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Rational design of D–p–D hole-transporting
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Organic–inorganic halide perovskites (OIHPs) are nature-abundant raw materials with prospects as a

low-cost renewable energy source encouraged by the solution-processed capability of OIHPs. However,

the application of an expensive hole-transporting material (HTM), such as 2,20,7,70-tetrakis (N,N-di-p-

methoxyphenyl-amine)-9,90-spirobifluoren (Spiro-OMeTAD), in the most efficient OIHP solar cells limits

their commercialization at a large scale. Here, a series of D–p–D hole-transporting materials are

designed and synthesized from inexpensive starting materials with high yield via simple synthetic routes

for application in OIHP solar cells. It is found that strengthening the conjugation by inserting a

conjugated bridge of (3,7-di(thiophen-2-yl)dibenzo[b,d]thiophene) (QY3) in the synthetic molecule,

leads to a higher hole mobility and deeper HOMO level, resulting in an increased fill factor, improved

open-circuit voltage and increased power conversion efficiency of 19.28%, which is comparable to that

of OIHP solar cells based on Spiro-OMeTAD (19.30%). The results show that QY3-HTM could be a

promising candidate for low-cost OIHP solar cells. The present work provides a guideline for rational

design via prudent control of the core units of the hole transport materials for application in low-cost

OIHP solar cells.

1. Introduction

Within the last decade, substantial progress has been made in
the field of organic–inorganic hybrid perovskite (OIHP) solar
cells due to their impressive power conversion efficiency (PCE),
competitive low fabrication cost and ease of processing.1–4 Ever
since the pioneering work by Park reporting the first solid-state
OIHP solar cells based on a conventional structure (n–i–p) with
a PCE of 9.7% in 2011,5 much research attention has been
focused on controlling the perovskite composition,6,7

morphology,8,9 and hole and electron transport layers (HTLs
and ETLs).10–13 Comprehensive improvements in all these areas
have resulted in the current PCE record of 25.6%.14 This rapid
progress is very encouraging for the future commercializa-
tion of OIHP solar cells. State-of-the art HTL materials are
an essential part of OIHP solar cells, and are responsible
for extracting/transporting the holes at the perovskite/hole-
transporting material (HTM) interface and preventing moisture
penetration, leading to enhancement in the performance and
stability of the OIHP solar cells. To date, the small molecule 2,20,7,70-
tetrakis (N,N-di-p-methoxyphenyl-amine)-9,9 0-spirobifluoren

(named Spiro-OMeTAD) is the most representative HTL in
high-performance OIHP solar cells. Unfortunately, the tedious
synthesis with low yield and time-consuming purification of
Spiro-OMeTAD seriously hinder its potential in large-scale
industrial applications of OIHP solar cells15. Therefore, it is
highly desirable to develop cost-effective synthetic strategies
and efficient alternatives to Spiro-OMeTAD to achieve high PCE
and long-term stability of OIHP devices. This has stimulated
great research efforts aimed at developing various types of
HTMs by means of facile synthetic routes, such as small
molecules,15,16 polymers17,18 and inorganic HTMs.19,20 In com-
parison to polymeric and inorganic HTMs, small-molecule-
based HTMs hold the advantages of well-defined chemical
structure, facile synthetic route and handy batch-to-batch
reproduction21. Recently, small-molecule-based HTMs with a
D–p–D structure, where D indicates an electron-donating group
and p is a conjugated bridge, have been studied extensively due
to their outstanding hole-transporting capability through their
strong intermolecular p–p stacking interaction in solid-state
thin films.22–25 Moreover, the hole-transporting properties and
molecular interaction of D–p–D-based HTMs could be ration-
ally modified in accordance with the p-conjugation within the
synthetic molecules. However, systematic studies on the selec-
tion of small-molecule-based HTMs with optimal conjugated
bridge for efficient hole extraction and transportation are still
lacking.
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In this work, we present three novel D–p–D-based
HTMs employing 9H-fluorene, dibenzo[b,d]thiophene and 3,7-
di(thiophen-2-yl)dibenzo[b,d]thiophene p bridges as the center
core units, linked with electron-donating groups of diphenyla-
mine for highly efficient OIHP devices (abbreviated as QY1,
QY2, and QY3). It is noted that all the HTMs investigated are
synthesized from relatively inexpensive raw materials with high
yields. Through prudent control over the core units of the p
bridge, the hole-transporting performance of D–p–D-based
HTMs can be effectively managed via a well-established p-
conjugated bridge. Our systematic study demonstrates the
influence of the p-conjugated bridge on the optoelectronic
and hole transport properties, and highlights the importance
of the p-conjugated bridge in enhancing the related perfor-
mance of OIHP solar cells. We find that the D–p–D-based HTM
with QY3 shows better hole mobility than its counterparts, and
is even comparable to the conventional Spiro-OMeTAD. As a
result, our findings not only offer a facile and low-cost D–p–D-
based HTM for efficient OIHP solar cells, but also rationalize
the design of highly efficient and stable D–p–D-based HTMs for
OIHP solar cell applications in the future.

