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ABSTRACT: The high performance of the perovskite solar
cells (PSCs) cannot be achieved without a layer of efficient
hole-transporting materials (HTMs) to retard the charge
recombination and transport the photogenerated hole to the
counterelectrode. Herein, we report the use of boryl
oxasmaragdyrins (SM01, SM09, and SM13), a family of
aromatic core-modified expanded porphyrins, as efficient
hole-transporting materials (HTMs) for perovskite solar cells
(PSCs). These oxasmaragdyrins demonstrated complementary
absorption spectra in the low-energy region, good redox
reversibility, good thermal stability, suitable energy levels with
CH3NH3PbI3 perovskite, and high hole mobility. A remarkable power conversion efficiency of 16.5% (Voc = 1.09 V, Jsc = 20.9 mA
cm−2, fill factor (FF) = 72%) is achieved using SM09 on the optimized PSCs device employing a planar structure, which is close
to that of the state-of-the-art hole-transporting materials (HTMs), spiro-OMeTAD of 18.2% (Voc = 1.07 V, Jsc = 22.9 mA cm−2,
FF = 74%). In contrast, a poor photovoltaic performance of PSCs using SM01 is observed due to the interactions of terminal
carboxylic acid functional group with CH3NH3PbI3.
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1. INTRODUCTION

Organometal halide perovskite solar cells (PSCs) have emerged
as a game changer in the thin-film photovoltaic technologies,
witnessing a rapid growth in the past few years.1−3 Along with
impressive efficiencies and cost-effective processing, these
perovskites also possess excellent optical properties,4 ambipolar
charge transport properties,5 and adequate electron−hole
diffusion lengths.6,7 Furthermore, the performance of these
perovskite materials can be fine-tuned easily by compositional
and structural manipulation,8−10 TiO2 nanostructure modifica-
tion,11 and appropriate choice of hole-transporting material
(HTM).2,12 The overall photon-to-current conversion efficien-
cies of these perovskite solar cells have climbed sharply from
less than 10 to 22.1% in just 5 years.13 HTMs play a significant
role in PSCs to achieve both long-term stability and enhanced
power conversion efficiencies (PCEs). Besides state-of-the-art
2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-spiro-
fluorene (spiro-OMeTAD), various small molecules,12,14−20

polymers,3,12 phthalocyanines (Pcs),21−31 porphyrins,32−34 and
inorganic materials35,36 have been used as HTMs. The best

PCEs have been obtained by incorporating only spiro-
OMeTAD17 or poly(triaryl amine) (PTAA)3 as the solid-
state HTM. Despite the high performance of spiro-OMeTAD
and PTAA, they suffer from high-cost synthesis, difficult
purification, and low stability, which may hinder their
application in a larger scale.22,37,38

Porphyrins and phthalocyanines (Pcs) have emerged as
effective molecules to be used as HTMs in PSCs. Kumar et al.
have applied CuPc as a low-cost HTM in PSCs to obtain the
PCE of 5%.21 In another report, Ramos and co-workers have
used a nonaggregated Zn(II)[octa(2,6-diphenylphenoxy)-
phthalocyanine] (TT80) as an HTM in the PSC device to
obtain a PCE of 6.7%.22 Subphthalocyanine has also been
utilized as an HTM in PSCs giving the PCE of 6.6%.39

Nanorod-like CuPc also has been incorporated as an HTM in
the carbon counterelectrode-based PSCs to obtain a higher
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PCE of 16.1%.40 Very recently, nickel phthalocyanine
combined with vanadium(V) oxide (V2O5) have been
successfully applied in mesoscopic PSCs to achieve a PCE of
16.8%.23 The highest efficiency of phthalocyanine-based HTMs
of 17.5% was obtained by employing tetra-5-hexylthiophene-
based ZnPc in the mesoscopic PSCs device.31 In 2016, Yeh’s
group reported HTMs based on the zinc porphyrin−ethylani-
line conjugates on the mesoscopic PSCs devices employing
CH3NH3PbI3 perovskite.

