCE) and low-cost
raw materials and solution processing techniques.1,2 Two main
architectures of PSCs, regular (mesoporous and n-i-p) and
inverted (p-i-n), have been dominantly investigated, wherein
the regular device gained a PCE as high as 25.5% but suffered
from poor stability, whereas the inverted structure achieved
stable operation in spite of relatively low PCE (certified
22.75%).3−5 In a typical device architecture, hole-transporting
materials (HTMs), sandwiched between perovskite and anode,
play a critical role in realizing the highest tandem device
performance (29.1%) and long-term stability.6−8 To date, the
most commonly used small molecular HTM is 2,2′,7,7′-
tetrakis(N,N-dipmethoxyphenylamine)-9,9′-spirobifluorene
(spiro-OMeTAD) featuring twisted spiro-bifluorene core-

linked triphenylamine (TPA) moieties via orthogonal molec-
ular conformation.9,10 The TPA as the preferential hole-
transporting moiety in spiro-OMeTAD should lead to weak
intermolecular interactions induced by the orthogonal
molecular conformation that suppresses the forming of
intermolecular π−π stacking, which limits the hole-transport
mobility.11−13 Due to low intrinsic hole-mobility of spiro-
OMeTAD, the high-efficiency PSCs should be achieved with
the assistance of dopants when fabricating HTM films.14,15
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However, this wide introduction of dopants not only results in
more complex device fabrication and rapid deterioration of the
device but also induces additional production costs.16,17

Therefore, from the view of molecular design, replacement of
the orthogonal spiro core of spiro-OMeTAD with planar
conjugated building blocks is desired to obtain high-charge-
mobility HTM without dopants.
Indacenodithiophene (IDT) as an essential fused-ring

central core has been widely employed to construct the A-D-
A type nonfullerene acceptors for highly efficient organic solar
cells.18−20 The extended aromatic π-conjugation of coplanar
fused-ring IDT and the easy polarization of sulfur atom
containing in IDT core benefit for strong π−π stacking in the
solid thin film for enhancement of the efficient charge
transport and the conductivity. Meanwhile, the sulfur atoms
in IDT are beneficial for passivating the defects at the surface
of perovskite, leading to the suppressed recombination of
carriers.21,22 Recently, Chen et al. reported an HTM based on
an IDT central core with alkyl side groups bearing two TPA
arms for inverted PSCs that attained a PCE of 15.3%.23

Furthermore, Zhu et al. constructed an HTM featuring an IDT
central core with bulky hexylphenyl substituents and two
[di(4-methoxyphenyl)amino]carbazole-capped groups, and the
planar n-i-p PSCs yielded an impressive PCE of 20.13%.24

These promising achievements indicated the potential of using
the IDT planar core for designing novel dopant-free HTMs.
However, IDT-based HTMs are prone to the crystalline phase,
resulting in inferior film formation.23,24 To achieve a highly
uniform film in the inverted PSCs, it should avoid
crystallization but maintain an amorphous state. To the best
of our knowledge, the molecular packing plays a critical role in
the film-forming behavior, which is closely related to the hole
mobility and crystallization phase of film. Additionally, side-
chain engineering of HTMs is an effective strategy to modify
the molecular packing, film morphology, charge mobility, and
the resultant device performance.20,25,26 It has been reported
that the decent alkyl side chains of HTMs were often critical to
solubility in specific solvents and the subsequent molecular

π−π packing behavior in the course of film forming.27 Another
problem regarding the development of the small molecule
dopant-free HTMs is the relatively lower fill factor (FF),
distributing about 76−81%,24−26,28 and few dopant-free small
molecule HTMs can deliver FF values greater than 81%.12,40