2. Experimental
2.1 Synthetic routes

The synthetic routes of QY1, QY2 and QY3 are described in the
ESI.†

2.2 Device fabrication

The fluorine-doped tin oxide (FTO) substrates were etched with
zinc powder and HCl acid (concentration 4 M) to form the
desired electrode pattern. The substrates were cleaned in an
ultrasonic bath for half an hour in the following order: deio-
nized water, acetone and ethanol. A compact layer of TiO2,
intended to block the recombination current at the FTO sup-
port, was prepared on cleaned FTO substrate by spray pyrolysis
of solution (0.2 M titanium isopropoxide and 2 M acetylacetone
in isopropanol). Afterwards, a layer of mesoporous TiO2 parti-
cles were spin-coated on the FTO glass with a thickness of
200 nm. The perovskite films were deposited from a precursor
solution containing formamidinium iodide (FAI) (1 M), PbI2

(1.1 M), methylammonium bromide (MABr) (0.2 M) and PbBr2

(0.2 M) in anhydrous DMF : DMSO = 4 : 1 (v/v). The perovskite
solution was spin-coated in a two-step program: first at
1000 r.p.m. for 10 s and then at 5000 r.p.m. for 30 s. During
the second step, 120 mL of chlorobenzene were poured onto the
spinning substrate 12 s before the end of the program. The
substrates were then annealed at 100 1C for 1 h in a nitrogen-
filled glove box. Here, the QY1, QY2, QY3 and Spiro-OMeTAD/
chlorobenzene solutions were prepared with addition of
9.05 mL lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI),
520 mg Li-TFSI in 1 mL acetonitrile, 15.80 mL tert-butylpyridine
(tBP) and 3.92 mL FK209 (300 mg FK209 in 1 mL acetonitrile).
As a last step 80 nm of gold top electrode were thermally
evaporated under high vacuum.

2.3 Characterizations

Current–voltage characteristics were measured under
100 mW cm�2 (AM 1.5G illumination) using a Newport solar
simulator (model 91160) and a Keithley 2400 sourcemeter. A
certified reference solar cell (Fraunhofer ISE) was used to
calibrate the light source for an intensity of 100 mW cm�2.
Incident photon-to-current conversion efficiency (IPCE) spectra
were recorded using a computer-controlled setup consisting of
a Xenon light source (Spectral Products ASB-XE-175), a mono-
chromator (Spectra Products CM110), and a potentiostat (Lab
Jack U6 DAQ board), calibrated by a certified reference solar cell
(Fraunhofer ISE). Electron lifetime measurements were per-
formed using a white LED (Luxeon Star 1 W) as the light source.
The photocurrent decay was determined by monitoring photo-
current transients by applying a small square-wave modulation
to the base light intensity. The voltage scan rate was 10 mV s�1

and no device preconditioning, such as light soaking or forward
voltage bias applied for a long time, was applied before starting
the measurement. The cells were masked with a black metal
mask limiting the active area to 0.0625 cm2 and reducing the
influence of the scattered light. 1H NMR spectra were recorded
using a Bruker Ultrashield 400 Plus NMR spectrometer. High-
resolution matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectra were obtained with a Bruker
Autoflex MALDI-TOF mass spectrometer. 13C NMR spectra were
recorded on a VNMRS 600 (Agilent, USA) spectrophotometer.
The cross-sectional scanning electron microscopy (SEM) image
of the device was characterized by an FEI Nova NanoSEM 450.
Atomic force microscopy (AFM) images were collected in air on
a scanning probe microscope (Being Nano-Instruments, Ltd,
CSPM5500) using a tapping mode. Photoluminescence (PL) and
time-resolved PL (TRPL) spectra were recorded on an FLS 1000
fluorescence spectrometer. Contact-angle measurements were
conducted by a JC20002D1.