33 A comparable performance to spiro-
OMeTAD with PCE of 16.6% was achieved for PSCs based on
n-butyl tethered Y2.33 Recently, Chen and co-workers reported
arylamine-substituted porphyrins as HTMs on the mesoscopic
PSCs devices employing CH3NH3PbI3 perovskite yielding a
PCE of 17.78%.34 Noticeably, there is no report on applying
expanded porphyrins as HTMs in PSCs till now.
Boryl oxasmaragdyrins, an expanded core-modified porphyr-

ins, have recently gained much attention as low-energy
sensitizers in dye-sensitized solar cells due to their impressive
optical properties, step-economic synthesis, high overall yields,
and panchromatic light-harvesting ability.41,42 A very impressive
PCE of 5.7% in this family of core-modified sensitizers has been
achieved by our group.41 During the studies, we also noticed
that the highest occupied molecular orbital−lowest unoccupied
molecular orbital (HOMO−LUMO) energy levels of these
expanded core-modified porphyrins match perfectly with the

requirements for the HTM in PSCs. Moreover, boryl
oxasmaragdyrins offer many advantages, such as simpler
synthesis and purification processes, low cost, and moisture
stability. Herein, we report the first application of these boryl
oxasmaragdyrins as HTMs in PSCs.

2. RESULTS AND DISCUSSION

2.1. Molecular Design and Synthesis. The molecular
structures of the studied SM HTMs are depicted in Scheme 1.
SM01 consists of two hexyloxyphenyl groups and one
carboxyphenyl group on the meso-position, whereas SM09
comprised of three tolyl groups at the meso-positions. In SM13,
other than a methylbenzoate derivative, the fluoride groups on
the boron center are replaced by ethoxy groups to manipulate
the electronegativity. The synthetic pathway for these SM
molecules is depicted in Scheme 2. SM01 and SM13 have been
reported by our group previously,41,42 and SM09 is prepared by
following the literature procedure.43 Owing to the planar
porphyrin ring, these molecules are expected to have enhanced
intermolecular π-stacking, which might be helpful for an
efficient hole transport. For the synthesis of SM HTMs, the
corresponding 16-oxatripyrrane and dipyrromethane were
condensed following McDonalds “3 + 2” protocol to yield
free-base oxasmaragdyrins, which on further treatment with
excess trimethylamine and boron trifluoride etherate gave boryl

Scheme 1. Molecular Structures of SM HTMs

Scheme 2. Synthetic Pathway for SM HTMsa

aReactions and conditions: (i) trifluoroacetyl, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, dichloromethane; (ii) NEt3, BF3OEt2; for SM01 (iii) aq
KOH, tetrahydrofuran (THF); for SM13 (iv) EtOH, AlCl3.
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oxasmaragdyrins (1, 2, and SM09). For SM01, compound 1 is
treated with aqueous KOH to convert ester group into acid,
whereas compound 2 is reacted with aluminum trichloride in
excess ethanol to obtain SM13.
2.2. Optical, Electrochemical, and Hole-Transporting

Properties. As seen from the absorption spectra in Figure 1a,

these boryl oxasmaragdyrins show two intense split Soret bands
in the 450−550 nm region and Q bands in the 600−800 nm
region. The split Soret band is a characteristic phenomenon of
boryl oxasmaragdyrin, and the UV−vis spectra of these
compounds are consistent with other literature-reported boryl
oxasmaragdyrin.43 The thin-film UV−vis spectra measured
using an integrating sphere on the HTM layer coated MAPbI3
film with the thickness of 50, 100, 200, and 180 nm for TiO2
compact layer (c-TiO2), TiO2 mesoporous layer (mp-TiO2)
infiltrated with MAPbI3, overcapping MAPbI3, and oxasmar-
agdyrin, respectively, are presented in Figure 1b. The distinctive
feature with an enhancement on the absorbance between 650
and 800 nm for the perovskite films coated with a boryl
oxasmaragdyrin suggests the potential of using these oxasmar-

