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Hole-Transporting Small Molecules Based on Thiophene
Cores for High Efficiency Perovskite Solar Cells

Hairong Li,”’ Kunwu Fu,” Pablo P. Boix,” Lydia H. Wong,”®» Anders Hagfeldt,™
Michael Gratzel,” Subodh G. Mhaisalkar,* and Andrew C. Grimsdale*™

Two new electron-rich molecules, 2,3,4,5-tetra[4,4"-bis(methox-
yphenyl)aminophen-4“-yl]-thiophene (H111) and 4455~
tetra[4,4"-bis(methoxyphenyl)aminophen-4"-yl]-2,2"-bithiophene
(H112), which contain thiophene cores with arylamine side
groups, are reported. When used as the hole-transporting ma-
terial (HTM) in perovskite-based solar cell devices, power con-
version efficiencies of up to 15.4% under AM 1.5G solar simula-

Introduction

Following the initial development of mesoscopic dye-sensi-
tized solar cells (DSSCs) by Gritzel and O’Regan in 1991, it
has become possible to achieve standard power conversion ef-
ficiencies (PCEs) of >10% in devices that use liquid electro-
lytes; the highest efficiency achieved so far under AM 1.5G
solar simulation is 13.0%.” However, inherent problems, such
as leakage, instability, and the corrosive nature of the redox
electrolyte, have so far hindered the large-scale entry of DSSCs
into the commercial market. As a result, great efforts are being
made to optimize solid hole-transporting materials (HTMs) for
such devices. Although inorganic HTMs, such as Cul,®! CsSnl,,™
and CuSCN,” have received much attention, to date, most
device characterization and optimization work has centered on
the most extensively studied HTM: 2,2',7,7'-tetrakis(N,N'-di-p-
methoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD;
Figure 1).”! However, none of the PCE values for all-solid DSSCs
have been able to surpass those of conventional DSSCs, until
the emergence of lead-based perovskite-sensitized solar cells,
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tion were obtained. This is the highest efficiency achieved with
HTMs not composed of 2,2,7,7'-tetrakis(N,N'-di-p-methoxyphe-
nylamine)-9,9'-spirobifluorene (spiro-OMeTAD) and its isomers.
Both HTMs, especially H111, have great potential to replace ex-
pensive spiro-OMeTAD given their much simpler and less ex-
pensive syntheses.

in which the organic or organometallic dye is replaced by
a nanocrystalline lead-based inorganic semiconductor. This rel-
atively old family of materials, which can be made at low cost,
has recently proven to exhibit outstanding performance and
has rapidly attracted much interest in the photovoltaic com-
munity since late 20117

Although spiro-OMeTAD and its isomers continue to be the
best performing HTMs,”® several classical semiconducting poly-
mers, which have been much studied in organic photovoltaic
devices, have also been investigated recently as HTMs, includ-
ing poly-3-hexyl thiophene (P3HT), poly{2,6-[4,4-bis-(2-ethyl-
hexyl)-4H-cyclopental2,1-b;3,4-b'ldithiophenel-alt-4,7(2,1,3-ben-
zothiadiazole)} (PCPDTBT), poly[N-9'-heptadecanyl-2,7-carba-
zole-alt-5,5-(4',7'-di-2-thienyl-2',1",3-benzothiadiazole)]
(PCDTBT), and poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA).”" Except for PTAA, these materials have, for as yet un-
known reasons, displayed inferior performance to that of spiro-
OMeTAD, with no inherent cost advantage over spiro-OMeTAD,
and may indeed suffer problems of batch to batch inconsisten-
cy. Recently, a number of small-molecule HTMs, such as simple
arylamines®™ and pyrene arylamines,"” have been reported;
the latter have shown impressive performance.

Our group previously reported a small molecule that incor-
porated a heterocyclic 3,4-ethylenedioxythiophene (EDOT)"™
core (H101), with a very promising PCE of 13.2% when adopt-
ed as the HTM in perovskite solar cells (Figure 1). To address
some potential issues with H101 (see below), we have devel-
oped two new molecules and investigated their performance
as the HTM in CH;NH;Pbl; perovskite solar cells, in comparison
with reference devices using spiro-OMeTAD.

