
Dopant-Free Hole Transporting Molecules for Highly
Efficient Perovskite Photovoltaic with Strong Interfacial
Interaction

Fanxu Meng, Yu Jia, Jiantao Wang, Xiaoyu Huang, Zhigang Gui, Li Huang, Ruxue Li,
Rui Chen, Jing Xu, Wei Chen, Zhubing He, Hsien-Yi Hsu, Enwei Zhu,* Guangbo Che,*
and Hsing-Lin Wang*

One of the attractive ways to develop efficient and cost-effective inverted
perovskite solar cells (PVSCs) is through the use of dopant-free hole transporting
materials (HTMs) with facile synthesis and a lower price tag. Herein, two organic
small molecules with a fluorene core are presented as dopant-free HTMs in
inverted PVSCs, namely, FB-OMeTPA and FT-OMeTPA. The two molecules are
designed in such a way they differ by replacing one of the benzene rings
(FB-OMeTPA) with thiophene (FT-OMeTPA), which leads to a significantly
improved coplanarity as manifested in the redshift of the absorbance and a
smaller bandgap energy. Density functional theory calculations show that
FT-OMeTPA has a strong Pb2þ–S interaction at the FT-OMeTPA/perovskite
interface, allowing surface passivation and facilitating charge transfer across
interfaces. As a result, the PVSCs based on FT-OMeTPA exhibit a much higher
hole mobility, power conversion efficiency, operational stability, and less
hysteresis as compared with devices based on FB-OMeTPA.

It is exciting that the power conversion efficiency (PCE) of hybrid
organic–inorganic halide perovskite solar cells (PVSCs) has
grown from 3.8%[1] to 25.2%[2] in the last decade. In contrast

to the inorganic silicon solar cells, hybrid
PVSCs are lightweighted, processible at
low temperature, and have tunable elec-
tronic and optical properties.[3,4] Worth
noting that high PCE over 20% can usually
be achieved by the normal (n-i-p) configu-
ration via inserting a hole transporting
layer (HTL) between perovskite and metal
electrode.[2,5–9] The most popular HTL
in this configuration is 2,2 0,7,7 0-tetrakis
(N,N-di-methoxyphenyl-amine) 9,9-spirobi-
fluorene (Spiro-OMeTAD); however, Spiro-
OMeTAD requires additional chemical
doping and oxidation process to achieve
better conductivity and energy level match,
leading to a complicate fabrication
process.[10–12] Besides, the hydrophilic
dopants can bring in the degradation issues,
which have negative impacts on the stability
of PVSCs.[13–15] Therefore, much effort has

been devoted to develop dopant-free hole transporting materials
(HTMs) applied in either normal or inverted (p-i-n) PVSCs
(e.g., transparent conductive substrate/HTL/perovskite/electron
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transporting layer (ETL)/metal electrode) for their simple fabrica-
tion process, high PCE over 18%, and low hysteresis.[16–19]

The HTL plays a critical role in inverted PVSCs than that in the
normal configuration. In the inverted structure, HTL not only
plays the role of extracting the holes and block the electrons
from perovskite, but also facilitating the formation of perovskite
films with high crystalline quality. Inorganic p-type HTLs,
such as NiOx, have been used in efficient and stable inverted
PVSCs;[20–22] however, a high-temperature annealing step is usu-
ally needed. Polymer HTL, poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), is very popular in both
polymer solar cells and PVSCs, but it still suffers from its hydro-
philic nature and energy level mismatch issues.[23,24] Another
hydrophobic polymer, poly(bis(4-phenyl)(2,4,6-trimethylphenyl)
amine) (PTAA), is favored for the reported efficiency over 20%
of dopant-free p-i-n devices,[16] but its high cost is not desirable
for the commercial production of PVSCs. Comparing with the
inorganic and polymer semiconductor HTLs, small organic
molecule is an alternative for constructing dopant-free inverted
PVSCs, mainly due to the ease of the synthesis and purification,
tunable interfacial interaction, and optoelectronic properties.[25,26]