agdyrins as a cosensitizing dye to absorb the low-energy near-IR
photons under a proper band gap alignment.
The highest occupied molecular orbital (HOMO) and the

lowest unoccupied molecular orbital (LUMO) of these boryl
oxasmaragdyrins were determined directly by cyclic voltamme-
try (CV). As depicted in Figure 2a and Table 1, two reversible
oxidation waves and one reversible reduction wave were
observed for SM01 and SM09, whereas two reversible oxidation
and two reversible reduction waves were observed for SM13.
The energy level diagram (Figure 2b) with HOMO and LUMO
energy levels converted directly from the first oxidation
potential and the first reduction potential, respectively, on the
cyclic voltammograms is plotted to gain further insight into the
feasibility of using boryl oxasmaragdyrin to mediate hole
migration. As seen from the energy level diagram, all of the
HOMO energy levels of SMs are more positive than that of
perovskite methylammonium lead iodide (MAPbI3) but more
negative than the HOMO energy level of spiro-OMeTAD,
suggesting that these boryl oxasmaragdyrins can be effective
materials for hole transporting on the MAPbI3-based perovskite
solar cells. Noticeably, the HOMO and LUMO potentials of
SM13 are shifted to more positive values after the substitution
of electron-donating ethoxy groups on the boron center.
The hole mobility of the boryl oxasmaragdyrins was

determined by using space-charge-limited currents (SCLCs)
following the literature procedures at room temperature.44−46

Because of its poor PCE (vide infra), we did not check the hole
mobility of SM01. The devices coated with hole-migration
materials only, ITO/PEDOT:PSS/HTM/Al, were fabricated to
perform the SCLC measurement. The zero field hole mobility
(μh) of pristine spiro-OMeTAD is 1 × 10−5 cm2/(V s), which is
similar to ∼1.8 × 10−5 cm2/(V s) reported in the literature.44

For pristine SM09 and SM13, our measurements obtained μh of
1.6 × 10−6 and 2 × 10−8 cm2/(V s), respectively. However, with
the addition of LiTFSI and tBP to the solution of boryl
oxasmaragdyrins for the preparation of a SM film, the μh was
increased substantially to 2.8 × 10−4, 1.7 × 10−4, and 1.7 × 10−6

cm2/(V s) for spiro-OMeTAD, SM09, and SM13 respectively.
Figure 3 shows the electric field (E1/2) dependent hole mobility

Figure 1. UV−visible spectra of SM HTMs (a) in THF and (b) as thin
films.

Figure 2. (a) CV spectra for SM molecules and (b) energy level diagram for SM HTMs.
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(μh) of three HTMs, with (Figure 3b) and without (Figure 3a)
LiTFSI and tBP additions.

2.3. Performance of Perovskite Solar Cells. 2.3.1. Meso-
scopic Device Structure. The composition of the studied PSC
devices is displayed in Figure 4, where a compact TiO2 layer
was deposited on a fluorine-doped tin oxide−coated glass by
spray pyrolysis as a hole-blocking layer. A mesoporous TiO2
layer was spin-coated onto the fluorine-doped tin oxide
(FTO)/c-TiO2 layer. The MAPbI3 solution was then spin-
coated on the FTO/c-TiO2/mp-TiO2 substrate. During the
spin-coating process, dry chlorobenzene was added as the
antisolvent to the substrate after a short delay. Then, the films
were annealed at 100 °C for 10 min. The color of the annealed
film changed from transparent to dark brown, indicating the
crystallization of the MAPbI3 layer. The SM HTM layer was
then introduced by spin-coating, and finally silver contact

electrode was deposited by thermal deposition as a back
electrode. From the cross-sectional SEM image of the device
with SM09 as the HTM (Figure 4), the layer thickness of each
component of the device was determined. A 50 nm c-TiO2, 100
nm mesoporous TiO2 infiltrated with MAPbI3, 200 nm of
overcapping MAPbI3, an HTM layer of 180 nm, and finally a
silver electrode of 80 nm were assigned.
The current−voltage (J−V) characteristics of the perovskite

