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ABSTRACT: A nonadditive hole-transporting material (HTM) of a triphenylamine A
derivative of N,N’-di(3-methylphenyl)-N,N’-diphenyl-4,4'-diaminobiphenyl (TPD) is
used for the organic—inorganic hybrid perovskite solar cells. The power conversion
efficiency (PCE) can be significantly enhanced by inserting a thin layer of 1,4,5,8,9,11-
hexaazatriphenylenehexacarbonitrile (HAT-CN) without adding an ion additive
because the hole-transporting properties improve. The short-circuit current density
(Ji) increases from 8.5 to 13.1 mA/cm?, the open-circuit voltage (V,.) increases from
0.84 to 0.92 V, and the fill-factor (FF) increases from 0.45 to 0.59, which corresponds to
the increase in PCE from 3.2% to 7.1%. Moreover, the PCE decreases by only 10% after
approximately 1000 h without encapsulation, which suggests an alternative method to

improve the stability of perovskite solar cells.
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1. INTRODUCTION

Solar cells based on organic—inorganic hybrid perovskite have
achieved over 15% of power conversion efficiencies (PCEs)
shortly after the solidification of device because of its superior
light absorption and outstanding charge-transporting proper-
ties.' ® Among these solid-state perovskite solar cells, the
widely used hole-transporting material (HTM) of Spiro-
MeOTAD (2,2/,7,7 -tetrakis(IN,N-di-p-methoxyphenylamine)-
9,9’-spirobifluorene) remains the highest performing material
because of its long electron lifetime (suppressing recombination
in the HTM layer) and well-matched HOMO (highest
occupied molecular orbital) energy level to perovskite even
with a low hole mobility of 107> cm? V™! s'.7 Although the
conductivity can be enhanced by controlling the interface
morphology, as shown in our previous report,® and doping with
some ionic electrolytes, e.g., lithium bis-trifluoromethylsulfonyl
amide (Li-TFSI), and Co(II) compounds,” " the lithium salt
readily absorbs humidity, which may lead to the decomposition
of moisture-sensitive perovskite, shorten the operation time of
the device, and prevent the commercialization of perovskite
solar cells."*"

In this work, we used a conventional triphenylamine
derivative of N,N’-di(3-methylphenyl)-N,N’diphenyl-4,4'-dia-
minobiphenyl (TPD) as the HTM of perovskite solar cell,
considering that TPD has a hole mobility as high as 107> cm?
V™' 57! and a well-matched HOMO energy level (—5.38 eV) to
perovskite (—5.43 eV), as shown in Figure 1. However, a low
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efficiency was obtained without adding an ion electrolyte.
Therefore, a conventional buffer layer of 1,4,5,8,9,11-hexaaza-
triphenylenehexacarbonitrile (HAT-CN), which is widely used
in semiconductor devices,”®>* was inserted between TPD and
the Au electrode. As a result, the photovoltaic performance was
significantly improved. This approach indicates that an ion-
electrolyte-free HTM can also effectively work in perovskite
solar cells. Moreover, the resulting device has a long lifetime of
1000 h with only 10% degeneration, which suggests an
alternative method to obtain perovskite solar cells with high

stability.

2. EXPERIMENTAL SECTION

2.1. Materials. Hydroiodic acid (114 mmol, 15 mL, 57 wt %,
Sigma-Aldrich, 99.99%) and methylamine (140 mmol, 70 mL, 2.0 M in
methanol, Aldrich) were reacted at 0 °C with stirring in N, for 120
min. The resultant solution was evaporated to obtain a white
precipitate, which was washed with diethyl ether several times until
the diethyl ether was completely clear. The white precipitate was dried
in a vacuum for 48 h and used without further purification. Other
materials were used as received without purification.

2.2. Measurements. The absorption spectrum was recorded with
a UV-—visible spectrophotometer (Agilent 8453) using the sample
without perovskite as the blank signal. The morphology measurement
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Figure 1. (a) Schematic illustration of the energy diagram with HAT-CN. (b) Structural illustration of device fabrication.

of the perovskite layers was performed using scanning electron
microscopy (SEM, HITACHI 4300) and atomic force microscopy
(AFM, Agilent Series 5500). Electrochemical impedance was
performed using PGSTAT302N (Autolab Corp., Switzerland) at bias
voltages of the open-circuit voltage. Photovoltaic performances were
measured using a Keithley 2611 source meter under simulated sunlight
from an Oriel 300 solar simulator according to the AM1.5G standard.
The incident-photon-to-electron conversion efficiency (IPCE) was
measured with a monochromator under 150 W halogen lamp
(Crowntech, Qtest Station 2000). Both systems were calibrated
against a certified reference solar cell. All measurements of the solar
cells were performed with the active area of ~0.03 cm” in ambient
atmosphere at room temperature without encapsulation. For the
stability measurement, the device was stored in a box with humidity
below 20%, without encapsulation, at room temperature and in the
dark after the test.