Herein, the central cores based on fluorene-bridge-benzene
unit (FB) and fluorene-bridge-thiophene unit (FT) were coupled
with triarylamine groups (TPA), a kind of popular functional
group for efficient hole transport in PVSCs.[17,19,27] Our
HTMs, namely, FB-OMeTPA and FT-OMeTPA, require only
two step synthesis; therefore, the design synthesis is facile
and low cost compared with most of the HTM molecules.
Comparing with FT-OMeTPA, FB-OMeTPA has a slightly
deeper highest occupied molecular orbital (HOMO), whereas
FT-OMeTPA exhibits a much higher hole mobility by introduc-
ing thiophene unit. In addition, the incorporation of the
thiophene unit into FT-OMeTPA is beneficially considered for
the defect passivation between HTMs and perovskite interface
via the Pb2þ–S interaction.[28,29] The optimized PCE of inverted
PVSCs based on FT-OMeTPA is 17.57%, which is higher than
that of the device based on FB-OMeTPA (14.35%). The inverted
PVSCs based on FT-OMeTPA also show a smaller hysteresis.
Our results show that the newly synthesized HTMs are promis-
ing candidates for highly efficient, low-cost PVSCs.

The synthetic routes of FB-OMeTPA and FT-OMeTPA are
shown in Scheme 1, and detailed synthetic procedures are listed
in Supporting Information. Our facile synthesis only requires
two-step reaction with low complexity. First, 2,7 dibromofluorene

was condensed with 4-bromobenzaldehyde and 5-bromothiophene-
2-carbaldehyde through the Knoevenagel reaction to yield key
intermediates 1 and 2, respectively. Subsequently, intermediates
1 and 2 were coupled with 4-methyloxy-N-(4-methylthio-
phenyl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)
aniline via a Pd-catalyzed Suzuki reaction to give FB-OMeTPA
and FT-OMeTPA, respectively. The as-synthesized compounds
for PVSCs were purified through simple column chromatogra-
phy and recrystallization to avoid the expensive sublimation pro-
cess. The chemical structures of FB-OMeTPA and FT-OMeTPA
were carefully characterized by means of nuclear magnetic
resonance spectroscopy (NMR) (Figure S1–S8, Supporting
Information) and matrix-assisted laser desorption ionization-
time of flight (MALDI-TOF) mass spectrometry (Figure S9
and S10, Supporting Information). Both compounds exhibit
good solubility in common organic solvents, such as chloroform,
toluene, and chlorobenzene, but there is a higher solubility
(<10mgmL�1) of FB-OMeTPA than that (<3mgmL�1) of
FT-OMeTPA in highly polar solvents, such as dimethyl sulfoxide
(DMSO). Therefore, FT-OMeTPA shows a better tolerance to
perovskite precursor solutions than FB-OMeTPA. The cost for lab-
oratory synthesis and purification of both FB-OMeTPA (�$26/g)
and FT-OMeTPA (�$28/g) is much lower than that of spiro-
OMeTAD (see cost calculation in Supporting Information).

The thermal properties of FB-OMeTPA and FT-OMeTPA were
measured by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) scans (Figure 1a,b). The TGA curves
of both compounds show good thermal stability, and the decom-
position temperatures (Td) at the 5% weight loss are 427 �C for
FB-OMeTPA and 426 �C for FT-OMeTPA. DSC results reveal
glass transition temperature (Tg) for FB-OMeTPA and
FT-OMeTPA at 120 and 113 �C, respectively. The results indicate
that their amorphous nature may help to form uniform and
pinhole-free HTL films.[30,31] The normalized UV–Vis absorption
spectrum of FB-OMeTPA and FT-OMeTPA in solid films is
shown in Figure 1c. Both spectra feature two distinct absorption
peaks. FB-OMeOTPA exhibits absorption peaks at 380 and
450 nm with the absorption edge of 580 nm, whereas FT-
OMeTPA exhibits absorption peaks of 360 and 490 nm with
the absorption edge of 610 nm. The optical bandgap (Eg) of
FB-OMeTPA and FT-OMeTPA is calculated to be 2.13 and
2.03 eV, respectively. Although such conjugated small molecules
exhibit the absorption in the visible region, however, impact on
device performance can be almost neglected as less than 10 nm

Scheme 1. The synthetic routes of FB-OMeTPA and FT-OMeTPA.
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thick HTMs were deposited. As shown in the transmittance
spectra (Figure S11, Supporting Information), there is only a
decrease of no more than 10% in the range of 350–500 nm com-
paring with the transmittance of the bare indium tin oxide (ITO)
glass substrate, ensuring that the majority of the incident pho-
tons can reach the perovskite active layer. Cyclic voltammetry
(CV) measurements (Figure 1d) were carried out using
ferrocene/ferrocenium (Fc/Fcþ) as the internal standard to
evaluate the energy levels of FB-OMeTPA and FT-OMeTPA.
The CV curves of both compounds showed reversible oxidative
peaks and no reduction peaks indicating the good electrochemi-
cal stability. The clear oxidation peaks are observed with an onset
potential of 0.69 and 0.66 eV, respectively. Accordingly, the
HOMO levels of FB-OMeTPA and FT-OMeTPA are estimated
to be �5.14 and �5.11 eV, respectively.

