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ABSTRACT: Two-dimensionally expanded π-systems,
consisting of partially oxygen-bridged triarylamine skel-
etons that are connected to an azulene (1−3) or biphenyl
core (4), were synthesized and characterized. When tetra-
substituted azulene 1 was used as a hole-transporting
material (HTM) in perovskite solar cells, the observed
performance (power conversion efficiency = 16.5%) was
found to be superior to that of the current HTM standard
Spiro-OMeTAD. A comparison of the hole mobility, the
ability to control the HOMO and LUMO levels, and the
hole-collection efficiency at the perovskite/HTM interface
in 1 with reference compounds (2−4 and Spiro-
OMeTAD) led to the elucidation of key factors required
for HTMs to act efficiently in perovskite solar cells.

Perovskite solar cells represent attractive cost-effective next
generation printable photovoltaics.1 In this type of solar cells,

perovskite semiconductors, such as lead halide perovskite
CH3NH3PbI3, act as photoabsorbers to generate free carriers
that can be collected in the electrodes through both p- and n-type
buffer layers.2 In a relatively short period, power conversion
efficiencies (PCEs) in such cells have been substantially increased,
mainly due to improvements of the fabrication protocols for the
perovskite layer.3 Although tremendous efforts have been
devoted to the development of improved hole-transporting
materials (HTMs) for buffer layers,4,5 the number of high-
performance HTMs is still limited.5 Therefore, 2,2′,7,7′-tetrakis-
(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene (Spiro-
OMeTAD), which is traditionally used for solid-state dye-
sensitized solar cells,6 remains, despite its high cost, the standard
buffer material even in perovskite solar cells. For further
improvements of the PCE, the development of more cost-
effective next-generation HTMs based on new molecular design
concepts, and the elucidation of the key factors that determine the
photovoltaic performance in perovskite solar cells, will be crucial.
Conventional HTMs for perovskite solar cells are often based

on triarylamine skeletons with propeller-like structures.4,5 We
have recently reported that the use of partially oxygen-bridged
triarylamines as quasiplanar scaffolds for charge-transporting
materials facilitates delocalized π-conjugation and on-top π-

stacking in the solid state, which ensures high carrier mobilities in
the π-stacking direction.7 In this study, we designed and
synthesized the two-dimensionally expanded system 1 with a
sheet-shaped structure, in which four oxygen-bridged triaryl-
amines that contain alkoxy groups to enhance the solubility were
attached to a core skeleton (Figure 1). For the core skeleton, we

selected azulene,which is a nonbenzenoid aromatic hydrocarbon8

that exhibits unique electron-donating and accepting character
arising from the five- and seven-membered ring, respectively.
Using 1 as a HTM in perovskite solar cells led to high PCEs
(16.5%), even when compared to Spiro-OMeTAD. By
comparison with reference compounds 2 (1,3-disubstituted
azulene), 3 (5,7-disubstituted azulene), 4 (3,3′,5,5′-tetra-
substituted 1,1′-biphenyl), and Spiro-OMeTAD, we were able
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Figure 1. Molecular design for the HTMs in this study together with
structures of 1−4 and Spiro-OMeTAD.
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to determine the key factors that improve the efficiency of HTMs
in perovskite solar cells, which ultimately led to an increase in cell
performance.
The oxygen-bridged triarylamine used in this study was

prepared according to a previously reported synthetic method
(Scheme S1).7 Treatment of this triarylaminewith 1 equiv ofNBS
led to a selective monobromination at the octyloxy-substituted
ring. 1,3,5,7-Tetra(Bpin)azulene and 3,3′,5,5′-tetra(Bpin)-1,1′-
biphenyl were obtained from exhaustive Ir-catalyzed direct
borylation of azulene and biphenyl, respectively.9 5,7-Di(Bpin)-
azulene could be obtained from the selective deborylation of
1,3,5,7-tetra(Bpin)azulene.9b These readily available borylated
azulene derivatives enable a facile synthesis of the target
compounds by conventional Suzuki−Miyaura cross-coupling
reactions. Thus, tetra-substituted azulene 1 was generated from
the reaction of themonobrominated oxygen-bridged triarylamine
and 1,3,5,7-tetra(Bpin)azulene. Reference compounds 2−4were
obtained in a similar manner from the corresponding brominated
and borylated derivatives (for details, see SI). Compounds 1−4
were characterized by NMR, HRMS, and elemental analysis. All
new compounds exhibited good solubility in common organic
solvents (e.g., >100 mg/mL in chlorobenzene) and high thermal
stability (e.g., Td5 > 400 °C).
DFT calculations at the B3LYP/6-31G(d) level of theory

