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7-dioctyl[1]benzothieno[3,2-b][1]
benzothiophene (C8-BTBT)-based hole
transporting layer for highly stable perovskite solar
cells with efficiency over 22%†

İsmail Cihan Kaya, ab Resul Ozdemir, c Hakan Usta c

and Savas Sonmezoglu *ad

In this study, for the first time, n–i–p PSCs were fabricated using dopant-free 2,7-dioctyl[1]benzothieno

[3,2-b][1]benzothiophene (C8-BTBT) as the solution-processed hole transporting layer (HTL). The power

conversion efficiency (PCE) of the optimized device with the C8-BTBT film that favored edge-on

molecular alignment was 22.45% with negligible hysteresis. A thinner dopant-free C8-BTBT HTL

effectively protected the perovskite layer from moisture resulting in better shelf-life stability for un-

encapsulated PSCs, which maintained >80% of its initial PCE (after a period of 120 days) at a relative

humidity level of 40–45%. In addition, the C8-BTBT-based PSCs kept their high performance with no

obvious PCE loss at 60 �C for 20 days in the ambient atmosphere and retained 82% of their initial PCE at

85 �C for 10 days. Overall, our findings revealed that a thin solution-processed C8-BTBT HTL plays

a critical role not only in hole extraction and transport but also in greatly improving the ambient and

thermal stability of n–i–p PSCs.
Introduction

Organic–inorganic hybrid perovskite solar cells (PSCs) have
emerged as one of the most promising photovoltaic technolo-
gies in the past decade owing to their very high-power conver-
sion efficiencies (PCEs) and facile low-cost fabrication.1–4

However, long-term ambient instability and thermal instability
still remains the most critical issues to be resolved for
successful commercialization of this technology.5,6 Since
a typical high performance PSC device has a relatively simple
device structure consisting of a perovskite active layer sand-
wiched between charge transporting layers (i.e., the electron
transporting layer (ETL) and hole transporting layer (HTL)),
device instability is generally associated with a degradation in
these layers under various internal/external factors such as
humidity, temperature, oxygen, UV illumination, and ion
diffusion.7–12 Recent studies have demonstrated that organic
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HTL materials could play a considerable role in the stability of
n–i–p PSCs by forming a top protective layer (i.e., physical
barrier against various ambient species) on the perovskite active
lm.13,14 Although HTLs employed in PSCs could also be an
organometallic compound or a conducting polymer, small
molecules have attracted a lot of attention due to their well-
dened structures, facile synthesis/purication, high chemical
purity, and reproducible lm forming ability.15–20 In most of the
high-efficiency PSCs, 2,20,7,70-tetrakis(N,N-di-p-methoxyphenyl-
amine)-9,90-spirobiuorene (spiro-OMeTAD) small molecules
have been used as an HTL material owing to its outstanding
physicochemical/optoelectronic properties.21–24 However,
a spiro-OMeTAD layer suffers from low intrinsic hole mobility,
and hygroscopic p-type dopants (e.g., Li-TFSI and TBP) are
typically required to enhance its electrical properties15,25 for
high photovoltaic performance. The hygroscopic nature of the
dopants generally leads to faster device degradation, and these
dopants have a tendency to migrate into the perovskite active
layer.26–29On the other hand, high synthesis and lm fabrication
costs for spiro-OMeTAD are additional key issues awaiting
a solution.30 Therefore, considerable recent research efforts
have been focused on alternative dopant-free solution-
processable HTL molecules with the ultimate goal of
achieving long-term ambient and thermal stability with high
photovoltaic performance.31–33 An effective dopant-free HTL
molecule would require a combination of several key properties
such as solubility in organic solvents that are orthogonal to
This journal is © The Royal Society of Chemistry 2022
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perovskite, proper frontier orbital energies/topographies, and
good lm forming and hole transport abilities in the undoped
state. To this end, a number of dopant-free HTL molecules with
varied p-architectures (e.g., star-shaped, fused, and donor–
acceptor) and structures have recently been developed to
improve the long-term stability of PSC devices.34–36 The majority
of these molecules are inspired by the spiro-OMeTAD p-struc-
ture and include arylamino moieties. Therefore, a fundamental
question arises as to whether a p-framework without arylamino
units could ever enable PSCs with good device performance and
long-term ambient stability. Considering that there are a large
number of solution-processable semiconducting p-structures
developed in the last three decades with varied
physicochemical/optoelectronic properties for different elds of
optoelectronics and most of these semiconductors are yet to be
explored in PSCs, we envision that a rationally decided high
mobility p-type molecular semiconductor with a wide optical
band gap and relatively simple synthesis/purication could be
a perfect HTL candidate.