solar cells assembled with SM molecules as the HTM measured
under 100 mW/cm2 photon flux (AM 1.5G) are displayed in
Figure 5, and the corresponding photovoltaic parameters are
summarized in Table 2. The PCEs of 4.9, 14.5, and 14.1% were
obtained for SM01, SM09, and SM13, respectively. Reference
cells with spiro-OMeTAD HTM are also prepared for
comparison. Under similar measurement conditions, the
average of 10 devices with spiro-OMeTAD as HTM shows a
short-circuit current density (Jsc) of 21.1 mA cm−2, an open-
circuit voltage (Voc) of 1.02 V, and a fill factor (FF) of 69%,
leading to an average PCE of 14.8%. Among the three boryl
oxasmaragdyrins, SM01 showed an unusually poor performance
in stark contrast with the high efficiency of SM09 and SM13.
The best device with SM01 as HTM obtained PCE of 4.9%
based on Jsc of 9.9 mA cm−2, Voc of 0.83 V, and FF of 59%. We
believe that this lower performance of SM01 is due to the
interactions of terminal carboxylic acid with the MAPbI3 layer,
making the device very unstable, confirmed by the continuing
color fading of the MAPbI3 layer. However, we did not observe
such color fading even after a month when the devices were
assembled with SM09 or SM13 as HTM. The champion device
with SM09 as HTM shows Jsc of 20.5 mA cm−2, Voc of 1.01 V,
FF of 70%, and PCE of 14.5%. It is worth noting that, as shown
in Figure 5a, the photocurrent density for SM09 is the same as
that of the highest-efficiency PSC device using spiro-OMeTAD
as the HTM, whereas the open-circuit voltage and the fill factor
are slightly lower. The best device with SM13 as the HTM

Table 1. Optical and Electrochemical Data of SM HTMs

E1/2 (V)
b

HTM λmax (nm)
a

first ox second ox first red band gap (eV) HOMOc (eV) LUMOc (eV)

SM01 446, 474, 706 0.86 1.18 −0.92 1.78 −5.36 −3.58
SM09 444, 473, 702 0.83 1.17 −0.98 1.81 −5.33 −3.52
SM13 451, 480, 714 0.67 1.06 −1.18 1.85 −5.17 −3.32

aAbsorption maximum of SM HTMs in THF. bCV measurements were carried out in THF with TBAPF6 (0.1 M) as the supporting electrolyte and
ferrocene/ferrocenium (Fc/Fc+) as the internal reference. cCV potentials were converted to the vacuum scale according to the formula of EHOMO =
−(Eox + 4.5) (eV) and ELUMO = −(Ered + 4.5) (eV).

Figure 3. Electric field (E1/2) dependent μh of HTMs, without (a) and
with (b) LiTFSI and tBP addition.

Figure 4. Composition of the device with SM HTM.
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shows Jsc of 19.1 mA cm−2, Voc of 1.01 V, FF of 73%, and PCE
of 14.1%.
It is also noticed that the Jsc for SM13 is slightly lower than

that for SM09, resulting in a slightly lower PCE. The better
performance of the SM09 compared with SM13 is well in
accordance with the hole mobility data. The statistical data for
ten best devices based on all of the three SMs as HTM is given
in Tables S1−S3. The trends in the J−V curves can be well
understood from the incident photon-to-current conversion

efficiency (IPCE) spectra. The best device with spiro-
OMeTAD as the HTM displayed a very broad IPCE plateau
of over 80%, covering the whole visible region, as displayed in
Figure 5b. The IPCE spectra of the SM molecules are in
qualitative agreement with the corresponding absorption
spectra of the thin films (Figure 2b). The device with SM09
as the HTM also showed a much higher IPCE value (80%) of
up to 600 nm and then decreases to 60% in the 600−800 nm
region. The device with SM13 as the HTM shows slightly lower
IPCE values compared with SM09, with the IPCE plateau in
the range of 50−70% in the whole visible region.