3. Results and discussion
3.1 Optical and electrochemical properties

To investigate the influence of the D–p–D-based HTMs on
device performance, we fabricated solar cell devices with QY1-,
QY2- and QY3-based OIHP films on a planar device architec-
ture of FTO/compact titanium dioxide (cp-TiO2)/mesopores
TiO2 (mp-TiO2)/(FAPbI3)0.85(MAPbBr3)0.15/HTLs/Au (Fig. 1(a)).
The molecular structures of QY1, QY2 and QY3 are shown in
Fig. 1(b). For comparison, we intentionally inserted a sulfur
atom with a lone pair of electrons in QY2 to enhance the
conjugation of QY1 without changing the p-bridge conjugation
length. To gain further insight into the effect of p-conjugated
bridge length on the resulting OIHP solar cells, we extended the
length of the p-bridge conjugation (see QY3) by inserting two
thiophene groups based on QY2. The detailed synthetic routes
are described in Scheme S1 (ESI†). The synthetic cost of the
QY-HTMs are listed in Tables S1–S5 (ESI†).

The maximum absorption peaks (lmax) of QY1, QY2, QY3
and Spiro-OMeTAD are 364 nm, 371 nm, 427 nm and 384 nm,
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respectively, as shown in Fig. 2(a). The gradual red shift of the
lmax is attributed to extending the p-conjugation in the central
scaffold by inserting the sulfur atom and the longer p-bridge,
which has proven to favour the intramolecular charge
transfer.26 Additionally, all of the QY-HTMs show weak absorp-
tion capacities in the visible region, implying that the HTLs
would not compete with the perovskite film for light absorption
in OIHP solar cells. A similar red shift tendency for the
photoluminescence (PL) peaks of QY1 (lmax = 424 nm), QY2
(lmax = 440 nm), QY3 (lmax = 505 nm) and Spiro-OMeTAD
(lmax = 433 nm) are observed, as shown in Fig. 2(b), which is

consistent with the results of UV-visible absorption. The optical
band gaps (Eg) of QY1, QY2, QY3 and Spiro-OMeTAD were
estimated to be 3.05 eV, 3.00 eV, 2.63 eV and 2.98 eV, respec-
tively, as determined from the intersection of the normalized
UV-visible absorption and PL spectra. The highest occupied
molecular orbital (HOMO) energy levels of QY1 (�5.10 eV),
QY2 (�5.11 eV), QY3 (�5.12 eV) and Spiro-OMeTAD (5.09 eV)
were determined from the differential pulse voltammetry
results, as shown in Fig. 2(c).27 The lowest unoccupied molecular
orbital (LUMO) energy levels of QY1 (�2.05 eV), QY2 (�2.11 eV),
QY3 (�2.94 eV) and Spiro-OMeTAD (�2.11 eV) were calculated

Fig. 1 (a) Schematic illustration of conventional planar OIHP solar cells. (b) Chemical structures of the studied molecules QY1, QY2 and QY3,
respectively.

Fig. 2 (a) Normalized UV-visible absorption spectra of Spiro-OMeTAD, QY1, QY2 and QY3 in CH2Cl2 solution. (b) Normalized PL spectra of Spiro-
OMeTAD, QY1, QY2 and QY3 in CH2Cl2 solution. (c) Normalized differential pulse voltammetry results of Spiro-OMeTAD, QY1, QY2 and QY3. (d) Energy
level diagram of individual layers used in OIHP solar cells. (e) J–V curves obtained from hole-only FTO/PEDOT:PSS/HTLs/Au devices.
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from the formula of ELUMO = EHOMO + Eg
28. The calculated band

