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h i g h l i g h t s
 Two small, p-conjugated HTMs were synthesized for efﬁcient ssDSSCs and PSCs.
 The novel HTM X14 shows the highest PCEs of 6.1% for ssDSSCs and 16.4% for PSCs.
 PIA and PL results show efﬁcient charge transfer at the materials interfaces.
 Enhancement of molecular p-conjugation improves conductivity.
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Two low-cost, easily synthesized p-conjugated molecules have been applied as hole-transport materials
(HTMs) for solid state dye-sensitized solar cells (ssDSSCs) and perovskite solar cells (PSCs). For X1-based
devices, high power conversion efﬁciencies (PCEs) of 5.8% and 14.4% in ssDSSCs and PSCs has been
demonstrated. For X14-based devices, PCEs were improved to 6.1% and 16.4% in ssDSCs and PSCs,
respectively.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
For decades, scientists have been dedicated to exploring new
clean and renewable energy sources. Among those, solutionprocessable photovoltaic devices, such as solid state dyesensitized solar cells (ssDSSCs) [1] and perovskite solar cells
(PSCs) [2,3] have attracted much attention due to their potential
low cost in large-scale production together with high PCEs. In such
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devices, hole transport materials (HTM) have been shown to play a
crucial role in achieving the high performance. The main function
of the HTMs in the ssDSSCs and PSCs is to scavenge photogenerated holes in the light-harvesting materials and subsequently transport the holes to the counter electrodes. In the
research area of DSSCs, solid-state HTMs have been developed to
replace the liquid electrolyte [1,4e7]. In 2011, ssDSSCs with an
€tzel and co-workers,
excellent 7.2% efﬁciency was reported by Gra
and those cells were based on the HTM 2,20 ,7-,70 -tetrakis(N,N-dip-methoxyphenylamine) 9,90 -spirobifuorene (Spiro-OMeTAD)
employing a cobalt-complex dopant and custom-synthesized dyes
[8]. Since this work, the Spiro-OMeTAD HTM has become the
champion material to beat. Recently, PSCs showing >15% power
conversion efﬁciency have boosted the research ﬁeld both
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concerning the number of active scientists and new materials
published [3,9,10].
Spiro-OMeTAD, because of its good solubility in commonly used
organic solvents and accessibility (in spite of its high cost), has
become the ‘standard’ HTM in ssDSSCs [8,11,12] and PSCs. However,
due to the disadvantage of high cost, low conductivity and relatively poor ability to inﬁltrate a mesoporous substrate, much effort
has been made to identify alternatives [13e17]. Kim and his coworkers introduced in situ solid state polymerization of conducting
polymers for highly efﬁcient ssDSSCs [18]. Xu, Tian, Hagfeldt and
Sun developed a triphenylamine-based oligomer hole-transport
material introduced into ssDSSCs and obtained 5.8% conversion
efﬁciency [19], and they lately improved the efﬁciency up to 6.0% by
using carbazole-based HTMs [20]. Recently, A low-cost spiro[ﬂuorene-9,90 -xanthene] (SFX) based organic hole-transport material
(HTM), termed X60, was applied in ssDSSCs and PSCs with efﬁciencies of 7.3% and 19.8%, respectively [21]. Yong Hua et al.
designed ﬂuorine-based HTMs and achieved an efﬁciency of 6.4% in
ssDSSCs and 18.0% in PSCs using the material HT2 as the HTM [22].
Recently, Jinbao Zhang et al. studied the effect of alkyl chains on
organic HTMs for efﬁcient perovskite solar cells reporting efﬁciencies up to 17.3% [23]. In addition, Lei, Xu, Sun, Hagfeldt and coworkers used a small-molecule, hole-transport material (MeO-TPD,
X1) to obtain 4.8% conversion efﬁciency [24] in ssDSSCs. In this
work, we report HTMs based on small molecules characterized by a
higher degree of p-conjugation; viz. X14 (N4,N4,N4′,N4'-tetrakis(2′,4'-dimethoxy-[1,1'-biphenyl]-4-yl)-[1,1'-biphenyl]-4,4'diamine), compared with the already known X1, and applied to
ssDSSCs and PSCs. In comparison with Spiro-OMeTAD, the synthesis route for X14 is much more straightforward and facile.
Therefore, the cost of devices would be reduced signiﬁcantly. More
details can be found in the Supporting Information. The molecular