2.3.2. Planar Device Structure with SnO2 as Electron-
Transporting Materials. Device optimization was carried out
for the best-performing HTM, SM09, by preparing a planar
device configuration employing SnO2 as the electron-trans-
porting layer instead of TiO2. The planar device configuration
employing SnO2 was chosen because it offers a low-temper-
ature process and an easier fabrication step without the
application of the mesoscopic structure, which is important for
a large-scale fabrication process. A thin layer of SnO2 was
deposited on top of the FTO glass according to the reported
procedure with some modifications.47 The optimized planar
device structure is displayed in the SEM image shown in Figure
6.

The current−voltage (J−V) characteristics of PSCs with
SM09 prepared under the optimized condition are displayed in
Figure 7, and the corresponding photovoltaic parameters are
summarized in Table 3. PSC devices using spiro-OMeTAD
were also fabricated using the optimized method under the
same condition as a comparison. The optimized device
employing SM09 achieved a pretty significant improvement
in the overall photovoltaic performance with Jsc of 20.9 mA
cm−2, Voc of 1.09 V, FF of 72%, and PCE of 16.5%. The high
performance of the optimized devices is well supported with
the IPCE spectra depicted in Figure 8. The IPCE values, lying

Figure 5. a) J−V characteristics and (b) incident photon-to-current
conversion efficiency (IPCE) spectra of perovskite solar cells
assembled with SM HTMs and spiro-OMeTAD (best cell) measured
under standard 1 sun conditions.

Table 2. Photovoltaic Parameters for the Devices with SM HTMs

HTM Jsc (mA cm−2) Voc (V) FF (%) PCE (%)

spiro-OMeTAD average 21.1 1.02 69 14.8
best 21.6 1.05 74 15.8

SM01 average 9.3 0.71 60 4.0
best 9.9 0.83 59 4.9

SM09 average 19.1 0.99 70 13.3
best 20.5 1.01 70 14.5

SM13 average 17.7 0.96 71 12.2
best 19.1 1.01 73 14.1

Figure 6. Cross-sectional SEM images of the optimized planar device
employing SM09 (FTO/SnO2/MAPbI3 perovskite/SM09/Au).
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above 70% in most of the wavelength range, have improved
significantly from the aforementioned TiO2 mesoscopic device
using the same SM09 as the HTM. The histogram and the
statistical data of the photovoltaic parameters of the optimized
devices employing SM09 are shown in Figure S5 and Table S6,
giving the average PCE of 14.4% over 25 devices. The
enhancement in photovoltaic performance is due to the higher
electron mobility and the more negative conduction band of
SnO2 compared with TiO2.

47,48 These characteristics of SnO2
will enhance the photoelectron injection, extraction, and
collection from the perovskite layer.48

To have a comparison of the device stability, we carried out
the stability test of optimized SnO2 planar perovskite devices
with SM09 and spiro-OMeTAD as the HTM. The non-
encapsulated devices were stored for 40 days inside the
nitrogen glovebox, and the PCEs were measured periodically
under the ambient conditions. Figure 9 shows the monitored
PCEs data of the optimized devices. After 40 days, the device
employing SM09 still retains 85% of its initial PCE, which is
comparable to the device employing spiro-OMeTAD that
retains 90% of its initial PCE.

3. CONCLUSIONS
In summary, we have demonstrated for the first time that core-
modified expanded porphyrins can be successfully applied as
efficient hole-transporting materials in perovskite solar cells.
These boryl oxasmaragdyrins exhibit low-energy Q-bands,
which is complementary with the absorption spectrum of
MAPbI3 perovskite solar cells. Boryl oxasmagdyrins also
demonstrated good redox reversibility, good thermal stability,
suitable energy levels, and high hole mobility. The optimized
device with SM09 as the HTM achieves a power conversion
efficiency of 16.5%, with a photocurrent density of 20.9 mA
cm−2, an open-circuit voltage of 1.09 V, and a fill factor of 72%.
The performance of SM09 is comparable to that of the state-of-
the-art HTM spiro-OMeTAD. Moreover, boryl oxasmaragdyr-
ins also offer many advantages, such as simpler synthesis and
purification processes, low cost, and moisture stability. This
high performance from boryl oxasmaragdyrins will open a new
path for the screening of a vast library of expanded porphyrin
derivatives for photovoltaic applications.