showed that the Kohn−Sham (KS)-HOMOs of 1,3,5,7-tetra-
substituted 1 (−4.23 eV) and 1,3-disubstituted 2 (−4.42 eV) are
delocalized over the entire π-conjugated skeleton, including the
azulene core (Table 1, Figure S5). The calculated KS-HOMO

levels reflect the high electron-donating ability of the five-
membered azulene ring. In comparison to 1 and 2, the KS-
HOMO levels in 5,7-disubstituted 3 (−4.60 eV) and 4 with a
biphenyl core (−4.61 eV) are lower. The KS-LUMOs of 1−3 are
localized on the azulene core.
The electrochemical and photophysical properties of 1−4 are

summarized in Table 1. The cyclic voltammogram of 1 in CH2Cl2
shows four reversible oxidation waves, indicating the stability of
the cationic species. As predicted by DFT calculations, the
experimentally observed first oxidation potentials (all potentials

vs Fc/Fc+) of 1 and2 are lower (1, +0.00V;2, +0.09V) than those
of 3 (+0.41 V) and 4 (+0.26 V). The HOMO levels estimated
from these potentials are included in Table 1. In the UV−vis
absorption spectrum,1−4 exhibit an intense absorption in theUV
and/or short wavelength visible region (<450 nm), associated
with a π−π* transition. In addition, azulene derivatives 1−3
exhibit a very weak and broad peak in the visible region,
corresponding to the intramolecular charge transfer transition of
the azulene moiety.
In order to investigate the performance of 1−4 in perovskite

solar cells, we fabricated such devices using 1−4 as HTMs. Our
standard cells were based on the following structure: FTO/
compact-TiO2 (30 nm)/mesoporous-TiO2 (200 nm)/perovskite
CH3NH3PbI3 (250 nm)/HTM (250 nm)/Au (80 nm). The
perovskite layers were prepared according to our optimized
sequential two-step solution method.11 The use of purified
solvents and materials, such as CH3NH3I and PbI2, has proven to
be essential in order to achieve good results (PCE= 13.4± 0.5%),
both in terms of performance and reproducibility (Figure S9).
Hole-transport layers (HTLs) of 250 nm thickness were

deposited under an inert atmosphere (N2) on the perovskite layer
by spin-coating a chlorobenzene solution of the HTM with
additives, such as, e.g., a Co(III)-based oxidizing agent
(FK209),12 lithium bis(trifluoromethane)sulfonamide (LiTFSI),
and 4-tert-butylpyridine. In order to examine the effect of the
amount of oxidizing agent on the solar cell performance, we
initially screened the amount of Co(III) dopant in 1. Upon
gradually increasing the amount of oxidant from0.0 equiv (PCE=
4.8%) to 0.20 equiv (PCE = 14.8%), a significant increase in the
solar cell performance was observed, exhibiting a maximum for
0.15 equiv (PCE = 15.7%; Figure S10). The observed PCE is
significantly higher than that using Spiro-OMeTAD under
identical conditions (PCE = 13.6% with 0.10 equiv of Co(III)
dopant) and thus demonstrates the superior performance of1 as a
HTM. In the cell using 1 (Figure 2a, Table 2), the observed short-

circuit photocurrent density (JSC = 20.7 mA/cm2) was
comparable to that of a cell using Spiro-OMeTAD (JSC = 21.0
mA/cm2), while the increases in open-circuit voltage (VOC = 1.04
V) and fill factor (FF = 0.73) were remarkably higher relative to
the Spiro-OMeTAD cell (VOC = 0.96 V, FF = 0.68). Cells
containing reference compounds 2−4 were also prepared using
the same two-step method for the preparation of the perovskite
layer. Even after screening the amount of Co(III) dopant, only
moderate PCEs were obtained for cells using 2 (9.7%, 0.15 equiv)
or 3 (8.5%, 0.0 equiv), whereas a cell with 4 showed an even lower