Density functional theory (DFT) calculations at the B3LYP/
6-31G* level were used to evaluate the HOMOs and the lowest
unoccupied molecular orbitals (LUMOs) of the FB-OMeTPA and
FT-OMeTPA (Figure 2). It is found that the HOMO molecular
orbitals mainly localized on the fluorene-bridge-diarylamine
moieties, whereas the LUMO molecular orbitals are mainly
delocalized on the central fluorene-bridge-benzene moiety and
fluorene-bridge-thiophene moiety of the two molecules. The
coplanar feature resulting from replacing benzene ring with

thiophene unit is well manifested in the aforementioned elec-
tronic properties. It can be seen that the bridge-thiophene moiety
with respect to the dibenzofulvene plane and bridge benzene of
arylamine periphery groups in the FT-OMeTPA has the dihedral
angles of 32.81� and �18.09�, respectively. Notably, the bridge-
benzene moiety is evidently twisted to the dibenzofulvene plane
and bridge benzene of arylamine periphery groups in the
FB-OMeTPA with larger dihedral angles of 44.61� and �42.84�,
respectively. As a result, the through space distance
(R1¼ 8.979 Å) between the arylamine periphery groups and aryl-
amine backbone groups in the FT-OMeTPA becomes longer com-
pared with that (R1¼ 4.403 Å) of FB-OMeTPA (Figure 2), and the
delocalization of the electron density through the thiophene bridge
arylamine periphery group is observed in FT-OMeTPA due to the
reduced steric hindrance, which can facilitate the redshifted
absorption of spectra and the enhancement of hole mobility.

To investigate the performance of FB-OMeTPA and FT-
OMeTPA in PVSCs, we fabricated the inverted PVSCs using
FB-OMeTPA and FT-OMeTPA as the dopant-free HTLs, respec-
tively. Briefly, FB-OMeTPA or FT-OMeTPA was spin-coated onto
the ITO electrode and annealed at 150 �C to form a thin film with
an approximate thickness of 10 nm. To demonstrate the
morphology of these novel HTLs on ITO, measurement of
atomic force microscopy (AFM) was carried out, as shown in

Figure 1. a) TGA and b) DSC curves of FB-OMeTPA and FT-OMeTPA. The heating rate was 10 �Cmin�1. c) UV–Vis absorption spectra of FB-OMeTPA
and FT-OMeTPA films. d) Cyclic voltammograms of FB-OMeTPA and FT-OMeTPA.
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Figure S12a,b, Supporting Information. The root mean square
(RMS) is about 2.0 nm for FB-OMeTPA and 2.8 nm for FT-
OMeTPA, respectively, indicating a smooth and uniform surface.
In addition, the water contact angle is �80� for both two HTLs
(Figure S12c,d, Supporting Information). The organic HTL with
a relatively hydrophilic nature facilitates the formation of a high-
quality perovskite film.[28,32]

Then, the (CsPbI3)0.05[(FAPbI3)0.83(MAPbBr3)0.17]0.95 (CsFAMA)
mixed-perovskite layer was deposited onto the HTLs using a
common antisolvent method as reported. The cross-sectional and
top-view scanning electron microscopy (SEM) images of the
CsFAMA perovskite films and devices (Figure 3) show that
the perovskite layers on both two HTLs are about 590 nm thick
and have almost the same distribution of grain size without any
pin holes. The X-ray diffraction (XRD) data of CsFAMA perov-
skite films on HTLs are shown in Figure S13, Supporting
Information, and the data are in accordance with the previously
reported results,[33] revealing a high crystallinity. Finally, [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM), bathocuproine
(BCP), and Ag were deposited on the CsFAMA perovskite layer
in sequence to form a complete PVSC (with the detailed infor-
mation described in the Supporting Information).