4. EXPERIMENTAL SECTION
4.1. General Methods. All of the chemicals used for the synthesis

were purchased from commercial sources and used as such without
further purification. Unless otherwise mentioned, the reactions were
carried out in inert atmosphere. Dry solvents used for the synthesis
were dried using PureSolv MD 5 system (Innovative Technology,
Inc). Basic alumina (63−200 μm, Merck) and silica gel (40−63 μm,
Merck) were used for purifications by column chromatography. Merck
silica gel plates were used for thin-layer chromatography analysis.
Bruker Avance 400 FT and DRX 500 spectrometers were used for
NMR analysis. electrospray ionization (ESI) ion trap mass spectra
were recorded using Finnigan MAT LCQ mass spectrometer, whereas
JMS-700 double-focusing mass spectrometer was used for HR-FAB
spectra. JASCO V-670 UV−vis/near-infrared spectrophotometer was
used to record UV−vis absorption spectra of the SMs in a solvent and
as thin films, respectively. The CV measurements were recorded on
CHI 621B electrochemical analyzer (CH Instruments, Austin, TX) in
a degassed THF with Bu4NPF6 as the supporting electrolyte. A glassy
carbon as the working electrode, a silver wire as the pseudoreference
electrode, and a platinum wire as the auxiliary electrode were used for
the cell. Ferrocene+1/0 redox couple was used as the internal standard
with 50 mV/s scan rate and the potential values were converted to the
vacuum scale.

4.2. Synthesis. The boryl oxasmaragdyrins used in this study were
prepared by following the literature methods. The synthesis of SM01

Figure 7. J−V curves for the optimized devices.

Table 3. Photovoltaic Parameters for the Optimized Devices
with spiro-OMeTAD and SM09

HTM Jsc (mA cm−2) Voc (V) FF (%) PCE (%)

spiro-OMeTAD 22.9 1.07 74 18.2
SM09 20.9 1.09 72 16.5

Figure 8. IPCE spectra for the optimized devices.

Figure 9. Preliminary stability test of the optimized device employing
spiro-OMeTAD and SM09.
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and SM13 has been reported previously by our group,41,42 whereas
SM09 was synthesized following the literature protocols.43

4.3. SM09. 1H NMR (400 MHz, CDCl3) δ = −3.58 (t, 2H; −NH),
2.78 (s, 9H; −CH3), 7.69 (d, 4H, J = 8 Hz; Ph), 7.78 (d, 2H, J = 8 Hz;
Ph), 8.28 (d, 4H, J = 8 Hz; Ph), 8.49 (d, 2H, J = 8.28 Hz; Ph), 8.94 (d,
2H, J = 4.04; β-pyrr), 9.43 (s, 2H; β-fur), 9.56 (d, 2H, J = 4.02 Hz, β-
pyrr), 10.16 (d, 2H, J = 4.03; β-pyrr), 10.24 (d, 2H, J = 4.04 Hz; β-
pyrr) ppm; 11B NMR (128.3 MHz, CDCl3) δ = −12.32 (br s) ppm;
19F NMR (376.376 MHz, CDCl3) δ = −149.34 (br s) ppm; 13C NMR
(100 MHz, CDCl3) δ = 149.86, 139.65, 138.00, 137.86, 136.15,
134.67, 134.25, 131.91, 131.03, 130.61, 129.18, 128.31, 124.87, 124.62,
123.68, 121.56, 120.32, 119.92, 106.84, 21.63, 21.54 ppm; HRMS-ESI:
m/z calcd for C44H33BF2N4ONa: 705.2613, found 705.2618 [M +
Na]+.
4.4. Perovskite Solar Cell Device Fabrication. FTO-coated

