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synthesized and dopant-free hole
transport material for efficient and stable
perovskite solar cells†
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A hole transport material ST1 was synthesized by a one-step Heck

reaction. Compared to Spiro-OMeTAD, perovskite solar cells with ST1

exhibit a remarkable overall power conversion efficiency of 15.4%

without the use of any dopants and additives, which is comparable to

that of the devices based on doped Spiro-OMeTAD (16.3%) and

present better stability during a four week aging test.
Perovskite solar cells (PSCs) with methyl ammonium lead halides
as light absorbers1 have attracted considerable attention because
of their simple structures, low fabrication cost and high power
conversion efficiencies (PCEs).2–5 Recently, PSCs have shown
a rapid increase of PCE to over 21.0% by extensive optimization of
metal oxide scaffolds and device processing conditions using
2,20,7,70-tetrakis(N,N0-di-p-methoxyphenylamino)-9,90-spirbiuor-
ene (Spiro-OMeTAD) as the hole transport material.6 However,
the Spiro-OMeTAD suffers from a complex synthetic approach
and cumbersome purication, which might hamper its wide
application in PSCs.7 In addition, it performs efficiently in PSCs
only when it is doped with ametal complex and additives, which
affects the long-term device stability.8
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In this regard, it is highly desirable to develop new low-cost
HTMs that are easy to prepare and to improve both the effi-
ciency and stability of PSCs. Various kinds of inorganic semi-
conductors,9 organic small molecule semiconductors10–16 and
conducting polymers17,18 have been reported as novel HTMs for
PSCs with comparable efficiencies to those of Spiro-OMeTAD
based devices. However, the drawback of these classical novel
HTMs is the need for dopants to achieve good performance in
PSCs, which may render the device unstable. To solve this
problem, some dopant free HTMs have been developed for PSCs
and have achieved a PCE of 18.6% using an HTM based on a C3h

symmetrical truxene core.15,19–24 However, only four small
molecule dopant-free HTMs are reported with a PCE over 15%
to date and these dopant-free HTMs suffer from multiple
synthesis steps and expensive precursors, making them difficult
to be produced on a larger scale.13,17,18,23 Therefore, efforts to
develop dopant-free and facilely synthesized HTMs to replace
Spiro-OMeTAD are still needed.

In this study, we present the synthesis and characterization
of a novel dopant-free and facilely synthesized HTM, coded as
ST1, as well as its application in PSCs. ST1 can be synthesized
with a high yield of 86% by a one-step Heck reaction. PSCs
fabricated with ST1 as the HTM achieve a PCE of 15.4% in the
absence of dopants under AM 1.5G (100 mW cm�2) illumina-
tion, which matches that of p-doped Spiro-OMeTAD (16.3%). In
addition, compared to devices based on Spiro-OMeTAD, ST1-
based devices exhibit a better stability during a 4 week aging
test. Therefore, ST1 has the potential to replace Spiro-OMeTAD
as a viable HTM for low-cost and highly stable perovskite solar
cells.

As shown in Fig. 1a, 4-(4-(bis(4-(4-(dibutylamino)styryl)
phenyl)-amino)styryl)-N,N-dibutylaniline (ST1) was synthesized
by a one-step Heck reaction of the inexpensive commercial
precursors tris(4-bromophenyl)amine and N,N-dibutylaminos-
tyrene. Compared to the synthesis of Spiro-OMeTAD which
requires ve steps,25 ST1 can be synthesized by only one
synthetic step, making the synthesis of ST1 easily scalable. An
estimate of the cost of ST1 is made (Table S1, ESI†) by using the
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) One-step synthetic route for ST1; (b) optimized molecular
conformation; (c) HOMO and (d) LUMO orbitals obtained from DFT
calculations.
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cost model described in recently published literature studies for
different hole transport materials.25,26 The total cost to obtain 1
gram of ST1 is much cheaper than the commercial price of
Spiro-OMeTAD.27 Synthesis details and full chemical charac-
terization using 1H NMR, 13C NMR, and mass spectrometry
(MS) are provided in the Experimental section and Fig. S1–S3
(ESI).† The thermal properties of ST1 were tested via thermog-
ravimetric analysis (TGA) and differential scanning calorimetry
Fig. 2 (a) TGA and DSC curves of ST1; (b) UV-Vis absorption and
photoluminescence spectra of ST1 and Spiro-OMeTAD in THF solution
(c ¼ 1.0 � 10�5 mol L�1).