The device architecture and energy alignment of materials are
shown schematically in Figure 4a,b. FB-OMeTPA with a lower
HOMO matches better with the valence band maximum
(VBM) of CsFAMA perovskite than FT-OMeTPA. Figure 4c
shows the current–voltage (J–V) characteristics of inverted
PVSCs based on FB-OMeTPA and FT-OMeTPA as HTLs under
100mW cm�2 AM1.5G solar illumination with reverse scan (RS)
and forward scan (FS). The device using FB-OMeTPA as HTL
exhibits an open-circuit voltage (VOC) of 1.11 V, a fill factor
(FF) of 68.87%, and a short-circuit current density (JSC) of
16.93mA cm�2, yielding a PCE of 12.9% at FS and 14.35%
(VOC¼ 1.11 V, FF¼ 76.75%, and JSC¼ 16.91mA cm�2) at RS,
respectively. For the device based on FT-OMeTPA as HTL, we

observe a VOC of 1.09 V for both FS and RS, which can be
expected from the energy alignment and a significant improve-
ment in PCE for FS (16.95%) and RS (17.57%) after optimization
(Table S6 and S7, Supporting Information). The FT-OMeTPA-
based device not only shows a higher PCE, but also displays a
negligible hysteresis. The detailed results are summarized in
Table 1. Moreover, the performances of the device based on
FT-OMeTPA are very close to those of the reference devices
based on dopant-free PTAA (Table S8, Supporting Information),
suggesting that FT-OMeTPA is a promising HTM in PVSCs.
The external quantum efficiency (EQE) spectra are shown in
Figure 4d, and the EQE of the FT-OMeTPA-based devices is
higher in the whole spectrum range than that of the devices with
FB-OMeTPA as HTL. The integrated JSC values estimated
from the EQE spectra (16.37 mA cm�2 for FB-OMeTPA, and
19.12mA cm�2 for FT-OMeTPA, respectively) are consistent
with the JSC values obtained from the J–V curves (Table 1).
The corresponding stabilized PCE outputs (Figure 4e) of repre-
sentative FB-OMeTPA- and FT-OMeTPA-based PVSCs are
12.67% and 16.12% under 100mW cm�2 AM1.5G solar illumi-
nation as a function of time at maximum power point, respec-
tively. Moreover, the storage stability of the devices is also
examined. The PVSCs were stored in the dark without any encap-
sulation for 120 h in ambient environment with 20% relative
humidity (RH) at room temperature. As shown in Figure 4f,
the FT-OMeTPA-based devices exhibit better long-term stability,
retaining 96.3% of their initial efficiency after 120 h, comparing
with FB-OMeTPA-based ones. One reason for the inferior device
performance based on FB-OMeTPA might be the poor contact at
the perovskite/FB-OMeTPA interface, resulting from the higher
solubility of FB-OMeTPA in DMSO.

First-principles calculation has been performed based on
DFT[34,35] to better understand why FB-OMeTPA and FT-
OMeTPA have a profound difference in device performances.
Figure 5a shows the relaxed structures of FB-OMeTPA and

Figure 2. DFT-calculated HOMO and LUMO electronic structures, dihedral angles, and bond lengths of FB-OMeTPA and FT-OMeTPA.
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FT-OMeTPA molecules onto (001)-surfaces of the perovskite
layers. Comparing the distances of the nearest pair of Pb–C
and Pb–S in FB-OMeTPA and FT-OMeTPA absorption, it clearly
shows a stronger interaction between FT-OMeTPAmolecule and
the perovskite layers (through Pb2þ and S atoms) than that
between FB-OMeTPA and perovskite layers (through Pb2þ and
C atoms). This is also reflected in the absorption energies of the
two molecules mentioned earlier: �0.21 eV for FB-OMeTPA and
�0.26 eV for FT-OMeTPA. Figure 5b,c gives the total and
projected density of states (DOS) onto MAPbI3 layers, FB-OMeTPA
(panel b) and FT-OMeTPA (panel c). The valence bands from
MAPbI3 in both cases are mostly located below �0.5 eV. The
HOMOs and LUMOs from the two types of OMeTPA molecules
can be clearly identified in Figure 5b,c. The HOMOs are gener-
ally located between�0.4 and 0.0 eV, and the LUMOs are located
above 2.2 eV, which suggests that both FB-OMeTPA and
FT-OMeTPA can serve as good HTMs and are well consistent
with previous reports.[2,5–9,36] The gaps between LUMOs and
HOMOs are also comparable with our aforementioned results.
Figure 5d gives the position-resolved total electrostatic potentials
along the c axis, which further proves that both FB-OMeTPA and
FT-OMeTPA can indeed function as HTMs in our solar cells.