Results and Discussion

The chemical structures of the two molecules, H111 and H112,
are shown in Figure 1. H111 is derived from H101 by replacing
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Figure 1. Chemical structures of spiro-OMeTAD, H101 [2,5-bis(4,4"-bis(methoxyphenyl)aminophen-4"-yl)-3,4-ethyle-
nedioxythiophene], 2,3,4,5-tetra[4,4"-bis(methoxyphenyl)laminophen-4"-yll-thiophene (H111), and 4,4,5,5"-tetra[4,4'-

bis(methoxyphenyl)aminophen-4"-yl]-2,2-bithiophene (H112).

the ethylenedioxyl group with two more arylamine units,
whereas H112 has a more extended backbone than that of
H111. The synthesis of H111 and H112 is very straightforward
with good yields (Scheme 1). Tetrabromothiophene (1) is com-
mercially available and 4,4,5,5'-tetrabromo-2,2"-bithiophene (2)
can be synthesized from 2,3-dibromothiophene in 90%
yield."? Both precursors are air stable, unlike 2,5-dibromo-
EDOT, which is used to make H101 and is rapidly oxidized in
air and must be used immediately upon in situ formation or
else kept under an inert atmosphere. Both H111 and H112
showed excellent solubility in common solvents, such as
chloroform and chlorobenzene (380gL™' for H111 and
645 gL' for H112 at room temperature), thanks to their abun-
dant methoxy groups and bulky structures, which suppress
molecular aggregation.

Differential scanning calorimetry (DSC) measurements
(Figure 2 and Table 1) show that H111 has a glass transition
temperature (7T;) of 100°C. This value is significantly higher
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Scheme 1. Starting materials and synthetic routes to H111 and H112.
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than that of our previously re-
ported H101 (T,=73°C") be-
cause replacing the ethylene-
dioxyl group in H101 with two
triarylamines in H111 increases
the molecular size, leading to
a higher value of T,. By further
increasing the length and conju-
gation of the backbone and re-
ducing steric hindrance among
the triarylamine groups in H112,
the T, is further raised to 120°C,
which is comparable with that of
spiro-OMeTAD  (T,=125°C"™).
The higher T, values of both
new HTMs, relative to H101, may
not necessarily improve their
photophysical stability at normal
operational temperatures, but
should at least guarantee their
mechanical robustness. The ab-
sorption spectra (Figure2 and
Table 1) indicate that H111 starts
to absorb light (A from A=
446 nm, which is 27 nm redshift-
ed relative to that of spiro-

Heat flow
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Figure 2. Left: DSC results for H111 (2) and H112 (0). Right: Absorption
spectra of H111 (&), H112 (0), and spiro-OMeTAD (—).

OMeTAD. The A, Value of H112 is 477 nm, which is 31 nm
redshifted from that of H111 (58 nm redshifted from that of
spiro-OMeTAD); this is attributed to the more extended conju-
gation of the backbone. Cyclic voltammetry (CV) measure-
ments (Figure 3) indicate that the HOMO levels of H111 and
H112 are —5.31 and —5.29 eV, respectively. Both are 80-
100 meV deeper than that of spiro-OMeTAD (—5.21 eV). The

optical and electrochemical data in Table 1 also indi-

cate that the effect of extending the conjugation

from H111 to H112 seems to affect the LUMO more

H111 N
the HOMO. Both new HTMs have significantly re-
duced HOMO levels than that of H101 (—5.16 eV),
which not only increases their electrochemcial stabili-
H112 ty, but also reduces the fundamental energy loss

(loss-in-potential) by reducing the energy offset re-
quired for hole extraction from perovskite to HTM.['™¥
In principle, the open-circuit voltage (V,.) of a conven-
tional solid-state DSSC is determined by the differ-
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Table 1. Thermal, optical, and electrochemical properties of H111, H112,
spiro-OMeTAD, and H101.

HTM T, Aomset E HOMO LUMO®
[°d [nm] [eV] [eV] [eV]
H111 100 446 2.78 —5.31 —2.53
H112 120 477 2.60 —5.29 —2.69
H101 73 460 270 ~5.16 —246
spiro-OMeTAD 125 419 2.96 —5.21 —225

[a] Optical band gap (E,) obtained from the onset value of absorption
(onser)- [b] LUMO calculated by LUMO =HOMO +E,.

Current
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Potential (V)

Figure 3. CV spectra of H111 (2), H112 (0), and spiro-OMeTAD (—).

ence between the quasi-Fermi levels of the electrons in TiO,
and the holes in the HTM. From the electrochemical experi-
ments, one would expect that the V. from devices with H111
or H112 as the HTM would be higher than that from devices
with spiro-OMeTAD, providing that the interfaces of TiO,/per-
ovskite/HTM were properly aligned.