Among all the solution-processable p-type molecular semi-
conductors realized to date, dialkyl-substituted [1]benzothieno
[3,2-b][1]benzothiophene (BTBT) derivatives, especially 2,7-
dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT)
(Fig. 1), stand out as a champion semiconductor family with
great lm forming ability, very high hole mobilities (mh ¼ 30–40
cm2 V�1 s�1), stabilized HOMO energy levels (�5.5 eV), and
good ambient stability.37–40 A C8-BTBT lm forms very favorable
metal–semiconductor interfaces with a Au electrode for efficient
charge injection/extraction. The HOMO level of C8-BTBT
matches well with the valence band of perovskites (VB ¼
�5.5 eV for (CsI)0.05(FAPbI3)0.85(MAPbBr3)0.15) for efficient hole
extraction. BTBT-based small molecules have found widespread
application in various optoelectronic devices including organic
eld-effect transistors,41,42 photodetectors43 and solar cells.44 C8-
BTBT has a fused rigid p-system with structural symmetry and
high coplanarity enabling large frontier orbital coefficients on
the sulfur atoms to form a favorable electronic structure in the
solid-state for efficient hole transport. The phene-like p-elec-
tronic structure of the BTBT core results in wide optical band
gaps (3.5 eV) and high LUMO energy levels (�2.0 eV) that could
Fig. 1 (a) The chemical structure of C8-BTBT and its favorable physicoch
(b) The device structure and the energy level diagram of the n–i–p pe
BTBT/Au) fabricated in this study showing the schematic of exciton for
levels of spiro-OMeTAD are provided for comparison.

This journal is © The Royal Society of Chemistry 2022
effectively block undesired electron ow from the perovskite
active layer (CB ¼ �3.8 eV for (CsI)0.05(FAPbI3)0.85(-
MAPbBr3)0.15).37 The good hydrophobicity of the spin-coated C8-
BTBT lm originates from its densely packed microstructure
with alkyl substituents pointing towards the air-lm interface,
and it could be very benecial to improve the ambient stability
of the perovskite active layer, especially when it is used in n–i–p
device architecture. Using this hydrophobicity, some of us have
previously demonstrated that micro-/nano-structured C8-BTBT
lms could enable the formation of nanoscopic thin metallic
lms for highly efficient surface-enhanced Raman spectroscopy
(SERS).45 From a material production point of view, unlike the
majority of high mobility semiconductors, the synthesis of C8-
BTBT is a relatively straightforward three-step transition-
metal-free process involving the commonly used Friedel–
Cras acylation/Wolff–Kishner reduction reactions (Scheme S1,
ESI†). Also, without any tedious purication for the interme-
diate compounds, single chromatographic purication in the
nal step is sufficient to reach an electronic grade purity level
for C8-BTBT. We are capable of synthesizing highly pure C8-
BTBT on the multigram scale in our laboratory. Despite all
promises, to the best of our knowledge, C8-BTBT has never been
studied in n–i–p PSCs as an HTL. A detailed literature search
revealed that C8-BTBT has been used with CH3NH3PbI3 perov-
skite in heterojunction and bilayer architectures to fabricate
photodetectors,46–48 which showed efficient extraction/transport
of photogenerated holes in the perovskite conduction band due
to favorable C8-BTBT/perovskite and Au/C8-BTBT/perovskite
interfaces. In another study, C8-BTBT has been exploited to
replace PEDOT:PSS in p–i–n PSCs to improve the ambient
stability of PSCs.44 However, in this device architecture, the C8-
BTBT layer was designed to be under the perovskite active layer
and, therefore, the contribution of its hydrophobic nature to
device stability remained limited (�20% drop in PCE in only
seven days). Also, very recently C8-BTBT has been used as an
interfacial defect passivation layer between the perovskite and
the spiro-OMeTAD layers in n–i–p PSCs.49 It was revealed that
C8-BTBT reduced nonradiative recombination at the surface
and improved charge carrier collection and transport, which in
the end led to improved PCEs. In this study, however, the
emical/electronic properties for use as the HTL in perovskite solar cells.
rovskite solar cell (FTO/c-SnO2/(CsI)0.05(FAPbI3)0.85(MAPbBr3)0.15/C8-
mation/dissociation and charge transport. The frontier orbital energy