However, there are two apparent differences between them
from the projected DOS. First, the HOMO from FB-OMeTPA

overlaps with the next molecular orbital just below it (HOMO-1),
whereas the HOMO from FT-OMeTPA keeps a small gap from
the HOMO-1. Second, the HOMO-1 from FT-OMeTPA overlays
closely with the top of valence bands from the perovskite layers
(likely due to the stronger interaction between FT-OMeTPA mol-
ecule and the MAPbI3 surface), which is believed to help the
transport of generated holes to the HTM through the interface
after light absorption. This is consistent with our experimental
measurements that there is higher hole mobility observed in
our solar cells using FT-OMeTPA than using FB-OMeTPA as
HTM (Figure S13, Supporting Information). Figure 5e gives
the charge density difference between the whole system
(MAPbI3 layers with FB/FT-OMeTPA absorbed) and the sum of
individual constituents (MAPbI3 layers and FB/FT-OMeTPA
molecule). The charge redistribution is more significant in
FT-OMeTPA case, which corroborates with our arguments
mentioned earlier that stronger interaction exists between
FT-OMeTPA and perovskite surface and facilitates the hole trans-
port from the perovskite layers to the HTM.

X-ray photoelectron spectroscopy (XPS) measurements are
performed to find the direct evidence of Pb2þ–S interactions
between perovskites and FT-OMeTPA, which is shown in
Figure S14, Supporting Information. By introducing a thin layer
of FT-OMeTPA on the perovskite film, a left shift of �0.8 eV at

Figure 3. SEM top view of the CsFAMA perovskite film and cross-sectional image of the devices fabricated on a,b,c,g) FB-OMeTPA and
d,e,f,h) FT-OMeTPA films as HTLs, respectively.
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Pb peak is observed, and the peak of S at �163.2 eV shifts about
0.1 eV to the left. The aforementioned results suggest the
interaction between Pb2þ and S.[29] Combining the theoretical
calculation and XPS results, the passivation effect of FT-OMeTPA
on perovskites can be validated, leading to an apparently sup-
pressed hysteresis of the devices.

To compare the hole extraction ability of FB-OMeTPA and
FT-OMeTPA as HTLs, charge collection probability (Pcc) of these
two materials is investigated. Pcc with respect to internal voltage
(Vint) under 100mW cm�2 AM1.5G solar illumination is defined
by Equation (1)–(3)[28,37]

Pcc ¼ Jph=Jph, sat (1)

Jph ¼ JL � JD (2)

V int ¼ Vbi � Vappl (3)

where Jph is the photocurrent density. Jph, sat is the saturated pho-
tocurrent density at reverse bias. JL and JD are the current density

with and without illumination, respectively. Jph goes saturation
with increasing Vint, so we choose Jph at Vint¼ 2.5 V as Jph, sat. Vbi

is the built-in potential of the device referring to the voltage at
Jph¼ 0. Vappl is the applied bias. Vbi of 1.11 V is obtained for the
FB-OMeTPA-based device, higher than that of the FT-OMeTPA
based device (1.08 V). The higherVbi for FB-OMeTPA based device
can be attributed to the deeper HOMO level of FB-OMeTPA,
which can facilitate the charge extraction. However, the space-
charge-limited-current (SCLC) hole mobility of FT-OMeTPA
(1.42� 10�5 cm2 V�1 s�1) is higher that of FB-OMeTPA
(3.61� 10�6 cm2 V�1 s�1), which is shown in Table S9,
Supporting Information. In addition, the computational results
demonstrate that S atoms in FT cores have stronger interactions
with Pb2þ ions and passivate the traps at the perovskite/HTL
interface. As a comprehensive result, a higher Pcc of 97.1% is
achieved by the FT-OMeTPA-based device than 96.2% for the
FB-OMeTPA-based device at short-circuit condition, which is
shown in Figure S16, Supporting Information, implying better
charge extraction ability of FT-OMeTPA.

Table 1. Device performances of PVSCs using FB-OMeTPA and FT-OMeTPA as HTLs under AM1.5G illumination with the intensity of 100mW cm�2.

HTL Scan direction VOC [V] FF [%] JSC [mA cm�2] PCE [%] Average PCEa) [%] integrated JSC [mA cm�2]

FB-OMeTPA Forward 1.11 68.87 16.93 12.90 12.58� 0.47 16.37

Reverse 1.11 76.75 16.91 14.35 13.66� 0.57

FT-OMeTPA Forward 1.09 75.09 20.70 16.95 16.07� 0.52 19.12

Reverse 1.09 78.43 20.50 17.57 16.65� 0.58

a)Average PCE including the standard errors. The statistics is based on ten cells on different substrates for each HTL.