diagram of the different components in OIHP devices and the
corresponding photophysical and electrochemical data for
QY1, QY2 and QY3 are displayed in Fig. 2(d) and summarized
in Table 1. We found that a deeper HOMO level is obtained as
we enhance the conjugation in the core center, from QY1 to
QY3. The deeper HOMO energy level in QY3 can be assigned to
the insertion of a conjugated p-bridge into the backbone of
QY3.29 All the HOMO levels of QY-HTMs are well aligned at the
interface of perovskite/Au. In addition, the LUMO values of the
HTLs fulfil the requirement of preventing electron backflow
from the perovskite film to the counter electrodes. To investi-
gate the influence of the various p-conjugations on the hole
mobility, a space-charge-limited current analysis via the hole-
only device was performed (Fig. 2(e)). The hole mobilities of QY-
HTMs and Spiro-OMeTAD were evaluated using the Mott–

Gurney equation J ¼ 9

8
e0erm

V2

d3
, where J is the current density,

eo is the vacuum permittivity (8.85 � 10�12 F m�1), er is the
dielectric constant of the material (organic film usually takes
the value 3), m is the hole mobility, V is the applied bias, and d is

the film thickness, respectively.30,31 Compared to the hole
mobility of QY1 (1.10 � 10�4 cm2 V�1 s�1) and QY2
(1.98 � 10�4 cm2 V�1 s�1), QY3 exhibits a higher hole mobility
of 2.13 � 10�4 cm2 V�1 s�1, demonstrating that strengthening
the p-conjugation in the core center for D–p–D-based HTMs can
efficiently increase the hole mobility and promote hole trans-
portation. This implies that the high mobility would allow QY3
to be a potential alternative to Spiro-OMeTAD.

3.2 Surface morphology

We also characterized the morphology of QY-HTMs over the
OIHP films using AFM and SEM. The top view AFM and SEM
images shown in Fig. 3 and clearly show that all the QY-HTL-
treated OIHP films produce full coverage and pin-hole-free
capping layers over the perovskite films. The surface roughness
of the OIHP film is greatly reduced, from 16.9 nm to 12.9 nm,
12.1 nm and 10.7 nm when QY1, QY2 and QY3 were applied,
respectively. The results indicate that QY3 shows a more uni-
form OIHP film than QY2 and QY1, which would be able to
contribute to the hole transport in the device, and stability.

3.3 Device performance

Fig. 4(a) presents the current density–voltage (J–V) curves of the
Spiro-OMeTAD- and QY-HTM-modified OIHP devices measured
under standard AM 1.5G illumination in ambient conditions,
and the corresponding photovoltaic parameters are summar-
ized in Table 2. The best QY1-modified OIHP devices display
PCE, open-circuit voltage (Voc), current density ( Jsc) and fill
factor (FF) values of 18.23%, 1.09 V, 22.54 mA cm�2 and
73.79%, respectively. QY2-modified OIHP devices show an
increased FF and Voc, resulting in an increased PCE of
18.52%. Meanwhile, devices modified with QY3 show further
improvement in FF and Voc, with the champion device exhibit-
ing a PCE of 19.28%, which is comparable to the performance
of devices modified with Spiro-OMeTAD. The IPCE spectra of

Table 1 Photophysical and electrochemical data for QY1, QY2, QY3 and
Spiro-OMeTAD

HTM
lmax

a

(nm)
lonset

b

(nm)
EHOMO

c

(eV)
ELUMO

d

(eV)
Eg

e

(eV)
Hole mobility f

(cm2 V�1 s�1)

QY1 364 406 �5.10 2.05 3.05 1.10 � 10�4

QY2 371 412 �5.11 2.11 3.00 1.98 � 10�4

QY3 427 471 �5.12 2.94 2.63 2.13 � 10�4

Spiro-OMeTAD 384 415 �5.09 2.11 2.98 2.18 � 10�4

a Measured in CH2Cl2 solution. b Calculated from the intersection of
the normalized absorption and emission spectra measured in CH2Cl2

solution. c Using cyclic voltammetry in CH2Cl2 solution, EFc
1/2= 0.2 eV,

EHOMO = �5.1 � (E1/2 � EFc
1/2). d ELUMO = EHOMO + Eg. e Eg = 1240/lonset.

f Hole mobility of HTMs.