The current-voltage (J-V) characteristics of perovskite solar
cells that employ H111, H112, and spiro-OMeTAD as the HTM
are shown in Figure 4 and summarized in Table 2. The PCEs of
the best performing device with H111, H112, and spiro-
OMeTAD as HTM are 15.4, 15.2, and 14.4%, respectively. Our
study also showed that the device fabricated without the HTM
had a PCE of only around 5%, which confirmed that an HTM
must be an integral component of the studied device configu-
ration to obtain a high PCE. Correspondingly, the short-circuit
currents (J,) of the cells are 19.8, 20.0, and 19.9 mAcm™2, re-
spectively. It is clear that the J,. values are all high and almost
identical for the three different HTM-based devices. A J,. limit
of around 20 mAcm™2 has been widely observed in our lab
when using CH;NH,Pbl; as a perovskite sensitizer following the
same device fabrication protocol. As a result, the parameter
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Figure 4. Current-voltage curves of solar cells with H111 (e), H112 (0), and
spiro-OMeTAD (a) as the HTM. Inset: the incident photon to current conver-
sion efficiency (IPCE) spectra of solar cell devices with H111 (m) and H112 ()
as the HTM.

producing the difference in PCE in these devices is the open-
circuit voltage (V). From CV studies, it is clear that both new
HTMs have almost the same HOMO level, which is about
90 meV deeper than that of spiro-OMeTAD. Therefore, the rela-
tively higher values of V,. for H111 (1.08 V) and H112 (1.07 V),
relative to that of spiro-OMeTAD (1.05V), is to be expected;
this enhancement accounts for the marginally higher PCE than
that obtained for spiro-OMeTAD. To the best of our knowledge,
H111 and H112 are the first reported heterocycle-based materi-
als with PCEs of >15% in perovskite solar cells, and show by
far the highest efficiency achieved with HTMs other than spiro-
OMeTAD and its isomers.®”

Electrochemical impedance spectroscopy (EIS) measure-
ments were also performed to characterize both hole transpor-
tation in the HTM and the recombination process.™ We mea-
sured the representative perovskite solar cells with H111, H112,
and spiro-OMeTAD as a HTM under illumination. The resulting
spectra were fitted by following a previously reported equiva-
lent circuit," with the introduction of a transmission line for
the voltages at which electron transport was visible. The re-
combination resistance (Figure 5a) presents almost identical
behavior for the three analyzed devices, which indicates that
the substitution of spiro-OMeTAD by H111 or H112 does not
affect the charge loss of the devices. As a result, the differen-
ces in V,. follow a similar trend to the HOMO level positions.
However, the effect of the variation of these energetic posi-
tions on charge generation and injection rates requires further
study. The slight variations in the FF can be explained from the
series resistance of the different HTM-based cells (Ryry). The
R value extracted from the fittings are plotted in Figure 5b.
The lower values obtained for both H111- and H112-based
solar cells are in excellent agree-
ment with the slightly higher FF

Table 2. -V characteristics of photovoltaic measurements for H111, H112, and spiro-OMeTAD as the HTM."’

values obtained.
For the thermal stability test,
we accelerated aging by putting

spiro-OMeTAD 14.0£0.36 (14.4) 19.5+0.90 (19.9)

HTM PCE [%] Joe [IMAcm 7] Voe V] FF
H111 14.9+£0.49 (15.4) 19.66 £0.55 (19.8) 1.07 £0.013 (1.08) 0.71+0.019 (0.72)
H112 14.7£0.36 (15.2) 19.70£0.32 (20.0) 1.07 £0.015 (1.07) 0.701+0.016 (0.71)

1.05£0.008 (1.05)

the cells in an oven at 70°C for
14 days and measured the -V

0.69+0.022 (0.69
069 response every other day. The

forming cells are given in parentheses. FF =fill factor.