structures of the materials studied in this work are presented in
Fig. 1.
2. Results and discussion
Quantum chemical calculations (see the Supporting Information)were performed to estimate the electronic and optical properties of the HTMs studied in this work. As shown in Fig. 1b, in the
case of X1, the highest occupied molecular orbital (HOMO) is
delocalized throughout the entire molecule, while the lowest unoccupied molecular orbital (LUMO) is mainly localized on the
central biphenyl part. In contrast, both the HOMO and LUMO orbitals in X14 are delocalized over the whole molecule, which can be
attributed to the enhanced p-conjugation effect. The HOMO and
LUMO orbitals overlap in the X14 molecules indication the formation of neutral excitons and hole-transfer transition, due to the
strong Coulomb interaction [22]. It was also noted that calculated
trends of HOMO energy levels, as well as ionization potentials,
agree well with experimental data. More details can be found in the
Supporting Information. The calculated singlet excitation energies
using time-dependent density-functional theory (TDDFT) are
summarized in Table 1. In addition, the re-organization energy is an
important factor inﬂuencing the hole-transport efﬁciency. Here, we
calculated the re-organization energy of the HTMs used in this
work followed our previous paper (Table 1) [7]. In comparison with
X1, X14 shows a lower reorganization energy by 176 meV, indicating the highest hole mobility among the HTMs. We also determined the conductivity of the HTMs under different conditions
(Table 2). For both non-doped and doped materials, X14 comes out
with the best conductivity properties, which is in good agreement
with our theoretical studies.
The UVeVis absorption spectra of X1 and X14 are shown in

Fig. 1. (a) molecular structure of X1 and X14, (b) Energy alignment (vs. vacuum) and (c) UVevis absorption.
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Table 1
Summary of the calculated and experimental HTM optical and electronic properties.
Calculated data

X1
X14
a
b
c
d

Experimental data

HOMO (eV)

LUMO (eV)

-IPa (eV)

Egb (eV)

lhole (meV)

lmax (nm)

Eoptgapc (eV)

LUMOd (eV)

HOMO (eV)

4.32
4.54

0.46
0.87

5.22
5.28

3.82
3.68

208
176

380
364

2.96
2.92

2.35
2.45

5.31
5.37

Ionization potential (IP) calculated by total energy difference of Ecation-Eneutral.
S0-S1 excitation energy determined from TDDFT calculations using the MPW1K/6-31G* level of theory.
Optical band gap determined by the UVevis absorption onset.
ELUMO ¼ EHOMO þ Eoptgap.

Table 2
Hole conductivity of different HTMs (S cm1).

X1
X14

Without doping

Li(TFSI) doping

Ag(TFSI) doping

4.95*107
5.01*107

1.53*104
3.23*104

1.78*104
4.01*104

Fig. 1c. X1 and X14 show a single absorption peak centered at 380
and 364 nm, respectively. The spectra of X14 show a slight blueshift as compared to X1, which can be attributed to in the higher
degree of p-conjugation. The optical band gap (Eg) is calculated
from the absorption onset wavelength of the corresponding absorption spectrum. Cyclic voltammograms of solutions of X14 are
shown in the Supporting Information. The redox peaks of X14 are
reversible, indicating that the substance has good electrochemical
stability. Further, the reported HOMO energy of the dye LEG4
is 5.48 eV [7], which indicates that all the HTMs stadied have
energetics favorable for the hole-transfer process. Both energy
levels of the HOMO of the HTMs are lower than the HOMO energy
level of Spiro-OMeTAD, which may facility higher Voc for the corresponding devices. Table 1 summarizes the optical and electrochemical properties of the two HTMs.
Fig. 2 shows the JeV curves of the ssDSSCs based on the HTMs
X1 and X14, and the corresponding photovoltaic parameters are
tabulated in Table 3. For comparison, a reference cell containing
well-studied Spiro-OMeTAD HTM was also fabricated using the
same fabrication process as for the new HTMs. The X1 ssDSSCs solar
cells provided a Jsc of 9.44 mA cm2, a Voc of 880 mV and an FF of
0.69, affording a ﬁnal PCE of 5.8%. These photovoltaic parameters
are comparable to that of the cells based on Sprio-OMeTAD (Jsc of
9.41 mA cm2, Voc of 885 mV, FF of 0.7, and PCE of 5.9%). Under the
same conditions, the X14-based cells showed a Jsc of 9.71 mA cm2,
a Voc of 905 mV and an FF of 0.71, corresponding to a PCE of 6.1%.
The corresponding IPCE spectra show a similar trend for all HTMbased devices agreeing well with the recorded Jsc. Clearly, the
photovoltaic performance is quite sensitive to structural

Table 3
Photovoltaic parameters of devices studied at a light intensity of 100 mW cm2 (AM
1.5G). All HTM solutions used to fabricate the solar cells were doped with 2 mM
Ag(TFSI).

ssDSSCs
X1
X14
Spiro-OMeTAD
PSC
X1
X14
Spiro-OMeTAD

Jsc (mA cm2)