J. Mater. Chem. A, 2022, 10, 12464–12472 | 12465

https://doi.org/10.1039/d2ta01541b


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
1 

Ju
ne

 2
02

2.
 D

ow
nl

oa
de

d 
by

 A
bd

ul
la

h 
G

ul
 U

ni
ve

rs
ity

 o
n 

2/
28

/2
02

3 
7:

23
:1

7 
A

M
. 

View Article Online
utilization of spiro-OMeTAD as the HTL was still limiting the
thermal stability of the devices.

Herein, we develop a highly efficient and stable n–i–p
structured perovskite solar cell by designing a dopant-free HTL
based on C8-BTBT, which synergistically integrates several key
properties for use in perovskites. Along with its outstanding
power conversion efficiency of 22.45%, dopant-free C8-BTBT
HTL-based perovskite solar cells exhibited an excellent long-
term stability (>80% of PCEinitial aer 120 days) at 40–45%
relative humidity (RH) without encapsulation at room temper-
ature. This is remarkable especially when compared with the
control devices fabricated with the same device architecture
with a benchmark doped spiro-OMeTAD HTL (�19% of
PCEinitial aer 120 days). Moreover, C8-BTBT also improved the
thermal stability of the solar cells, which maintained their
initial PCE aer aging at 60 �C for 20 days. In addition, the
devices fabricated with C8-BTBT retained 82% of their initial
PCE at 85 �C for 10 days, whereas the PCE of the control device
fabricated with a doped spiro-OMeTAD HTL decreased sharply
at 85 �C.
Results and discussion

The synthesis of C8-BTBT was carried out in three steps in
accordance with a reported procedure (Scheme S1, ESI†).37,50 A
white crystalline C8-BTBT solid with high chemical purity was
obtained in 77% yield (nal step) by ash column chromatog-
raphy using silica gel/hexane as the stationary/mobile phases.
The molecular structure and purity of C8-BTBT were veried by
Fig. 2 Cross-sectional FE-SEM images of the completed device with (a)
spiro-OMeTAD and (d) C8-BTBT HTLs.

12466 | J. Mater. Chem. A, 2022, 10, 12464–12472
1H/13C NMR spectroscopies, mass spectrometry, and elemental
analysis (Fig. S1–S3, ESI†).

In order to investigate the hole transporting layer charac-
teristics of C8-BTBT, n–i–p PSCs were fabricated with the device
architecture of uorine-doped tin-oxide (FTO)/c-SnO2/
(CsI)0.05(FAPbI3)0.85(MAPbBr3)0.15/HTL/Au (Fig. 1(b)). A dopant-
free C8-BTBT layer was spin-coated onto the perovskite lm
from chlorobenzene solution, and also comparative PSC devices
were fabricated with a doped spiro-OMeTAD HTL. The cross-
sectional SEM images of the completed devices using doped
spiro-OMeTAD and dopant-free C8-BTBT are shown in Fig. 2(a)
and (b), respectively. The thicknesses of all layers except the
HTLs are the same in both PSC devices. The thickness of the
spiro-OMeTAD layer is �200 nm whereas that of C8-BTBT is
only �50 nm. Despite having a much lower thickness, C8-BTBT
uniformly covers the perovskite surface, which could effectively
suppress parasitic recombination and minimize current
leakage. The surface morphologies for spiro-OMeTAD and C8-
BTBT lms deposited on the perovskite layer are shown in
Fig. 2(c) and (d), respectively, which indicate very homogeneous
and uniform coating on the perovskite surface. On the other
hand, despite the pinhole-free morphology in both HTLs, some
white particles are observed on the surface of spiro-OMeTAD
(shown by red circles in Fig. 2(c)) that can be ascribed to the
aggregation of the Li-TFSI additive.51