Table 1. Electrochemical and Photophysical Data for 1−4

compd E1/2, ox
a [V]

λsol
b [nm]

(log ε)
KS-HOMOc

[eV]
HOMOd

[eV]

1 +0.00, +0.27 705 (2.92) −4.23 −5.04
+0.37,e +0.63 446 (4.58)

392 (4.75)
2 +0.09, +0.24 613 (2.49) −4.42 −5.12

+0.51 386 (4.57)
3 +0.41e 717 (2.67) −4.60 −5.42

644 (3.03)
392 (4.56)

4 +0.26f 383 (4.81) −4.61 −5.27
316 (4.42)

Spiro-
OMeTAD

+0.05, +0.16 385 (4.88) −4.21 −5.08
+0.36e 307 (4.75)

aHalf-wave oxidation potentials (vs Fc/Fc+) measured by cyclic
voltammetry in CH2Cl2 (0.5 mM; supporting electrolyte: 0.1 M [(n-
Bu)4N][PF6]).

bUV−vis absorption in CH2Cl2 (10−5 M). cKohn−
Sham HOMO level calculated at the B3LYP/6-31G(d) level of theory.
dHOMO levels estimated from the onset potentials of the first
oxidation peak in the cyclic voltammograms (HOMO = −(Eonset + 5.1
eV)).10 eCorresponding to a two-electron oxidation. fCorresponding
to a four-electron oxidation.

Figure 2. Current density−voltage characteristics for perovskite solar
cells with perovskite layers fabricated from (a) a two-stepmethod using 1
(red), 2 (blue), 3 (orange), 4 (green), and Spiro-OMeTAD (black) as
HTMs, or from (b) a one-step method using 1 as the HTM; all
measurements recorded under a photon flux of 100 mW/cm2 (AM1.5G,
solid line) or in the dark (dashed line).
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performance (0.45%, 0.15 equiv). Recently, modified one-step
solutionmethods using solvent engineering have been reported as
effective methods to prepare flat and dense perovskite layers that
provide high PCEs.3 When cells with 1 were prepared in such a
one-stepmanner (toluene dropping), the PCEs further increased
to 16.5% (Figure 2b). This result is even more remarkable,
considering that this method has not yet been optimized in our
laboratory, which clearly demonstrates the high potential of 1 as a
HTM in perovskite solar cells.
To elucidate the factors that enable compounds to act as

efficient HTMs in perovskite solar cells, 1−4 as well as Spiro-
OMeTAD were compared with respect to (1) hole mobility, (2)
electronic structure, i.e., HOMO and LUMO levels in bulk films,
and (3) charge collection at the HTM/perovskite layer interface.
Initially, the hole mobility in neat bulk films of 1−4 and Spiro-
OMeTADwith a thickness of 200−400 nm, which is comparable
to films used in current perovskite solar cells (Figure S14−19),
was examined by the space-charge-limited current (SCLC)
method (Figure S20). The mobility of 1 (2.1 × 10−4 cm2/(V s))
was comparable to that of Spiro-OMeTAD (2.7 × 10−4 cm2/(V
s)),13 and both values were higher than those of 2 (7.6 × 10−5

cm2/(V s)), 3 (6.3× 10−6 cm2/(V s)), and 4 (2.4× 10−5 cm2/(V
s)). The observed correlation between the hole mobility and the
PCE of 1−3 and Spiro-OMeTAD indicates a critical importance
of a high carrier mobility, which should contribute in particular to
high FF values. In order to reveal the local carriermobility, we also
performed time-resolved microwave conductivity (TRMC)
measurements.14 A spin-coated film of 1 exhibited a local
mobility (Σμ = 1.8 cm2/(V s)), which was four times higher than
that of Spiro-OMeTAD (Σμ = 0.45 cm2/(V s)), measured under
the same conditions (Figure S29). As theHTMswere used in our
optimized cells together with oxidizing agents, TRMC measure-
ments were also conducted on Co(III)-doped films of 1. The
TRMC signal (ϕΣμ), corresponding to the product of photo-
generation efficiency of the charge carrier (ϕ) and Σμ, increased
up to 4−5 times upon addition of 0.05−0.20 equiv of the oxidant
(Figure S30). Under the assumption that ϕ remained unchanged
in the doped films, this result indicates that Co(III) doping
induced a significant increase of the local mobility, which
contributes to a reduced series resistance and facilitated ohmic
contact with the metal.15