Considering all the above points, a reasonable way for the
promising HTM design is to cut off the symmetrical
spirobifluorene core and subsequently insert planar chromo-
phores into the two spiro-linkage fluorenes with twisted units
to evolve into orthogonal molecular conformation featuring the
extended aromatic coplanar core-linked twisted units. (Scheme
1)
In this work, two rationally designed HTMs based on

dibenzofulvene-bridged IDT core attaching hexyl and octyl
chains with butterfly-shaped TPA groups have been success-
fully synthesized, namely, IT-C6 and IT-C8, respectively. Their
thermal and optoelectronic properties were tested as HTMs
for the fabrication of inverted PSCs. Surprisingly, IT-C8 shows
a glass-transition temperature (Tg) of 95 °C, whereas IT-C6
exhibits a marked increase in Tg of 105 °C due to the
discrepant molecular packing effect derived from varying alkyl
side-chain length.29 It is revealed that IT-C6 with shorter hexyl
chains exhibits a higher hole-transporting mobility, more
suitable band energy alignment, and better interfacial contact
as well as passivation effect. The champion device of employed
HTM based on IT-C6 obtained an 18.34% PCE, which is
higher than the longer one with 16.94% PCE. It is noteworthy
that both HTM-embodied devices present high fill factors
(FF) over 81%, which are among the highest reported values of
small molecular HTM-based PSCs (Table S1).

2. RESULTS AND DISCUSSION

The synthetic routes of IT-C6 and IT-C8 can be found in
Scheme 2, and the detailed synthetic procedures are shown in
the Supporting Information. Our facile synthesis requires only
two steps with low complexity. First, IDT-based aldehydes
with hexyl and octyl chains as the starting materials were
condensed with 2,7-dibromofluorene via the Knoevenagel

Scheme 1. Molecular Design Idea and Target Framework of Small Molecular HTMs

Scheme 2. Synthetic Routes of Small Molecular HTMs
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reaction to yield key intermediates based on dibenzofulvene-
bridged Indacenodithiophene core, namely, IT-F-C6 and IT-F-
C8, respectively. Subsequently, intermediates IT-F-C6 and IT-
F-C8 were coupled with 4-methyloxy-N-(4-methylthiophenyl)-
N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)-
aniline through a Pd-catalyzed Suzuki coupling to prepare IT-
C6 and IT-C8 with isolated yields of 39 and 42%, respectively.
The chemical structures of as-prepared compounds were well
established by means of 1H nuclear magnetic resonance
spectroscopy (NMR), 13C NMR (Figures S1−S8) and matrix-
assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometry (Figures S9 and S10). The HTMs
(IT-C6 and IT-C8) show good solubility in common organic
solvents, such as toluene, chloroform, and chlorobenzene
(CB). There is a higher solubility (>15 mg/mL) in CB than
that (<3 mg/mL) in DMF and DMSO for the HTMs. Besides,
it is observed that the solubility in DMF is little higher than
that in DMSO, although the concentration of HTMs is below
3 mg/mL (Figure S11).

Density functional theory (DFT) calculations at the B3LYP/
6-31G* level was employed to investigate the highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied
molecular orbitals (LUMOs) of the IT-C6 and IT-C8 in
Figure 1. It is found that the HOMOs are mainly located on
the arylamine periphery groups, whereas the LUMOs are
mainly localized on dibenzofulvene-bridged indacenodithio-
phene core of the two molecules. Besides, compared to the
spiro-OMeTAD, more extending structures of IT-C6 and IT-
C8 were observed via orthogonal arrangement connecting two
π-systems, and the torsional angles between the two fluorene
attached TPA groups significantly decreased, which is
beneficial for obtaining high-quality films.30 The calculated
HOMO energy level for IT-C6 is slightly lower than that of IT-
C8, which is consistent with the electrochemical results
backward.
The UV−vis absorption curves of films of IT-C6 and IT-C8

were plotted in Figure 2a. Their absorption spectra featuring
distinct shoulder absorption peaks are almost coincident,

Figure 1. Density functional calculation of IT-C6 and IT-C8.