Voc (V)

FF

PEC

9.44
9.71
9.41

0.88
0.91
0.89

0.69
0.71
0.7

5.8%
6.1%
5.9%

20.81
22.59
22.14

1.06
1.09
1.08

0.65
0.67
0.65

14.4%
16.4%
15.6%

modiﬁcations of the HTM molecular building blocks. Moreover, the
higher ﬁll factor noted for devices containing X14 can most likely
be attributed to its higher conductivity. Based on the electron
lifetime measurements (see Supporting Information), the devices
based on X14 show longer electron lifetime in correspondance with
the recorded device Voc. In order to investigate the charge-transfer
properties, photoinduced absorption spectra were also recorded. A
ﬁlm of LEG4 on the TiO2 substrate shows positive values between
650 and 850 nm, which can be assigned to the oxidized state of
LEG4 [25]. After hole-transport material deposition, the positive
peaks are quenched due to charge transfer at the interface of the
dye/HTMs. In the presence of all three HTMs, a signiﬁcant reduction
of the oxidized dye absorption can be observed indicating efﬁcient
dye regeneration in the corresponding ssDSSCs. All the curves are
quite similar, indicating similar dye regeneration yields. This is also
in good agreement with the recorded Jsc for the devices. The above
results clearly show that X14 is suitable to be used as an HTM in
ssDSSCs.
Fig. 3a shows the current-voltage characteristics for PSCs based
on Spiro-OMeTAD, X1 and X14, respectively. The photovoltaic parameters are summarized in Table 3. In addition, the J-V curves
under the forward and backward scan directions are shown in
Table S1 in the Supporting Information, and the corresponding

Fig. 2. (a) J-V curve for ssDSSCs (b) IPCE spectra (c) Photo-induced absorption spectra.
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Fig. 3. (a) J-V curve for PSCs (scan from Voc to 0 V, scan rate 40 mV), (b) IPCE spectra and (c) Steady-state photoluminescence spectra of FTO/Al2O3/perovskite ﬁlms based on
different HTMs.

photovoltaic parameters are listed in Table S1. The X1-based devices display an efﬁciency of 14.4%, with a Jsc of 20.81 mA cm2, a
Voc of 1.06 V, and an FF of 0.65. As a reference, Spiro-OMeTAD-based
PSCs offer a slightly higher PCE of 15.6%, with a short-circuit density
(Jsc) of 22.14 mAcm2, an open-circuit voltage (Voc) of 1.08 V, and a
ﬁll factor (FF) of 0.65. Interestingly, the mixed-ion PSCs containing
the HTM X14 render the best photovoltaic performance with a PCE
of 16.4% (Jsc ¼ 22.14 mA cm2, Voc ¼ 1.08 V, and FF ¼ 0.65). The
incident photon-to-current conversion efﬁciency (IPCE) spectra for
the devices containing X1, X14 and Spiro-OMeTAD are shown in
Fig. 3b. The X14-based devices show the highest IPCEs, which
agrees with the excellent Jsc recorded for such devices. In addition,
the statistical data of PSCs based on the three HTMs are given in
Fig. S2. Based on the results of electrochemical impedance spectroscopy (Fig. S8), the devices based on X14 show the highest
recombination resistance, resulting in the slowest recombination
rate. In order to investigate the charge transfer at the interface
between the perovskite and hole-transport materials photoluminescence spectra were recorded and these are shown in Fig. 3c
demonstrating that the perovskite ﬁlm without HTMs shows a
strong PL signal due to the recombination between the photogenerated electrons and holes. A dramatic decrease of PL intensity
is observed after the deposition of an HTM layers on top of the
perovskite layer, especially for the X14-based devices. An efﬁcient
quenching of the photogenerated charges can lead to fast interface
charge separation in X14-based devices, contributing to a better Jsc
and FF in the PSCs, as compared to Spiro-OMeTAD-based devices.
3. Conclusion
Two small, p-conjugated hole-transport materials (HTMs) have
been designed, synthesized and applied in highly efﬁcient ssDSSCs
and PSCs. It was found that the enhancement of molecular pconjugation signiﬁcantly may improve both conductivity and
charge delocalization in the molecules building the HTMs. The
synthesis route for HTMs is much more facile and environmental
friendly, compared with Spiro-OMeTAD. The devices based on the
HTM X14 shows the highest PCEs of 6.1% for ssDSSCs and 16.4% for
PSCs, which can be traced to the material's fast charge-transport
ability and efﬁcient charge-separation properties. This work provides instructive suggestions for the future design of new and even
more efﬁcient hole-transport materials for solid state dyesensitized and perovskite solar cells.
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