Figure 4. a) Device structure of the inverted PVSCs with FB-OMeTPA or FT-OMeTPA as HTLs. b) Scheme of energy levels of the materials involved in the
inverted PVSCs, the energy level data of the materials are cited from the previous study[28] except FB-OMeTPA and FT-OMeTPA. c) The J–V characteristics
and d) EQE spectra of devices with FB-OMeTPA or FT-OMeTPA as HTLs. e) Stabilized photocurrent measurement of the PVSCs based on FB-OMeTPA
and FT-OMeTPA as HTLs at maximum power point under 1 sun illumination. f ) PCEs normalized to the maximum efficiencies of the devices based on
FB-OMeTPA and FT-OMeTPA, respectively. The PVSCs were all stored in dark and dry air (20% RH) at room temperature without encapsulation.
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To achieve greater understanding of the recombination kinetic
in devices, JSC and VOC are measured by varying the incident
light intensity (Plight) from 9 to 101mW cm�2. Figure 6a shows
the log–log data of JSC versus Plight, and JSC qualitatively follows
the power-law dependence, where JSC∝ Pα light. The exponents
(α) are close to unity for the devices based on both FB-OMeTPA
and FT-OMeTPA, suggesting that the bimolecular recombina-
tion is suppressed at the interfaces between perovskite and trans-
porting layers and almost all carriers are swept out prior to
recombination at short-circuit condition.[28,38] This is in good
agreement with the discussion on Pcc. Figure 6b shows the loga-
rithmic dependence of VOC with incident light intensity (lnPlight).
The slopes for FB-OMeTPA- and FT-OMeTPA-based devices are

1.64 and 1.58 kT q�1, respectively. Usually, the slopes greater
than kT q�1 indicate that Shockley–Read–Hall (SRH) recombina-
tion is involved. Smaller slope of FT-OMeTPA-based device
implies less amount of SRH recombination at open circuit.[39]

The aforementioned results demonstrate that FT-OMeTPA can
passivate the trap state at the interface between perovskite film
and HTL, leading to reduced hysteresis.

Steady-state and time-resolved photoluminescence (PL) are
also measured to investigate the ability of the HTLs to extract
holes. As shown in Figure 6c, comparing with the PL spectra
of neat perovskite film grown on glass, the PL intensity can
be quenched by the introduction of ITO and HTLs, and most
efficiently for FT-OMeTPA, implying the good hole extraction.

Figure 5. a) The stable structures viewed from a axis for the absorption of FB-OMeTPA molecule (the left one) and FT-OMeTPA molecule (the right one)
onto (001)-surface of perovskites MAPbI3. b,c) The total and projected DOS for the two structures in (a). d) The position-resolved total electrostatical
potential along c axis for the two structures in (a). e) The charge density differences between the total system and the sum of the individual components
(i.e., MAPbI3 and FB/FT-OMeTPA molecule) for the two cases in (a). The green (brown) color represents negative (positive) charge density. The isosur-
face is chosen to be at the same value (around 15% of the maximum values).
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Figure 6d shows the results of time-resolved PL decay measure-
ments, and all the curves are fitted by biexponential decay
function (Table 2). Perovskite films grown on glass only and
on ITO exhibit an average decay time (ave. τ) of 240.5 and
90.2 ns, respectively. There is an ave. τ of 70.2 ns for the
perovskite/FB-OMeTPA/ITO structure. In the case of perovskite/
FT-OMeTPA/ITO, it has the shortest ave. τ of 47.5 ns, indicating
the efficient interfacial charge transfer from perovskite to
FT-OMeTPA. The shorter ave. τ is also another evidence for
better trap states passivation than FB-OMeTPA.

In summary, two novel dopant-free HTMs with similar struc-
ture, namely, FB-OMeTPA and FT-OMeTPA, are developed for
inverted PVSCs. Between the two facile synthesized molecules,
FT-OMeTPA possesses a much higher hole mobility than
FB-OMeTPA by the introduction of thiophene unit. Our results
clearly reveal the strong Pb2þ–S interaction at the interface of
FT-OMeTPA/perovskite, which is beneficial for passivating the
defects at the surface of perovskite, leading to the suppressed
recombination of carriers and hysteresis. The good hole extrac-
tion ability and cost of only �$28/g enable FT-OMeTPA a prom-
ising candidate as HTM for efficient low-cost PVSCs.
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