Figure 2. (a) UV−vis absorption, (b) CV, (c) TGA, and (d) DSC of IT-C6 and IT-C8.
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signifying a typical amorphous-like physical nature.31 We
estimated the optical bandgap (Eg) of IT-C6 and IT-C8 to be
∼2.13 eV according to the absorption edge of 580 nm. The
HOMOs of both HTMs were measured by means of
electrochemical cyclic voltammetry (CV) measurements
using ferrocene/ferrocenium (Fc/Fc+) as the internal standard
(Figure 2b). According to the formula HOMO = −[Eox −
E(Fc+) + 4.8] eV, the experimental HOMOs of IT-C6 and IT-
C8 are −5.16 and −5.14 eV, respectively, estimated from the
oxidation potentials.8,22 Accordingly, their LUMOs are
estimated from the equation LUMO = HOMO + Eg to be
−3.03 eV and −3.01 eV for IT-C6 and IT-C8, respectively.
Such matched energy levels of IT-C6 and IT-C8 are supposed
to be suitable as HTMs for effective hole extraction and
electron blocking from perovskite.26 Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
were carried out to investigate the thermal properties of HTMs
IT-C6 and IT-C8. As illustrated in Figure 2c, the 5% weight
loss temperature (T5) of IT-C6 and IT-C8 are 412.53 and
386.24 °C, respectively. Both HTMs present excellent thermal
stability, which is of vital importance in the realistic device
operational conditions.27 Besides, it was clearly observed that
IT-C6 showed a higher thermal decomposition temperature
and demonstrated its outstanding thermal stability, which is
probably attributed to the shorter hexyl chains inducing the
strong self-aggregation of the rigid plane of the backbone. The
DSC curves were exhibited in Figure 2d. IT-C8 presents a Tg
of 95 °C while IT-C6 exhibits a marked increase in Tg of 105
°C due to the effect of alkyl side-chain length. The hole
mobility of two materials were measured according to the
space-charge-limited current (SCLC) method (Figure S12)
based on the hole-only device with structure of ITO/poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS,
25 nm)/HTMs (25 nm)/MoO3 (8 nm)/Ag.32 Via Child’s
law JSCLC = 9ε0εrμV

2/(8L3), in which ε0 is the permittivity of
free space, εr ≈ 3 is the dielectric constant of the film, μ is the
hole mobility, V is the applied voltage and L ≈ 25 nm are the
thicknesses of HTM films, we calculated the hole mobility of
IT-C6 and IT-C8 are 9.94 × 10−4 cm2 V−1 s−1 and 7.48 × 10−4

cm2 V−1 s−1, respectively, exceeding 1 order of magnitude
comparable to the mobility of PTAA (∼1 × 10−5 cm2 V−1

s−1).33 The fused-ring IDT and fluorene units linked through
sp2-hybridized carbon atom enhance the extended π-
conjugation and carrier mobility of both HTMs. The enhanced
hole mobility of IT-C6 is probably ascribed from more
strengthened molecular packing in the neat film because of the
shorter alkyl chains ensuring shorter π−π stacking dis-
tance.27,34

The contact angle experiments were performed to measure
the hydrophilicity of IT-C6 and IT-C8 films with perovskite
precursor. Their contact angles are 14.8 and 16.9° for IT-C6
and IT-C8, respectively (Figure 3a, b), reflecting a hydrophilic
surface for perovskite solution wetting and completely covering
during process, which shows more advantages than the typical
hydrophobic hole-transporting polymers including PTAA and
PolyTPD.35 The quality of HTM films and their surface
coverage of perovskite crystal are very crucial for interfacial
charge transfer that determines the photovoltaic properties of
PSCs. Therefore, the surface morphologies of perovskite
deposited on IT-C6 and IT-C8 films were explored and
recorded in Figure 3c−f. It is hard to evidently distinguish the
morphologies of each other from the view of SEM images
because of their uniform, dense, and pinhole-free perovskite
films, which is significant to avoid short circuit occurring. Some
excessive PbI2 at the grain boundary was observed, which is
also confirmed by X-ray diffraction (XRD) (Figure 3g). It
should be pointed out that the residual PbI2 is beneficial to
passivate the defects of grain boundaries in perovskite films.36