[a] Average data with standard deviation were based on five cells in a single batch; the data for the best per-

photovoltaic data are summar-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ized in Figure 6. The results
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Figure 5. a) Recombination resistance and b) hole-transport resistance ex-
tracted from fitting of the EIS results under illumination for perovskite solar
cells with H111 (@), H112 (1), and spiro-OMeTAD () as the HTM.

show that all three HTM-based devices have comparable ther-
mal stabilities. The moderate decreases in performance by
16% for both H111- and H112-based devices, and 20% for the
spiro-OMeTAD-based devices, are within expectation for un-
packaged cells. Although the open-circuit voltage showed neg-
ligible changes for H111- and H112-based cells, the decreases
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Figure 6. Thermal aging tests for H111- (») and H112-based devices (0), in
parallel with the spiro-OMeTAD-based (m) device.
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in the short-circuit current and FF were mainly attributed to
degradation of the perovskite because gradual color bleaching
of the perovskite from the originally dark coffee color was ob-
served over time. We also kept the HTM solutions for spin-
coating in the oven and measured the absorption spectra after
14 days without observing noticeable changes. Thus, the limit-
ing factor is the very hydroscopic nature of the perovskite; this
causes the efficiency decrease without proper encapsulation.

Conclusions

We reported two new arylamine-type HTMs with tetrasubsti-
tuted thiophene and tetrasubstituted bithiophene units as the
cores; these produced PCEs that were slightly better than
those for devices with conventionally used spiro-OMeTAD.
These new materials, H111 and H112, have the following ad-
vantages over our previously reported EDOT-based HTM
(H101): First, the synthesis of the new HTMs are equally simple,
but use cheaper starting materials (thiophene instead of EDOT)
and have stable intermediates. Second, the T, values for the
new HTMs are much higher, which should enhance their physi-
cal stability within the devices. Third, the HOMO levels of the
new HTMs are much deeper than that of H101, which accounts
for the higher V. value of the former. Given the almost identi-
cal J,. values for devices with our new materials and spiro-
OMeTAD, increasing the V,. seems to be the best strategy to
increase PCE. Further understanding of such molecules, and
detailed investigations into charge transport in the bulk, as
well as functional interfaces, will contribute significantly to im-
proving the efficiency and viability of perovskite solar cells.

Experimental Section
Synthesis of H111

Compound 1 (0.2 g, 0.5 mmol), compound 3 (0.78 g, 2.25 mmol),
K,CO; (2m,5mL), and [Pd’(PPh,),] (60 mg, 0.05 mmol) were dis-
solved in freshly distilled THF (20 mL). The reaction mixture was
then stirred at reflux in the dark for 12 h. The reaction mixture was
cooled to RT and poured into water, extracted with CH,Cl,, and
washed with water. The organic layer was dried over MgSO,, con-
centrated, and the residue mixture was purified by column chro-
matography on silica gel with CH,Cl,/hexane=4:1 as the eluent to
obtain the product as a bright-yellow solid (0.48 g, 74%). 'H NMR
(CD,CL): 6=7.12-7.01 (m, 12H; PhH), 7.02-6.99 (m, 8H; PhH),
6.88-6.71 (m, 20H; PhH), 6.77-6.73 (m, 8H; PhH), 3.81 (s, 12H;
OCHs), 3.79 ppm (s, 12H; OCHs); *C NMR (CD,Cl,): 6 =156.6, 156.2,
147.5, 141.4, 1409, 139.3, 131.9, 130.0, 129.7, 129.4, 128.6, 1274,
126.7, 125.6, 120.5, 119.5, 115.2, 115.1, 55.89, 55.86 ppm; HRMS
(MALDI-TOF): m/z calcd for CgH;,N,04S: 1296.51; found: 1296.47;
elemental analysis calcd (%) for CgH,,N,0¢S: C 77.75, H 5.59, N
4.32,S 2.47; found: C 77.62, H 5.61, N 4.24, S 2.55.

Synthesis of H112

H112 was obtained as a yellow solid in 80% yield from 2 and 3 by
following the same procedure as that used to make H111. '"H NMR
(CD,Cl,): 0=7.43 (dd, J=6.8 Hz, 4H; PhH), 7.20 (s, 2H; ThH), 7.10-
7.08 (m, 8H; PhH), 7.02-6.99 (m, 12H; PhH), 6.92-6.87 (m, 12H;
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PhH), 6.81-6.74 (m, 12H; PhH), 3.81 (s, 12H, OCH,), 3.77 ppm (s,
12H, OCH,); *C NMR (CD,Cl,): 6 =156.7, 156.2, 149.0, 147.8, 144.3,
141.6, 141.3, 140.9, 129.2, 129.1, 127.6, 127.2, 126.6, 126.5, 126.2,
124.1, 120.9, 120.5, 115.1, 115.1, 115.0, 55.9, 55.8 ppm; MS (MALDI-
TOF): m/z calcd for CggH,4,N,O4S,: 1378.49; found: 1378.51; elemen-
tal analysis calcd (%) for CggH,4N,O4S,: C 76.61, H 5.41, N 4.06, S
4.65; found: C 76.52, H 5.47, N 4.01, S 4.74.