Subsequently, we evaluated the HOMO and LUMO levels in
bulk films, taking the effects of the oxidizing agents into account.
Figure 3 shows the ionization potentials (IPs, HOMO levels)
obtained from photoelectron spectroscopy measurements in air
for spin-coated films of 1−4 and Spiro-OMeTAD containing the
previously determined optimum amount of Co(III) dopant.
Compared to neat films without oxidant (Figure S28), the IPs of
the doped films were decreased by ∼0.1 eV due to partial

oxidation. The IPs in 1−3 and Spiro-OMeTAD (−5.05 to−5.35
eV,ΔE = +0.10 to +0.40 eV) were higher than that of the valence
band (VB) in CH3NH3PbI3 (−5.45 eV). In contrast, the IP in 4
(−5.44 eV) was comparable to that of the VB, which means that
an effective hole injection from the perovskite to 4 was not
possible, consistent with the very low PCE observed.
Furthermore, the LUMO levels of 1−4 were determined (Figure
3) based on these HOMO levels (IPs), and the optical band gap
energies determined from the absorption spectra of the spin-
coated films (Figure S8). The LUMO level of 3 (−3.66 eV,ΔE =
+0.24 eV) was close to the conduction band (CB) of
CH3NH3PbI3 (−3.90 eV),

1c which probably reflects an inefficient
electron blocking ability of 3, thus leading to a relatively smallRsh.
These results clearly indicate the importance of being able to
control the HOMO and LUMO levels of theHTM relative to the
VB and CB levels of the perovskite material.
The question why tetra-substituted azulene derivative 1

exhibited a better performance than Spiro-OMeTAD and 1,3-
disubstituted azulene 2 still remains to be addressed. For that
purpose, we examined the charge collection ability of theseHTMs
at their interface with the perovskite layer by measuring the
transient decay of the TRMC. Recent TRMC studies on
perovskite materials revealed a TRMC signal (ϕΣμ) for
perovskite on a mesoporous TiO2 layer that was by 2 orders of
magnitude higher than those of organic HTMs such as Spiro-
OMeTAD.14b Accordingly, the charge collection ability of HTMs
from the perovskite layer can be evaluated by the intensity
decrease of the TRMC transient after deposition of the HTM
onto the perovskite layer. Figure 4 shows the transient TRMC
decay prior and posterior to HTM coating. Only a moderate
decrease of peak intensity (ΔϕΣμ) and delay time was observed
for 2, whereas a significant decline was observed for both 1 and
Spiro-OMeTAD. This result indicates that the latter HTM
coatings effectively quench the perovskite conductivity, showing

Table 2. Summary of Photovoltaic Parameters Derived from
J−VMeasurements of Perovskite Solar Cells

HTM
JSC

[mA/cm2]
VOC
[V] FF

PCE
[%]

Rs
[Ω cm2]

Rsh
[Ω cm2]

1 20.7 1.04 0.73 15.7 8.6 1.6 × 103

1a 21.7 1.08 0.71 16.5 6.9 1.9 × 103

2 15.9 0.91 0.67 9.7 4.7 8.2 × 102

3 17.3 0.91 0.54 8.5 8.5 2.7 × 102

4 2.31 0.70 0.28 0.45 180 3.4 × 102

Spiro-
OMeTAD

21.0 0.96 0.68 13.6 4.6 2.6 × 103

aFabricated using a one-step method (toluene dropping).