Fig. 3 (a) AFM images of pristine perovskite, QY1, QY2 and QY3 films. (b) SEM images of pristine perovskite, QY1, QY2 and QY3 films prepared on FTO
substrates.
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the fabricated devices are depicted in Fig. 4(b). The integrated
Jsc of Spiro-OMeTAD, QY1, QY2 and QY3 are found to be 22.64,
22.25, 22.37 and 22.55 mA cm�2, consistent with the Jsc values
obtained from the J–V curves. Maximum power point tracking
was performed to evaluate the stable steady-state power output.
Biases of 0.87, 0.89, 0.91 and 0.92 V were applied to the QY1-,
QY2-, QY3- and Spiro-OMeTAD-based OIHP devices, respec-
tively (Fig. 4(c)). The devices yield stabilized PCEs of 19.22%
for the Spiro-OMeTAD and 19.19% for the QY3-modified
devices. In order to study the repeatability of the devices,
36 identical devices were prepared for each HTM for statistical
efficiency analysis, as shown in Fig. 4(d). The average PCE
values of QY1, QY2, QY3 and Spiro-OMeTAD were calculated

to be 18.02%, 18.28%, 19.04% and 19.07%, respectively. The
chat box of the corresponding Jsc, Voc and FF are shown in
Fig. S10 (ESI†). The normal distribution of the PCE proved to be
the outstanding reproducibility of the manufacturing process.
All these results suggest the superior photovoltaic performance
of QY3-based OIHP solar cells and the potential of QY3 as an
excellent HTM for OIHP solar cells.

3.4 Steady-state and time-resolved photoluminescence and
transient photocurrent/photovoltage studies

To understand the underlaying reason behind the enhance-
ment in photovoltaic performance of QY3-HTLs, steady-state PL
and TRPL spectra of QY-HTLs prepared on top of perovskite
film were carried out, as in Fig. 5(a and b). The lower PL
intensity noted for perovskite/QY3 compared to its counterparts
implies a more effective charge transfer at the interface of
perovskite/QY3. The carrier lifetime lengthening in the QY-
HTL was confirmed through TRPL studies, where the average
lifetimes of the QY1-, QY2- and QY3-modified perovskite films
were 1.72 ns, 1.23 ns and 0.89 ns, respectively. The changes in
carrier lifetime are consistent with the tendency of FF and Voc

depending on the QY-HTLs. Such lifetime lengthening further
confirms that QY3 shows the most effective charge transfer at

Fig. 4 (a) J–V curves (reverse scan) for OIHP solar cells fabricated with QY-HTLs and Spiro-OMeTAD. (b) IPCE spectra and the integrated short-circuit
current density (Jsc) of the QY-HTL- and Spiro-OMeTAD-modified OIHP solar cells. (c) Steady-state power output of OIHP solar cells based on different
HTLs. (d) PCE histogram of 36 solar cell devices each for the QY1-, QY2-, QY3- and Spiro-OMeTAD-modified OIHP films, fitted to a Gaussian distribution
(indicated by solid lines).

Table 2 Photovoltaic parameters of OIHP devices based on QY1, QY2,
QY3 and Spiro-OMeTAD

Device ID Scan
Jsc

(mA cm�2)
Voc

(V)
FF
(%)

PCE
(%)

Integrated Jsc

(mA cm�2)

QY1 Reverse 22.54 1.09 73.79 18.23 22.25
QY2 Reverse 22.61 1.10 73.94 18.52 22.37
QY3 Reverse 22.74 1.11 76.29 19.28 22.55
Spiro-OMeTAD Reverse 22.89 1.10 76.52 19.30 22.64
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the interface, which can be explained by the enhanced FF and
Voc. Furthermore, the similar PL quenching and carrier lifetime
of QY3 and Spiro-OMeTAD indicate that QY3 can extract/trans-
port holes from perovskite film as efficiently as Spiro-OMeTAD.
The fitting details and values for the TRPL are summarized in
Table S6 (ESI†). To gain insight into the charge carrier dynamics
in the QY-HTL-based OIHP solar cells, transient photocurrent
(TPC) and transient photovoltage (TPV) decay measurements
were performed, as shown in Fig. 5(c and d). The photocurrent
decay was measured under the short-circuit condition for the
OIHP devices (Fig. 5(c)). In comparison to the decay time of QY1
and QY2, the decay time of QY3 is faster, suggesting better
charge carrier extraction capability and reduced extraction time.
The TPV measurements were conducted under the open-circuit
condition (Fig. 5(d)). A longer photovoltage decay time of QY3
(0.18 ms) was obtained, compared to that for QY1 (0.17 ms) and
QY2 (0.16 ms), which is closest to the value of Spiro-OMeTAD
(0.20 ms). The longer carrier lifetime can be explained by the
QY3-treated devices having fewer non-radiative recombination
sites due to suppressed non-radiative recombination at the
perovskite/QY3-HTL interface, which further supports the
enhancement of FF and Voc in QY3-based OIHP devices.