The microstructural and morphological characterization
studies of the current HTLs on the (FTO)/c-SnO2/(CsI)0.05(-
FAPbI3)0.85(MAPbBr3)0.15 substrates were performed by using q–

2q out-of-plane X-ray diffraction (XRD) scans (Fig. 3(a)) and
spiro-OMeTAD and (b) C8-BTBT HTLs. Top-view FE-SEM images of (c)

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) q–2q out-of-plane X-ray diffraction (XRD) scans and (b and c) tapping mode atomic force microscopy (AFM) topographic images for
(FTO)/c-SnO2/(CsI)0.05(FAPbI3)0.85(MAPbBr3)0.15/spiro-OMeTAD (bottom XRD scan in (a) and (b)) and (FTO)/c-SnO2/(CsI)0.05(FAPbI3)0.85(-
MAPbBr3)0.15/C8-BTBT (top XRD scan in (a) and (c)) substrates. The crystalline planes in the out-of-plane direction for the C8-BTBT and spiro-
OMeTAD hole transporting layers (HTL) (blue shaded area) and for the perovskite layer (brown shaded area) are shown in the XRD scans. The
scale bars in the AFM images denote 1 mm. (d) A schematic of the edge-on oriented crystalline C8-BTBT HTL vs. the amorphous spiro-OMeTAD
HTL in the out-of-plane direction with respect to the underlying perovskite layer. Note that the HTL film thickness in (d) is not to scale.
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tapping mode atomic force microscopy (AFM) (Fig. 3(b) and (c)),
which revealed that C8-BTBT forms a highly crystalline thin lm
with grain sizes of �0.25–1 mm whereas the doped spiro-
OMeTAD lm consists of mainly amorphous granular
domains (�0.1–0.4 mm in size). In both XRD scans, multiple
diffraction peaks in the relatively high angle region (2q z 10–
40�, the brown shaded area in Fig. 3(a)) corresponding to varied
crystalline planes of the perovskite layer ((001), (011), (111),
(002), (012), and (112)) were clearly evident. In the low angle
region (2q < 10�), while the spiro-OMeTAD HTL did not show
any out-of-plane microstructural ordering (i.e., amorphous),
a strong diffraction peak at 2q ¼ 3.10� was observed for the C8-
BTBT HTL along with its higher order peaks of (002) and (003).
This indicates the presence of a highly crystalline long-range
ordered C8-BTBT microstructure in the HTL. On the basis of
the simulated powder XRD pattern (Fig. S4†) using the reported
single-crystal structure of C8-BTBT,37,52 an edge-on molecular
orientation (BTBT p-backbone and octyl chains aligned in the
out-of-plane direction) is proposed in the current HTL on the
perovskite surface (Fig. 3(d)). This particular molecular orien-
tation and densely packed morphology should be highly favor-
able for effective protection of the perovskite layer against
ambient species via hydrophobicity (vide infra).

We rst optimized the C8-BTBT spin-coating solution
concentration. As shown in Fig. 4(a), the power conversion
efficiency (PCE) of PSCs increased with increasing the solution
concentration of C8-BTBT up to 15 mgmL�1. This improvement
can be explained by better molecular surface coverage on the
perovskite lm at higher concentrations, which prevents
current leakage and provides a higher shunt resistance.
However, the PCE was found to decrease again going to higher
concentrations (15 / 20 mg mL�1), which is attributed to the
formation of a higher series resistance across the solar cell with
This journal is © The Royal Society of Chemistry 2022
increased thickness of the HTL.53 As a result, the optimum hole
transporting material (HTM) solution concentration was found
to be 15 mg mL�1, which was used for further device fabrica-
tions. As compared to the state-of-the-art spiro-OMeTAD HTM,
which is typically used at a very high concentration of 90 mg
mL�1, such a low concentration for C8-BTBT exhibits an
outstanding cost-effectiveness for device fabrication.