This journal is © The Royal Society of Chemistry 2016
(DSC) as shown in Fig. 2a. The TGA curve indicates that ST1 is
thermally stable up to 400 �C and the DSC curve shows that the
glass transition temperature (Tg) of ST1 is 100.3 �C which is
lower than that of Spiro-OMeTAD (Td ¼ 425 �C, Tg ¼ 125 �C) due
to its smaller molecular size than Spiro-OMeTAD.28,29

Density functional theory (DFT) calculations were employed
to study the geometric and electronic properties of the novel
HTM by using the Gaussian 09 program package at the B3LYP/6-
31G(d)* level. The optimized molecular structures and frontier
molecular orbitals of ST1 are shown in Fig. 1. The electron
density distribution of the highest occupied molecular orbital
(HOMO) of the ST1 is mainly located at the donor triphenyl-
amine part with the linking phenylethylene units. The electron
density distribution of the lowest unoccupied molecular orbital
(LUMO) is primarily located at the phenylethylene units and the
neighbouring benzene rings. This substantial overlapping
between HOMO and LUMO orbitals can suppress charge
recombination at the TiO2/HTM interface.30

Fig. 2b compares the UV-visible absorption and photo-
luminescence (PL) spectra of ST1 and Spiro-MeOTAD. In tetra-
hydrofuran (THF) solution, ST1 shows two absorption bands at
around 332 nm and 404 nm while Spiro-MeOTAD shows two
absorption bands at 304 nm and 377 nm. Compared with
the absorption of Spiro-MeOTAD, ST1 shows a signicant red-
shied onset of absorption and the absorption maximum. This
can be ascribed to the more planar ground state geometry of
the electron donating phenylenevinylene units caused by the
lower degree of torsion due to C]C interactions. The PL spectra
Fig. 3 (a) Energy level diagram of the components used in solar cells
described; (b) cross-sectional SEM image of the investigated perov-
skite solar cells.

J. Mater. Chem. A, 2016, 4, 16330–16334 | 16331
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showmaximum emission at 433 nm for Spiro-OMeTAD and 468
nm for ST1. Electrochemical measurements were performed in
order to determine the HOMO and LUMO energy levels. The
cyclic voltammograms (CVs) of ST1 and Spiro-OMeTAD are
shown in Fig. S1.† From the CVs and UV-visible spectra, the
HOMO energy levels of ST1 and Spiro-OMeTAD are �5.24 eV
and �5.12 eV and the LUMO energy levels are �2.63 eV and
�2.11 eV, respectively. Fig. 3a shows the relative energy levels of
CH3NH3PbI3 and HTMs. The HOMO of ST1 lies above that of
CH3NH3PbI3 (�5.43 eV), which provides sufficient driving force
for hole injection from CH3NH3PbI3 into the HTMs.31 The
HOMO energy level of ST1 is �120 mV lower than that of Spiro-
OMeTAD, indicating that ST1 based devices can potentially
generate a higher Voc than Spiro-OMeTAD based devices.32 In
addition, compared to CH3NH3PbI3, the higher LUMO levels of
ST1 (�2.63 eV) can block the electron transport from CH3-
NH3PbI3 to the Au counter electrode to suppress the carrier
recombination.33

We determined the hole mobility of ST1 by using the time-of-
ight (TOF) method following previous reports.34 The TOF
transient of ST1 is shown in Fig. S5.† The hole mobility of ST1 is
4.57 � 10�4 cm2 †�1 s�1 at an electric eld of 2.5 � 105 V cm�1,
which is 2 times higher than that of Spiro-OMeTAD (2 � 10�4
Fig. 4 (a) J–V curves and (b) IPCE spectra of PSCs fabricated with ST1 and
OMeTAD (d) fresh, after 2 weeks and 4 weeks.

16332 | J. Mater. Chem. A, 2016, 4, 16330–16334
cm2 V�1 s�1 at an electric eld of 2.6 � 105 V cm�1),10 which
bodes well for its use in PSCs.

Fig. 3b shows the cross-sectional scanning electron micros-
copy (SEM) image of the investigated perovskite solar cells in
which the CH3NH3PbI3 perovskite layer was deposited on
mesoporous-TiO2 (mp-TiO2) by the anti-solvent method
described in the Experimental section (ESI).† Aer annealing of
the perovskite lm, HTMs were deposited by spin-coating fol-
lowed by a deposition of a thin gold layer as the hole collector.
As can be seen from the image, the CH3NH3PbI3 perovskite
penetrates into the mp-TiO2 and forms an overlayer. Similarly,
the HTMs blend into the pores in the TiO2/perovskite layer and
form a thin capping layer on the top.

The photovoltaic performances of PSCs employing dopant-
free ST1 as the HTM were measured under AM 1.5G (100 mW
cm�2) simulated light illumination. For comparison, a refer-
ence cell with Spiro-OMeTAD with a Li-TFSI dopant and 4-tert-
butylpyridine (t-BP) additive was also fabricated under similar
conditions. The series (Rs) resistance was calculated from the
current–voltage (J–V) curves. Fig. 4a shows the current–voltage
(J–V) characteristics obtained from PSCs using each HTM in
different scan directions. The corresponding photovoltaic
parameters are summarized in Table 1. The PCE of the PSC with
Spiro-OMeTAD; J–V curves of PSCs fabricated with ST1 (c) and Spiro-

This journal is © The Royal Society of Chemistry 2016
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Table 1 Summary of photovoltaic parameters of the solar cells with
ST1 and Spiro-OMeTAD as the HTMs evaluated under one sun
conditions in different scan directions with a bias step of 5 mV