glass substrates (TEC-15, Solaronix) were patterned by chemical
etching with Zn powder and 2 M HCl in the aqueous solution. The
etched substrate was then cleaned with Extran MA 02 (Merck) and
ultrasonically cleaned with deionized water, acetone, and 2-propanol in
that sequence for 10 min, respectively. After drying under an N2
stream, the substrates were further cleaned by an O2 plasma cleaner. A
dense layer of TiO2 was then coated on the substrates by spray
pyrolysis of titanium diisopropoxide bis(acetyl acetonate) diluted in
absolute ethanol at a volumetric ratio of 1:20 at 500 °C. Oxygen was
used as the carrier gas for spray pyrolysis deposition. The glass
substrates were kept at 500 °C for 30 min after spray pyrolysis
deposition process. A mesoporous layer of TiO2 was deposited by
spin-coating TiO2 diluted in absolute ethanol at 1:12 weight ratio at
5000 rpm for 30 s to get 100 nm thick mp-TiO2 layer. The thickness
of mp-TiO2 was adjusted by varying the TiO2 paste concentration in
ethanol at 1:14, 1:8, and 1:4 weight ratio to get 60, 200, and 300 nm
thick mp-TiO2 layer, respectively. The layer was then heated at 180 °C
for 5 min, followed by annealing at 550 °C for 30 min in air to remove
organic components. Perovskite and HTM layer depositions were
carried out inside the nitrogen glovebox. The perovskite precursor
solution was prepared by mixing 200 mg of the synthesized CH3NH3I
and 578 mg of lead(II) iodide (99.9%, Alfa Aesar) in 1 mL anhydrous
N,N-dimethylformamide by stirring at 70 °C overnight to obtain a
clear yellow CH3NH3PbI3 solution with a concentration of 45 wt %.
An 80 μL of CH3NH3PbI3 solution was spin-coated on an FTO glass
substrate coated with a mesoporous layer of TiO2 and a dense layer of
TiO2 at 5000 rpm for 30 s. For the planar device, the dense layer of
SnO2 was prepared by spin-coating 0.1 M tin(II) chloride dihydrate in
ethanolic solution at 3000 rpm for 30 s, followed by annealing at 185
°C for 1 h. CH3NH3PbI3 layer was deposited directly on top of SnO2
layer under the same condition as the mesoscopic device. After a
specific delay time of 4 s, for the optimized condition, in the spin-
coating process, a 240 μL of anhydrous chlorobenzene was quickly
dropped at the center of the substrate. The addition of chlorobenzene
will change the color of the substrate instantaneously from transparent
to light brown. The substrate was then heated at 100 °C for 10 min on
a hot plate to remove the remaining solvent. During heating, the color
of perovskite layer changed from light brown to dark brown. 67 mM of
hole-transporting material was prepared by dissolving spiro-OMeTAD,
SM01, SM09, and SM13, respectively, in chlorobenzene. Then, 27
mM of LiTFSI and 147 mM of tBP were added as additives to the
above solution. The solution was then spin-coated at 2200 rpm for 30
s. Finally, an 80 nm thick silver counterelectrode was deposited under
high vacuum (<8 × 10−6 Torr) by thermal evaporation.
4.5. Device Characterization. Current−voltage characteristics

were measured by using a solar simulator (Newport, Oriel Instru-
ments, 91160A) with a source meter (Keithley 2400) at the light
intensity of 100 mW/cm2, AM 1.5 G illumination. A Si-reference cell
(Newport, Oriel Instruments, 91150) certified by NREL was used to
calibrate output of the light source of the solar simulator. A metal mask
with an aperture of 9 mm2 was used during measurement to define the
active area of the perovskite solar cells. Incident photon-to-electron
conversion efficiency (IPCE) was measured using a power source
(Newport, 300 W xenon lamp) with a monochromator (Newport,
Cornerstone 260). The IPCE spectra were recorded under the short-