The current density–voltage (J–V) curves and photovoltaic
parameters of the best performing PSCs fabricated with C8-
BTBT and doped spiro-OMeTAD are shown in Fig. 4(b) and
Table 1, respectively. The dopant-free C8-BTBT HTL-based solar
cells achieved a PCE of up to 22.45% with an open-circuit
voltage (VOC) of 1145 mV, a short-circuit current (JSC) of 24.21
mA cm�2, and a ll factor (FF) of 82%. These values are rela-
tively higher compared to the reference device fabricated with
the same architecture with doped spiro-OMeTAD. The doped
spiro-OMeTAD HTL-based PSCs exhibited a VOC of 1094 mV,
a JSC of 24.02 mA cm�2, and an FF of 75%, yielding a PCE of
19.84%. The better photovoltaic performance of the C8-BTBT
based cell was associated with the increased VOC and FF
values but there was almost no change in the JSC. The
improvement in photovoltaic parameters of the cell cannot be
explained by just one mechanism. Although it has been proven
that the VOC of PSCs is independent of the HOMO level of the
HTMs,54 it is known that the minimizing the energy barriers
between the charge transporting and perovskite layers
contributes to the VOC and FF of the cells.55,56 The lower HOMO
level of C8-BTBT (�5.5 eV)44 than that of spiro-OMeTAD (�5.0)57

provides a better match with the valence band of the perovskite
layer (��5.5 eV).58 Therefore, the low energy barriers between
C8-BTBT and the perovskite layer contributes to efficient hole
extraction. In addition, the high LUMO energy level of C8-BTBT
(�2.0 eV) reduces charge carrier recombination at the interface.
J. Mater. Chem. A, 2022, 10, 12464–12472 | 12467
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Fig. 4 (a) The obtained PCE values as a function of the C8-BTBT concentration. (b) J–V curves, (c) EQE curves and integrated JSC values, and (d)
MPP tracking for 200 s of the best performing devices fabricated with C8-BTBT and spiro-OMeTAD HTLs. (e) Steady-state and (f) time-resolved
PL (TRPL) spectra of the perovskite films with and without HTLs.
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The enhancement in the VOC and FF of the cell can also be
attributed to the defect passivation effect of the C8-BTBT
molecules on the surface and the grain boundary of the perov-
skite layer due to the chemical interactions.49 Moreover, higher
hole mobility of C8-BTBT than that of spiro-OMeTAD is another
factor that might lead to the enhancement of the FF.

It is worth noting that Zhao et al. recently employed C8-BTBT
as an interfacial layer between the perovskite and spiro-
OMeTAD lms.49 In that study, C8-BTBT clusters were irregu-
larly accumulated on the perovskite surface, and some of the
C8-BTBT on the surface was dissolved in spiro-OMeTAD solu-
tion during the spiro-OMeTAD coating step. Moreover, the
utilization of spiro-OMeTAD as the HTL was still limiting the
thermal stability of the devices. However, in our study, a 50 nm
thick solution-processed C8-BTBT lm was employed as the
only HTL on the perovskite layer. The continuous and uniform
C8-BTBT lm formation on the surface of the perovskite layer
provided better defect passivation on the surface and grain
boundary of the perovskite layer. Moreover, the fabrication of
PSCs without the spiro-OMeTAD layer reduced the device cost,
simplied processing, and improved the stability of the cell
(vide infra).
Table 1 Photovoltaic parameters of the best performing devices

HTL JSC (mA cm�2)

Spiro-OMeTAD Reverse 24.02
Forward 23.99

C8-BTBT Reverse 24.21
Forward 24.08

12468 | J. Mater. Chem. A, 2022, 10, 12464–12472
On the other hand, one of the key issues in PSCs is the
mismatch of J–V curves between the forward (JSC to VOC) and
reverse (VOC to JSC) scans, named as J–V hysteresis. As is clearly
seen in Fig. 4(b) and Table 1, there were differences between the
forward and reverse J–V scans for both solar cells. The hysteresis
index (HI) of the cells was calculated according to the following
equation:59

HI ¼ JRSð0:8VOCÞ � JFSð0:8VOCÞ
JRSð0:8VOCÞ (1)