A zoomed-in surface morphology of perovskite deposited on
different substrates was also measured by atomic force
microscopy (AFM) as shown in Figure S13. The root-mean-
square values (RMS) of perovskite on IT-C6 (14.03 nm) are
nearly consistent with that on quartz (13.56 nm), whereas the
RMS on IT-C8 (20.38 nm) reveals a relatively rough surface
morphology indicating the formation of a smoother film of IT-
C6 due to the employed shorter side chains and the subtle
difference of substrate hydrophilicity. This may render an
effective interfacial contact between the perovskite/HTM or
the HTM/anode, leading to an optimized FF of PSCs.34 AFM
was further conducted to investigate the film morphology
before and after being rinsed by perovskite precursor solvents
DMF/DMSO (v/v 4/1). As exhibited in Figure S14, before

Figure 3. Contact angle of perovskite precursor on (a) IT-C6 film and (b) IT-C8 film, PVK referred to perovskite. The SEM surface morphology
of perovskite deposited on (c, e) IT-C6 film and (d, f) IT-C8 film. (g) XRD and (h) UV−vis absorption of perovskite prepared on IT-C6 and IT-
C8 substrates.
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being rinsed, IT-C6 and IT-C8 on ITO substrate present root-
mean-square (RMS) values of 2.15 and 3.17 nm, respectively.
After rinsed, the RMS values increase to 7.11 nm for IT-C6
film and 7.18 nm for IT-C8 film. It indicates that the smooth
film morphology is possibly influenced during perovskite
deposition because of the dissolution of a small amount of
HTMs by precursor solvents. However, the HTMs remain
whole layer between ITO and perovskite due to very short
processing time. During the measurement of surface rough-
ness, scanning Kelvin probe microscopy (SKPM) was
performed to obtain the surface potential mappings simulta-
neously. The surface potential of HTMs contacted perovskite
films is negative, whereas the quartz contacted perovskite film
is positive. The decreased surface potential is related to the
bottom selective contact, and more negative probed surface
reflects a higher charge transfer efficiency resulting from the
hole extraction of HTMs IT-C6, IT-C8.37 The UV−vis
absorption (Figure 3 h) of both films shows ignorable
discrepancy, and the Eg values of perovskite films were
estimated to be 1.59 eV, which is consistent with the reported
bandgap of the same perovskite composition.38

Transient absorption spectroscopy (TAS), photolumines-
cence (PL) and time-resolved photoluminescence (TRPL)
were further conducted to study the charge transfer dynamics
of HTMs. The TAS profiles were depicted in Figure 4a−c.
Perovskite on IT-C6 (Figure 4a) exhibited a stronger photon
bleaching than that on IT-C8 (Figure 4b). Besides, in the
normalized TAS time profiles (Figure 4c), the IT-C6 treated
film also displays a longer-lived signal within nanosecond times
probed at the wavelength of 764.5 nm, hinting at a greater
charge-pair separation and suppressed nonradiative recombi-
nation.39 In the steady-state PL, perovskite films deposited on
quartz, IT-C6, and IT-C8 were excited with an incident light at
a wavelength of 550 nm as shown in Figure 4d. A bright PL
peak of PVK/quartz was observed and suddenly quenched
once IT-C6 and IT-C8 were inserted because of the rapid hole
transfer. A greater intensity reduction caused by IT-C6 instead
of IT-C8 indicates a faster hole extraction rate from the
perovskite to HTM. It was obviously observed that the PL
intensity of the PVK/IT-C6 is weaker than the PVK/IT-C8
because of the shorter alkyl chain, indicating a faster hole