circuit condition using a Keithley 2401 source meter. The cross-
sectional morphology and the surface morphology of perovskite solar
cells were investigated using field-emission scanning electron micro-
scope (FE-SEM), Zeiss Ultra Plus.
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Temperature Dependence of Transport Properties of Spiro-MeOTAD
as a Hole Transport Material in Solid-State Dye-Sensitized Solar Cells.
ACS Nano 2013, 7, 2292−2301.
(39) Sfyri, G.; Kumar, C. V.; Sabapathi, G.; Giribabu, L.;
Andrikopoulos, K. S.; Stathatos, E.; Lianos, P. Subphthalocyanine as
Hole Transporting Material for Perovskite Solar Cells. RSC Adv. 2015,
5, 69813−69818.
(40) Zhang, F.; Yang, X.; Cheng, M.; Wang, W.; Sun, L. Boosting the
Efficiency and the Stability of Low Cost Perovskite Solar Cells by
Using CuPc Nanorods as Hole Transport Material and Carbon as
Counter Electrode. Nano Energy 2016, 20, 108−116.
(41) Mane, S. B.; Hu, J.-Y.; Chang, Y.-C.; Luo, L.; Diau, E. W.-G.;
Hung, C.-H. Novel Expanded Porphyrin Sensitized Solar Cells using
Boryl Oxasmaragdyrin as the Sensitizer. Chem. Commun. 2013, 49,
6882−6884.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b09803
ACS Appl. Mater. Interfaces 2017, 9, 31950−31958

31957

https://www.nrel.gov/pv/assets/images/efficiency-chart.png
https://www.nrel.gov/pv/assets/images/efficiency-chart.png
http://dx.doi.org/10.1021/acsami.7b09803


(42) Mane, S. B.; Hung, C.-H. Molecular Engineering of Boryl
Oxasmaragdyrins through Peripheral Modification: Structure−Effi-
ciency Relationship. Chem. - Eur. J. 2015, 21, 4825−4841.
(43) Rajeswara Rao, M.; Ravikanth, M. Boron Complexes of
Oxasmaragdyrin, a Core-Modified Expanded Porphyrin. J. Org.
Chem. 2011, 76, 3582−3587.
(44) Poplavskyy, D.; Nelson, J. Nondispersive Hole Transport in
Amorphous Films of Methoxy-Spirofluorene-Arylamine Organic
Compound. J. Appl. Phys. 2003, 93, 341−346.
(45) Chu, T.-Y.; Song, O.-K. Hole Mobility of N,N′-bis(naphthalen-
1-yl)-N,N′-bis(phenyl) Benzidine Investigated by using Space-Charge-
Limited Currents. Appl. Phys. Lett. 2007, 90, No. 203512.
(46) Wang, Z. B.; Helander, M. G.; Greiner, M. T.; Qiu, J.; Lu, Z. H.
Carrier Mobility of Organic Semiconductors Based on Current-
Voltage Characteristics. J. Appl. Phys. 2010, 107, No. 034506.
(47) Ke, W.; Fang, G.; Liu, Q.; Xiong, L.; Qin, P.; Tao, H.; Wang, J.;
Lei, H.; Li, B.; Wan, J.; Yang, G.; Yan, Y. Low-Temperature Solution-
Processed Tin Oxide as an Alternative Electron Transporting Layer for
Efficient Perovskite Solar Cells. J. Am. Chem. Soc. 2015, 137, 6730−
6733.
(48) Rao, H.-S.; Chen, B.-X.; Li, W.-G.; Xu, Y.-F.; Chen, H.-Y.;
Kuang, D.-B.; Su, C.-Y. Improving the Extraction of Photogenerated
Electrons with SnO2 Nanocolloids for Efficient Planar Perovskite
Solar Cells. Adv. Funct. Mater. 2015, 25, 7200−7207.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b09803
ACS Appl. Mater. Interfaces 2017, 9, 31950−31958

31958

http://dx.doi.org/10.1021/acsami.7b09803