The HIs for the dopant-free C8-BTBT and doped spiro-
OMeTAD HTL-based devices were calculated to be 0.018 and
0.027, respectively. This indicates a much smaller hysteresis for
dopant-free C8-BTBT HTL-based devices, which could be
explained with its better matched HOMO level and very high
LUMO energy level that together prevents hole accumulation at
the HTL-perovskite interface and undesired back electron
transport from the perovskite active layer. Moreover, the
dopant-free nature of the C8-BTBT HTL helps to improve the HI
since dopants such as Li-TFSI are known to deteriorate hyster-
esis in PSCs due to ion migration (e.g., Li+).60
VOC (mV) FF PCE (%) HI

1094 0.75 19.84 0.027
1065 0.73 18.71
1145 0.82 22.45 0.018
1130 0.80 21.76

This journal is © The Royal Society of Chemistry 2022
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The external quantum efficiency (EQE) spectra and integrated
current values for the best performing devices are shown in
Fig. 4(c). Both devices displayed a prominent quantum yield in
the 300–800 nm spectral region. The corresponding integrated JSC
values were determined to be 22.94 and 23.56 mA cm�2 for the
cells fabricated with doped spiro-OMeTAD and dopant-free C8-
BTBT HTLs, respectively. These values were in agreement with
the JSC values obtained from J–Vmeasurements. Furthermore, by
holding the cells under maximum power point tracking (MPPT)
at a constant bias-voltage, we performed stabilized power output
(SPO) measurements over time. As seen in Fig. 4(d), not only
dopant-free C8-BTBT but also doped spiro-OMeTAD HTL-based
devices showed stable outputs with PCEs of 22.1% and 19.2%,
respectively, which are consistent with the values obtained from
the J–V curves. In addition, the reproducibility of the PSCs was
investigated by measuring the J–V of the devices, and the histo-
gram charts of the cells with digital photographs are given in
Fig. S5.† The efficiency distribution for the devices fabricated
with dopant-free C8-BTBT was narrower than the doped spiro-
OMeTAD HTL-based devices, indicating a better reproducibility
for C8-BTBT. The difference probably originates from the fact that
while dopant-free C8-BTBT HTL formation with the required
Fig. 5 (a) Thermal stability tests of the cells stressed at different tempe
encapsulated devices fabricated with the spiro-OMeTAD and C8-BTBT
measurements of HTLs as a function of water loading time.

This journal is © The Royal Society of Chemistry 2022
electronic structure is quite reproducible since it does not require
additional doping/oxidation, the formation of an electronic
structure for the doped spiro-OMeTADHTL relies on atmospheric
oxidation that may show variations.

In order to gain more insights into the hole extraction
properties of dopant-free C8-BTBT and doped spiro-OMeTAD
HTLs, comparative steady-state photoluminescence (PL) and
time-resolved photoluminescence (TRPL) measurements were
carried out. As shown in Fig. 4(e), the intensity of the strong PL
peak observed for bare perovskite was found to remarkably
decrease (�10–15�) when coated with doped spiro-OMeTAD or
dopant-free C8-BTBT lms. Similarly, TRPL measurements
showed much shorter PL decay lifetimes for HTL-coated
perovskite active layers in Fig. 4(f). The average PL lifetime
(tave) of pristine perovskite was about 82.12 ns which then
decreased to 25.82 ns and 15.35 ns when the spiro-OMeTAD and
C8-BTBT lms was used as an HTL, respectively. These results
revealed that both materials effectively extract the holes from
the perovskite layer. Moreover, the shorter PL lifetime of
perovskite/C8-BTBT than that of the perovskite/spiro-OMeTAD
sample indicated that the C8-BTBT layer effectively reduced
nonradiative recombination sites at the interface.49
ratures. (b) The shelf life test in the ambient atmosphere for the un-
HTLs (4 devices were monitored for each case). (c) The contact angle
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These results together revealed that photogenerated excitons
in the perovskite layer could be effectively quenched by an
adjacent HTL of doped spiro-OMeTAD or dopant-free C8-BTBT.
Since there are no spectral overlaps between the perovskite's PL
spectrum and HTL’s absorption spectra, the quenching could
not be through energy transfers but rather through very efficient
perovskite-to-HTL interfacial hole extractions. It is noteworthy
that, as expected from its higher PCE values in PSCs, dopant-
free C8-BTBT coated perovskite showed slightly more efficient
PL quenching and faster PL decays as compared to the doped
spiro-OMeTAD HTL, which is ascribed to the reduction of
interfacial energy barriers between the HTL and perovskite due
to the matched HOMO level of C8-BTBT with the perovskite
layer and the passivation effect of the C8-BTBT layer.