Device fabrication

The fabrication process has been standardized in our group and
optimized for CH;NH;Pbl; as a sensitizer and spiro-OMeTAD as the
HTM, under our laboratory conditions. The procedure is as follows:
fluorine-doped tin oxide (FTO) glass was etched with zinc powder
and a 2 M aqueous solution of HCl. A compact layer of TiO, was de-
posited onto the FTO surface by a spray pyrolysis process with a so-
lution of titanium diisopropoxide bis(acetylacetonate) (75% in 2
propanol, Sigma-Aldrich) diluted in ethanol (1:9 v/v). After cooling
to room temperature, the substrates were treated with a 0.04 m so-
lution of TiCl, for 30 min at 70°C. A mesoporous TiO, film was
spin-coated onto the FTO surface by using 30 nm TiO, nanoparticle
paste diluted with ethanol (1:5 w/w) and sintered at 500°C for
30 min. The films were treated with a 40 mm solution of TiCl, at
70°C for 30 min and heated at 500°C again for 30 min. After cool-
ing to RT, a 1 ™ solution of Pbl, was spin-coated onto the mesopo-
rous film, which was then heated at 70°C for 30 min. The films
were then immersed into a 8 mgmL™" solution of CH;NH,l in iso-
propanol (IPA) for 15 min, after which time they were rinsed with
IPA and dried by spinning at 4000 rpm for 30 s, followed by an-
nealing at 70°C for 30 min. Spiro-OMeTAD (for the reference cell),
H111, and H112 were each dissolved in chlorobenzene at a concen-
tration of 100 mgmL~', with heating to 70°C for 30 min. tert-Butyl-
pyridine (TBP; 15.92 pL) and lithium bis(trifluoromethylsulfonyl)i-
mide (Li-TFSI; 9.68 uL 520 mgmL ™" in acetonitrile) were added di-
rectly to aliquots (300 puL) of the HTM solutions. Codopant tris[2-
(1H-pyrazol-1-yl)pyridine]cobalt(ll) tris(hexafluorophosphate)
(FK102) was predissolved into acetonitrile and added to the solu-
tion of HTM at ratio of 15 mol%. The as-prepared solutions were
spin-coated onto the film at 4000 rpm for 30's. A 100 nm Au cath-
ode layer was deposited by thermal evaporation through a 0.2 cm?
metallic mask.

Equipment

'H and “CNMR data were obtained on a Bruker DPX 400 MHz
spectrometer with chemical shifts referenced to CD,Cl, CV meas-
urements were carried out on a CHI411 electrochemical worksta-
tion, by using a concentration of a few mm in dichloromethane
containing approximately 0.1 m of tetrabutylammoniun hexafluoro-
phosphate ([Bu;N1[PF¢]) supporting electrolyte, in a three-electrode
cell, in which the Ag/AgCl electrode was used as the reference
electrode and platinum wire as the working electrode. The scan-
ning rate was 100 mVs™' and ferrocene was used for calibration.
The absorption spectra were measured by using a SHIMADZU UV-
3600 UV/Vis/near-infrared (NIR) spectrophotometer. DSC was run
on a TA Instrument Q10. Photovoltaic measurements utilized an
AM 1.5G solar simulator equipped with a 450 W xenon lamp
(model 81172, Oriel). Its power output was adjusted to match
AM 1.5G sunlight (100 mWcm™) by using a reference Si photo-
diode. The -V curves were obtained by applying an external bias
to the cell and measuring the generated photocurrent with a Keith-
ley model 2612A digital source meter. All devices were measured
by masking the active area with a black tape mask. The IPCE was

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

measured by using a PVE300 (Bentham) instrument, with a dual
xenon/quartz halogen light source, measured in direct current (DC)
mode and no bias light was used. For the EIS study, measurements
were carried out by using an AutoLab PGSTAT302N instrument
under illumination conditions, and different bias potentials were
applied ranging from 0.05V to open-circuit voltage and frequen-
cies between 1 MHz and 1 Hz.
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