extraction rate from the perovskite to IT-C6 in Figure S15.
The TRPL (Figure 4e) spectra of perovskite with or without
HTMs also agreed well with foregoing results. We fitted the
decay lifetime curves using the double-exponential formula Ι(t)
= Α1exp(−t/τ1) + A2 exp(−t/τ2), and their fitting parameters
A1, A2, τ1, τ2, and τav (τav = A1τ1 + A2τ2) are listed in Table S2.
The average lifetime τav are 243.09, 354.12, and 1107.30 ns for
PVK/IT-C6, PVK/IT-C8, and PVK/quartz, respectively. This
indicates that the PL lifetime of perovskite showing relatively
inferior hole extraction decreases obviously when IT-C6 and
IT-C8 were used as HTMs, and the perovskite/IT-C6 interface
shows faster hole collection relative to the perovskite/IT-C6
interface. The accelerated hole extraction may originate from
the enhanced molecular packing of IT-C6 to form a denser
pinhole-free film due to an improved interfacial contact. From
the enlarged PL spectra (Figure S15), we noticed that the PL
peaks of PVK/HTLs shift to 783 nm compared to the pristine
perovskite located at 789 nm. The 6 nm blue shift of HTM
contacted perovskite film may be on account of the passivation
of defects via Lewis acid−base interaction between S and Pb.40

Previous work41−44 based on interface passivation did not
show PL peak shift due to the almost unchanged bandgap of
bulk perovskite itself. However, in our study, a small amount of
HTMs were inevitably dissolved by precursor during the
formation of perovskite film, which may influence the bandgap
of perovskite itself. Thus, the PL blue shift of PVK/HTLs
compared to the pristine perovskite possibly comes from the
traps’ removal of perovskite grain boundaries, which narrows
the bandgap of bulk perovskite. To demonstrate the
passivation effect of HTMs on perovskite, we carried out X-
ray photoelectron spectroscopy (XPS) to measure the Pb
peaks, as shown in Figure 4f. The Pb peaks of HTMs covered
the perovskite shift of approximately 0.7 eV toward the low
binding energy direction from pristine perovskite, evidently
validating the passivation effect of IT-C6 and IT-C8 on
perovskite.45

To evaluate the photovoltaic performance of IT-C6 and IT-
C8 as dopant-free HTM in PSCs, we fabricated inverted
perovskite solar cells with a device architecture of ITO/HTM/
perovskite/PC61BM/ZrAcac/Ag. The device structure diagram
and its SEM cross-section image are shown in Figure 5a and

Figure 4. Transient absorption of perovskite on (a) IT-C6 and (b) IT-C8 substrates at different time delays after laser excitation at 630 nm. (c)
Normalized time-resolved absorption density of perovskite films excited probed at 764.5 nm. (d) PL and (e) TRPL and (f) XPS of perovskite
contacted with quartz, IT-C6, and IT-C8.
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Figure S16, respectively. The band energy alignment was
shown in Figure 5b, where the HOMO and LUMO values of
HTMs were obtained from above CV and UV−vis absorption
and others were taken from the literature.46,47 To study the
dependence of device performance on the solution concen-
tration of HTMs, we dissolved IT-C6 and IT-C8 in CB with
linearly increasing concentrations of 2, 3, 4, 5, and 7 mg/mL.
The changing performance parameters based on the
corresponding devices with different concentrations of
HTMs such as open-circuit voltage (Voc), short-circuit current
density (Jsc), FF, and power conversion efficiency (PCE) are
plotted in Figure S17. With the increase in HTM
concentration, all these parameters present certain trends,
where their Voc values creep up while FF creeps down and Jsc
and PCE show a trend of increasing first and then decreasing.
Surprisingly, our results reveal that the FF of IT-C6 and IT-C8
HTMs are greater than 80% at low concentrations (2 or 3 mg/
mL), and the highest values of IT-C6 and IT-C8 HTMs are
86.35% (at 2 mg/mL) and 81.71% (at 2 mg/mL), respectively.
The optimal concentration for the highest average PCE for IT-
C6 and IT-C8 is 3 mg/mL, as listed in Table S3. After
optimization of the annealing temperature of IT-C6 (160 °C)
and IT-C8 (120 °C), we achieved the IT-C6- and IT-C8-based
champion devices whose J−V curves are depicted in Figure 5c
and their photovoltaic performance parameters are listed in
Table 1. IT-C6 champion device has a reverse scanned PCE of