Finally, long-term thermal stabilities at two different
temperatures (60 �C and 85 �C) and self-life stabilities of the un-
encapsulated devices in an ambient environment (�40–45%
RH) were investigated by periodically monitoring the J–V curve
of the cells. As shown in Fig. 5(a), while the C8-BTBT based cell
maintained its initial PCE at 60 �C for 20 days, the spiro-
OMeTAD based cell lost 17% of its initial PCE which is prob-
ably due to the Au migration through to the spiro-OMeTAD at
60 �C.61,62 In addition, the PCE of the spiro-OMeTAD based cell
decreased drastically in 10 days when the temperature
increased to 85 �C. It was not surprising when considering that
the glass transition temperature (Tg) of spiro-OMeTAD
decreases from �154 �C to �90 �C with the addition of Li-
TFSI and TBP.63 Therefore, crystallization of spiro-OMeTAD
during the thermal aging experiment at 85 �C could decrease
the hole mobility of spiro-OMeTAD.64 On the other hand, the
C8-BTBT-based cell lost only 18% of its initial PCE due to the
more favorable thermal characteristics of C8-BTBT compared to
doped spiro-OMeTAD.41

Moreover, while dopant-free C8-BTBT HTL-based devices
maintained >80% of its initial efficiency aer 120 days of
storage at room temperature in ambient air (Fig. 5(b)), doped
spiro-OMeTAD HTL-based solar cells were able to show only
�19% of its initial value. In order to understand the effect of
hydrophobicity on the stability of PSCs, contact angle
measurements as a function of water loading time were carried
out. As shown in Fig. 5(c), the water contact angles for dopant-
free C8-BTBT and doped spiro-OMeTAD lms were measured to
be 95.6� and 82.1�, respectively. While the water contact angle
on the dopant-free C8-BTBT lm remained almost the same
aer 100 s, that on doped spiro-OMeTAD lms decreased to
75.7�. These results revealed the hydrophobic nature of the
dopant-free C8-BTBT lm. This is due to its densely packed
microstructure with alkyl chains pointing towards the air-HTL
interface, which acts as a physical barrier on the perovskite
active layer against ambient species (especially moisture)
penetration.65

Conclusions

In summary, C8-BTBT molecules that could be synthesized by
a relatively straightforward three-step transition-metal-free
process were applied for the rst time as a dopant-free HTL in
12470 | J. Mater. Chem. A, 2022, 10, 12464–12472
n–i–p PSCs. PSCs with PCEs of around 22.45% with negligible
hysteresis were developed by using C8-BTBT molecules as the
HTL. Furthermore, C8-BTBT improved ambient and thermal
stability of the PSCs. While the reference cells with doped spiro-
OMeTAD retained only 19%, 83%, and 22% of their initial PCE
values at room temperature (120 days), at 60 �C (20 days), and at
85 �C (10 days), respectively, C8-BTBT-based PSCs maintained
>80%, 99%, and 82% of their initial PCE values at room
temperature (120 days), at 60 �C (20 days), and at 85 �C (10 days),
respectively. Microstructural, morphological, and photo-
physical characterization studies revealed that dopant-free
hydrophobic C8-BTBT thin lm serves as a promising HTL to
improve the ambient and thermal stability of PSCs. In a broader
sense, our ndings herein clearly demonstrate the outstanding
potential of wide optical band gap BTBT-based semiconducting
p-systems for highly stable dopant-free perovskite solar cell
applications. Future molecular design efforts on the BTBT p-
system, such as with side-chain engineering or polar/electron-
donating/-withdrawing group functionalization, could further
tune a dopant-free HTL microstructure and physicochemical/
optoelectronic properties and may open up new avenues to
simultaneously realize high efficiency and ambient stability.
Particularly, a BTBT-based molecular semiconductor with
a much lower density of s-insulating alkyl chains and a polar
functional group could facilitate face-on molecular growth at
the perovskite–HTL interface for improved vertical charge
extraction and transport characteristics.
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