It can be seen that the performance of the OIHPs is highly
dependent on the p-conjugated bridge in the core of the HTMs.

Compared to QY1, nearly two orders of magnitude higher hole
mobility is achieved from the p-conjugated bridge in the core center
via incorporation of an S atom. This suggests that simply creating p-
conjugation in the core center is an effective approach to improve
the hole mobility of HTMs. Based on QY2, we further extended the
conjugation length by incorporating thiol groups in the core center
for QY3, leading to a higher hole mobility compared to QY2 as a
result of more effective intermolecular stacking. Although there is a
slight increase in hole mobility for QY3 in experimental results, the
result of improving the hole mobility is consistent with previous
results, where increasing the p-bridge conjugation length in HTMs
enables increase in hole mobility, leading to improved device
performance.23,32–34 In addition, the morphology of QY3 shows a
relatively smooth surface roughness (RMS = 10.9 nm) compared
with QY1 (RMS = 12.9 nm) and QY2 (RMS = 12.1 nm), implying a
superior interfacial contact between the perovskite film and the
HTL. The smoother morphology observed is likely to improve the
charge extraction and transport. The results of PL, TPV and TPC
measurements are consistent with the resulting device performance.
Hence, improved hole transferability and extraction efficiency by
means of reinforcing the conjugation in the core center can be
attributed to the reduction of the non-radiative recombination at the
perovskite/HTL interface, leading to the enhancement of Voc, Jsc
and FF.

Fig. 5 (a) Steady-state PL spectra and (b) TRPL decay spectra of perovskite film with and without HTLs. (c) Normalized transient photocurrent and
(d) transient photovoltage of QY-HTL-based OIHP solar cells.
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3.5 Stability studies

It is well known that the HTL plays a critical role in maintaining
the stability of OIHP solar cells. Finally, the ambient stabilities
of the devices with QY3-HTLs and Spiro-OMeTAD were com-
pared, as shown in Fig. 6. To investigate the effectiveness of the
protection capability of QY-HTLs, an ambient stability test of
OIHP solar cells was carried out at 25 1C under a relative
humidity of B30% without any encapsulation. As displayed
in Fig. 6, the device with QY3 shows better moisture tolerance,
retaining 83.95% of its initial PCE on storing for 480 h. The
device modified with Spiro-OMeTAD shows a 16.8% reduction
in PCE under the same testing conditions, which is comparable
with QY3. The water contact angle measurement was conducted
to reveal the hydrophobicity of QY3-HTL. Contact angles of 921
and 841 were obtained on films with QY3 and Spiro-OMeTAD,
respectively. This indicates that a higher hydrophobicity of the
QY3 film is able to prevent interdiffusion of moisture into the
perovskite layer as efficiently as Spiro-OMeTAD, and contri-
butes to the decent stability of the QY3-based OIHP solar cells.

4. Conclusions

In summary, we have successfully synthesized three novel D–p–D
HTMs incorporating 9H-fluorene, dibenzo[b,d]thiophene and
3,7-di(thiophen-2-yl)dibenzo[b,d]thiophene through facile and
low-cost synthetic routes for OIHP solar cells. The suitable band
alignments and high hole mobilities allow effective hole extrac-
tion and transportation in OIHP solar cells. The QY3-HTL-
based OIHP devices afforded an improved PCE of 19.25% owing
to their higher hole mobility and reduced non-radiative recom-
bination at the interface. Our results offer valuable insights into
the rational design of D–p–D HTMs for application in highly
efficient and stable OIHP solar cells in the future.
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