HTM
Jsc
(mA cm�2)

Voc
(V) FF

PCE
(%)

RS
(U cm�2)

Spiro-OMeTAD (backward) 21.41 1.034 0.71 16.3 12.15
Spiro-OMeTAD (forward) 21.43 1.035 0.65 14.9 24.04
ST1 (backward) 21.07 1.059 0.66 15.4 16.12
ST1 (forward) 21.02 1.039 0.64 14.5 36.56
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dopant-free ST1 was 15.4%, with a short-circuit current density
(Jsc) of 21.07 mA cm�2, an open circuit voltage (Voc) of 1.059 V,
and a ll factor (FF) of 0.66. Under the same fabrication
conditions, the cell based on Spiro-OMeTAD achieved a PCE of
16.3% with a Jsc of 21.41 mA cm�2, a Voc of 1.034 V, and an FF of
0.71. This higher Voc of ST1-based devices may be attributed to
the lower HOMO energy level of ST1. The relatively lower FF of
ST1 can be well explained by its higher series resistances (16.12
U cm�2) than Spiro-OMeTAD (12.15 U cm�2).35 The J–V curves of
the PSC based on ST1 show a smaller hysteresis than that of
Spiro-OMeTAD based devices. The measured PCE differences
between the forward scan and the backward scan are 0.9% and
1.4% for the ST1 and Spiro-OMeTAD based devices, respectively.
According to a recent report,36,37 slow kinetic processes such as
charge transport or interfacial separation will lead to
pronounced hysteresis. The devices based on ST1 are less
pronounced in terms of hysteresis, which could be ascribed to
their higher hole mobility that facilitates hole transport. As
shown in Fig. S6,† the stabilized power outputs are 15.3% for
ST1-based devices and 16.3% for Spiro-OMeTAD-based devices,
which are consistent with the obtained PCEs. The lower Jsc
values obtained for devices based on ST1 compared to those of
Spiro-OMeTAD-based devices are in agreement with the inci-
dent photon-to-current conversion efficiency (IPCE) spectra
shown in Fig. 4b. For statistical analysis, we fabricated a batch
of 10 cells each with ST1 and Spiro-OMeTAD and examined the
reproducibility of the cell performance. The data are tabulated
in Fig. S7 and S8, of the ESI,† indicating good device
reproducibility.

Stability is a critical factor for considering new HTM mate-
rials. To study the stability, PSCs based on the two HTMs were
fabricated and tested under the same conditions for compar-
ison. The unsealed devices were stored at room temperature in
ambient air in the dark at 30% relative humidity. We measured
the J–V curves aer 2 and 4 weeks to monitor the stability. The
results are shown in Fig. 4 and Table S2.† The PCEs of devices
based on ST1 shows a decrease from 15.4% to 13.2% while the
PCE of Spiro-OMeTAD-based devices decreased from 16.3% to
10.3%. The ST1 based devices exhibited a more stable perfor-
mance than Spiro-OMeTAD-based devices over the 4 week aging
time, which we attribute to the absence of additives. Additives
such as Li-TFSI and tert-butyl pyridine (t-BP) are expected to
have detrimental effects on cell stability since Li-TFSI promotes
the oxidation of Spiro-OMeTAD by oxygen in the presence of
light or heat and t-BP dissolves the perovskite.38,39
This journal is © The Royal Society of Chemistry 2016
To further demonstrate the improvement of ST1 for PSCs,
we make a comparison of some recently reported small
molecule dopant-free HTMs applied in PSCs. The synthetic
steps and the corresponding parameters of the PSCs based on
these HTMs are tabulated in Table S3.† Four HTMs Trux-
OMeTAD, Z1011, Z1013 and DERDTS-TBDT present relatively
high PCEs over 15% but their syntheses require 4, 8, 8 and 6
steps, respectively, which makes them difficult to be produced
on a larger scale. SAF-OMe and DFTAB can be produced by
fewer synthetic steps but the PCEs of the devices based on
them are relatively low, which is 12.4% and 7.2%, respectively.
The reported HTM in this paper, ST1, has the smallest
molecular size among them and shows a comparable PCE to
the high performance HTMs and can be synthesized by a facile
one-step reaction, making it a promising candidate for low-
cost and highly efficient perovskite solar cells.
Conclusions

In conclusion, a novel hole transport material ST1 was designed
and prepared by a simple one-step synthesis method from
commercial inexpensive precursors with a high yield. A PCE as
high as 15.4% was achieved by applying undoped ST1 as the
HTM in PSCs. Long-term stability studies in the dark showed
that ST1-based devices are more stable when exposed to air than
cells employing Spiro-OMeTAD. The low-cost, facile one-step
synthetic method as well as the excellent hole mobility and
appropriate energy level makes ST1 a promising candidate to
substitute Spiro-OMeTAD in the large scale production of high-
performance and stable perovskite solar cells.
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