18.34% (Voc = 1.055 V, Jsc = 21.17 mA/cm2, FF = 82.32%),
whereas the PCE of IT-C8 device is 16.94% (Voc = 1.016 V, Jsc
= 20.54 mA/cm2, FF = 81.20%). It is obvious that the PSCs
based on IT-C6 HTM have significantly enhanced conversion
efficiencies relative to the IT-C8 based device due to the
simultaneous improvements in Jsc and FF, which are possibly

attributed to the denser pinhole-free film, higher hole
transport, and suitable interfacial contact layer.20,36

Their external quantum efficiencies (EQE) are shown in
Figure 6a. From the EQE curves, we obtained integrated Jsc
values of 20.95 and 20.27 mA/cm2 for IT-C6 and IT-C8
champion devices, respectively, which is in good agreement
with the J−V measurements. The two devices exhibit close Jsc
and FF but an obvious difference in Voc, which is highly related
with the nonradiative recombination process of operational
devices.48 To analyze their Voc disparity, we measured the
device dark current and electrochemical impedance spectros-
copy (EIS). Figure 6b presents that the leakage current (J0) is
reduced from 4.21 × 10−3 mA/cm2 to 1.48 × 10−3 mA/cm2,
which signifies increased Voc in terms of the equation Voc =
kT/qln(Jsc/J0 + 1), where Voc is the open circuit voltage, q the
elementary charge, k the Boltzmann constant, T the absolute
temperature, Jsc the short circuit current, and J0 the dark
current leakage.46,48 The Nyquist plots (Figure 6c) of EIS
fitting by the inset equivalent circuit were exhibited to
investigate the charge carrier transport in the devices. The
larger semicircular shape indicating a higher recombination
resistance (RREC), which explains the higher Voc of the IT-C6
device originating from the suppressed nonradiative recombi-
nation losses.49,50 We assumed the decreased recombination
was attributable to the passivation extent of HTMs on the
perovskite layer. Thus, we fabricated hole-only devices with
structure of ITO/HTMs/perovskite/spiro-OMeTAD/Au to
compare their trap state density following the relation Nt =
2ε0εrVt/eL, where ε0is the vacuum permittivity, εr the relative
permittivity of perovskite, e the charge constant, and L the film
thickness of perovskite.51 The trap-filled limited voltage (Vt)
can be read from the intersection of linear fits of Ohmic regime
and SCLC regimein the J−V curves of hole-only devices as
shown in Figure 6d.52 The IT-C6 hole-only device with a
smaller Vt = 0.07 V than Vt = 0.27 V of IT-C8 device proves
the decreased trap-state density from 1.57 × 1015 cm−3 to 4.08
× 1014 cm−3. The improved passivation effect of IT-C6 is
probably on account of the better interfacial contact due to the
weaker steric hindrance of shorter alkyl chain between HTM
and perovskite. The Voc and Jsc changes with a function of light
intensity were measured to study the charge recombination
process along the entire solar cells.1 The IT-C6 device ideal
factor n = 1.173 is lower than n = 1.423 of IT-C8 device
(Figure 6e), indicating an inhibited trap-assisted nonradiative
recombination loss. Jsc with the change of light intensity
presents a linear correlation (slope = 1) for both devices

Figure 5. (a) Device structure diagram, (b) band energy alignment, and (c) J−V curves of the champion devices. IT-C6 was annealed at 160 °C
and IT-C6 was annealed at 120 °C.

Table 1. Photovoltaic Performance Parameters of IT-C6 &
IT-C8-Based Champion Devices

HTMs
scan

direction
Voc
(V)

Jsc
(mA/cm2) FF (%)

PCE
(%)

Int.Jsc
(mA/cm2)

IT-C6 forward
scan

1.045 20.86 76.48 16.67 20.95

reverse
scan

1.055 21.17 82.32 18.34

IT-C8 forward
scan

0.995 20.21 75.72 15.23 20.27

reverse
scan

1.016 20.54 81.20 16.94
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(Figure 6f), reflecting almost no radiative recombination in the
operational condition. Overall, IT-C6 with a shorter alkyl chain
length behaves better in defect passivation and inhibits
nonradiative recombination on the perovskite layer as also
manifested by TAS, PL, TRPL, and XPS measurements, which
enables higher Voc, Jsc, FF, and PCE for photovoltaic devices.
The statistics of performance parameters (Voc, Jsc, FF, and