Figure 3. HOMO and LUMO levels of 1−4 and Spiro-OMeTAD in
doped spin-coated films, determined by photoelectron spectroscopy and
optical band gap analysis; the valence and conduction bands of
CH3NH3PbI3 are included as reference levels.

Figure 4. TRMC transients (normalized ϕΣμ) of perovskite films prior
(red) and posterior (blue) to HTM coating at a photon flux of I0 = 1.4 ×
1011 photons/cm2. HTM/dopant: (a) 1/0.15 equiv of Co(III), (b)
Spiro-OMeTAD/0.10 equiv of Co(III), and (c) 2/0.15 equiv of Co(III).
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efficient hole-collection ability of the HTM to yield high JSC,VOC,
and FF values. In the profile for 1, the magnitude of peak
suppression was higher (ΔϕΣμ = −58%) and the speed of decay
faster (t = 0.72 μs) than that of Spiro-OMeTAD (ΔϕΣμ =−41%,
t=0.97μs) or 2 (ΔϕΣμ=−19%, t=2.2μs). These results suggest
that the horizontal, face-onmolecular orientation of theHTMson
the perovskite layer, which could facilitate charge collection, is
most likely enhanced by the two-dimensionally expanded
molecular shape of the π-conjugated skeleton in tetra-substituted
azulene 1 relative to disubstituted azulene 2, which contains a
smaller π-system, and Spiro-OMeTAD, which exhibits a spherical
shape. It should also be noted that a good correlation was
observed between the PCE values of the solar cells and the extent
of transient decay in the TRMCmeasurements (Figures S32 and
33, Table S5). Our results thus demonstrate the utility of this
method for the evaluation of device performance and optimal
doping conditions for newly synthesized semiconductors prior to
the laborious fabrication of solar cells.
In summary, we have described the synthesis of 1, in which the

conjugated π-system is two-dimensionally expanded over four
quasiplanar skeletons and a central azulene core. Perovskite solar
cells that use 1 as a HTM exhibited a superior performance (PCE
≤ 16.5%) relative to those using the current standard Spiro-
OMeTAD. Based on the evaluation and a comparison of the
optoelectronic and electrochemical properties of 1−4 and Spiro-
OMeTAD, we were able to elucidate the factors that are required
for HTMs to act efficiently in perovskite solar cells: (1) a good
hole mobility that can be partly modified by chemical doping; (2)
control over the HTMHOMO and LUMO levels, which should
be at least 0.1 and 0.25 eV higher than the perovskite VB and CB,
respectively; and (3) high hole-collecting ability at the HTM/
perovskite interface. With respect to (3), the preferred horizontal
molecular orientation of two-dimensionally expanded π-systems
should be particularly beneficial. In line with these newmolecular
design principles, we believe that several more sophisticated
HTMs for perovskite solar cells should be easily attainable.
Development and optimization of more extended HTMs are
currently in progress in our laboratory, and resultswill be reported
in due course.
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Mater. 2013, 25, 2986.
(13) This value is in good agreement with that obtained from time-of-
flight measurement (2× 10−4 cm2/V s); see: Poplavskyy, D.; Nelson, J. J.
Appl. Phys. 2003, 93, 341.
(14) (a) Saeki, A.; Koizumi, Y.; Aida, T.; Seki, S. Acc. Chem. Res. 2012,
45, 1193. (b) Oga, H.; Saeki, A.; Ogomi, Y.; Hayase, S.; Seki, S. J. Am.
Chem. Soc. 2014, 136, 13818.
(15) Shen, Y.; Hosseini, A. R.; Wong, M. H.; Malliaras, G. G.
ChemPhysChem 2004, 5, 16.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b11008
J. Am. Chem. Soc. 2015, 137, 15656−15659

15659

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11008/suppl_file/ja5b11008_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11008/suppl_file/ja5b11008_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.5b11008
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b11008/suppl_file/ja5b11008_si_001.pdf
mailto:wakamiya@scl.kyoto-u.ac.jp
mailto:saeki@chem.eng.osaka-u.ac.jp
mailto:lawrence.scott@bc.edu
mailto:yasujiro@scl.kyoto-u.ac.jp
http://dx.doi.org/10.1021/jacs.5b11008