PCE) of reverse-scan-measured IT-C6 and IT-C8 devices
fabricated under optimized circumstances are shown in Figure
7a−d. IT-C6 devices harvest an average Voc 1.015 ± 0.020, Jsc
20.56 ± 0.54, FF 82.35 ± 1.98, and PCE 17.20 ± 0.74, whereas
IT-C8 devices have a decreased average Voc 0.987 ± 0.023, Jsc
19.20 ± 0.83, FF 81.19 ± 2.56, and PCE 15.39 ± 0.78. The
reliable performance statistics of both devices gave a
conclusion that the shorter alkyl chain length HTM IT-C6
verifies more reproducibly excellent device light-to-electrical
energy conversion efficiency than IT-C8. For the safe of
accuracy, we also confirmed the device PCE by measuring the

stabilized current density output at the maximum power point
as shown in Figure 7e. The stabilized power output (SPO) of
the IT-C6 device is about ∼18.0% under 0.92 V bias, whereas
the IT-C8 device is about ∼16.2% under 0.88 V bias. Their
stable operation measured within 8 min proved good
illumination stability as well, which benefited from the mixed
organic−inorganic perovskite composition. The stability of
unsealing devices was measured in glovebox under dark
conditions in varying hours. As depicted in Figure 7f, the PCEs
of both devices drop rather tardily and maintain above 85%
efficiency of the initial value within 1350 h; however, the IT-
C8 involved device exhibits a relatively rapid decline. We also
measured the device stability in air with high humidity (50−
75%) and in high temperature (65 °C) conditions, as shown in
Figures S18 and S19. The performance of unencapsulated
devices measured in air with high humidity (50−75%) presents
fast dropping within 1 week. For the stability measured in high-
temperature (65 °C) conditions, a more rapid decrease to 85%

Figure 6. (a) EQE and integrated Jsc, (b) dark current curves, (c) EIS Nyquist plot, (d) J−V curves of hole-only devices, (e) Voc, and (f)Jsc of
perovskite solar cells as a function of light intensity.

Figure 7. Statistics of photovoltaic parameters (a) Voc, (b) Jsc, (c) FF, and (d) PCE based on 25 devices. (e) Stabilized power-out and (f) stability
of perovskite solar cells measured in a glovebox.
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of their initial PCE was obtained. The fast reduction of device
performance when measured out of the glovebox in thermal
conditions may result from the metal electrode oxidation and
perovskite degradation induced by oxygen and humidity
penetration as well as thermal stimulus. The better stability
of the IT-C6 device is probably due to its more advantageous
interfacial contact and passivation effect, leading to decreased
trap-state density that is a common factor to induce
degradation of perovskite films.53,54

3. CONCLUSION

In summary, two novel hole HTMs (IT-C6 and IT-C8) based
on dibenzofulvene-bridged IDT core attaching hexyl and octyl
chains with butterfly-shaped TPA groups are designed and
synthesized for inverted PSCs. It is revealed that the IT-C6
with hexyl chain exhibits obviously enhanced Tg, higher hole-
transporting mobility, more suitable band energy alignment,
better interfacial contact as well as passivation effect in respect
to IT-C8 with octyl chain. Furthermore, the champion device
of employed HTM based on IT-C6 achieved a PCE of 18.34%
with a high FF of 82.32% in comparison to 16.94% PCE of IT-
C8-based device with a high FF of 81.20%, which are among
the highest reported values of small molecular HTMs based
PSCs. Our study reveals that the combination of IDT with
varying alkyl chains and spiro-linkage fluorine with twisted
units via tailoring rationally the spiro-core is an effective
strategy to design promising HTMs for the inverted PSCs.
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