2.3. Device Fabrication. Fluorine-doped tin oxide (FTO, Nippon
Sheet Glass, 14 Q/sq) glass was sequentially cleaned in water, acetone,
and ethanol under ultrasonication for 15 min and subsequently treated
with O, plasma for 15 min. The following procedure of compact the
TiO, layer and mesoporous TiO, film followed our previous report.'®
To prepare the perovskite layer, a mixture of 0.5 M PbCl, (anhydrous,
99.99%, Alfa Aesar) and 0.5 M Pbl, (anhydrous, 99.99%, Alfa Aesar)
in N,N-dimethylformamide (anhydrous, 99.8%, Alfa Aesar) was spin-
coated at 3000 rpm at 70 °C for 30 s and dried at 70 °C for 60 min.
Then, the resulting film was dipped into a CH;NHS,] solution (10 mg/
mL in isopropyl alcohol) to form the perovskite crystalline and further
dried at 70 °C for 30 min. To fabricate the device, 60 nm TPD
(Nichem, Ni-H207) was coated using vacuum thermal deposition at
an evaporation rate of 0.6 A/s. For the device with HAT-CN, another
3 nm HAT-CN was deposited at an evaporation rate of 0.1 A/s.
Finally, 80 nm Au was thermally evaporated in a vacuum as the
electrode.

3. RESULTS AND DISCUSSION

Figure 2 shows the cross section SEM image of the device with
HAT-CN. The HAT-CN layer could not be identified from the
image. The perovskite layer penetrated well into the
mesoporous TiO, film and formed a continuous capping
layer, which separates the HTM and the bare TiO,. A high
pore-filling fraction can sustain higher electron densities in the
TiO, layer, which is beneficial to increase the electron-
transporting rate, whereas the capping layer of perovskite is
beneficial to suppress the charge recommendation between the
HTM and TiO,."”

Variations of the HAT-CN thickness were optimized using
the thickness values of 1, 3, 5, and 10 nm. The data were
supported by the statistical analysis from 15 devices. Figure 3
shows that the highest V. and FF values are at 3 nm, which
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Figure 2. Cross section SEM image of the device.

leads to higher PCE for the devices, whereas ], does not show
evident changes.

To further evaluate the morphology of the HTM layer, we
measured the top morphology of the film with and without
HTM as shown in Figure 4ab, respectively. The perovskite
capping layer mainly consisted of crystallites with an in-plane
grain size of ~200 nm. According to the surface roughness,
which was measured with AFM (Figure S1 of the Supporting
Information), 60 nm of TPD was vacuum deposited to fully
cover the perovskite layer; then, 3 nm HAT-CN was vacuum
deposited. Figures 2 and 4 show that a compact TPD layer was
formed on the perovskite layer, and the inset of Figure 4b
shows that HAT-CN did not form a continuous film but spread
as separated islands on the TPD layer.”®*

The device photovoltaic performances are shown in Figure 4
and listed in Table 1. The PCE of the device without HAT-CN
was 3.2% with a short-circuit current (J,.) of 8.5 mA/cm? open-
circuit voltage (V,.) of 0.84 V, and fill factor (FF) of 0.4S. By
inserting HAT-CN, the PCE was significantly increased to 7.1%
with J. of 13.1 mA/cm? V. of 0.92 V, and FF of 0.59. The
performances were simultaneously increased because of the
presence of HAT-CN. The IPCEs are provided in Figure Sb,
which is consistent with the absorption spectrum of the
perovskite layer (see Figure S2 of the Supporting Information).
The device with HAT-CN has higher IPCE values in the entire
wavelength region. The integrated J,. from the IPCE values
were 8.7 and 13.3 mA/cm? for the devices without and with
HAT-CN, respectively, which is consistent with the measured
value.

It should be noted that the HAT-CN absorption is negligible
compared to the perovskite layer (see Figure S2 of the
Supporting Information). Considering the similar device
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Figure 3. Optimization for device performance via variation of HAT-CN thickness. (a) J,, (b) V,,
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Figure 4. Top morphology of (a) FTO/TiO,/perovskite and (b) FTO/TiO,/perovskite/TPD/HAT-CN; the insets show the enlarged images.

Table 1. Role of HAT-CN in the Device Performance

s Ve PCE Ry Ry,
device (mA/cm?) (V) FF (%) (Q cm?) (Qcm?)
w/o HAT- 8.5 0.84 0.45 32 22 231
CN
with HAT- 13.1 0.92 0.59 7.1 12 1062
CN

configurations, it can be inferred that the PCE is mainly
enhanced because the electronic properties improve, which is
caused by HAT-CN. As listed in Table 1, the series resistance
(R,) could be obtained by linearly fitting from the J—V curves
around the point J = 0; the shunt resistance (Ry,) could be
extracted around the point V = 0.>* The device with HAT-CN
has a R, of 12 Q cm?® and a Ry, of 1062 © cm?, whereas the
device without HAT-CN has a larger R of 22 Q cm” and a
smaller Ry, of 231 Q cm?. Several factors may contribute to the
higher performances of the device with HAT-CN compared to
the device without HAT-CN. HAT-CN with deep LUMO
(lowest unoccupied molecular orbital) level has been widely
used as a hole-injection layer in OLED; then, the charge-
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transfer complex can be formed, by which several orders of
magnitude increase in conductivity have been reported.'®™*°
The LUMO of HAT-CN (—5.70 eV) is close to the HOMO of
TPD (—5.38 €V); thus, the charge-transfer complex (dipole) at
the TPD/HAT-CN interface readily forms to facilitate charge
transport, which can reduce R and increases J.. The interfacial
dipole layer at the TPD surface, which is formed by the HAT-
CN insertion, may block the electron diffusion and improve the
hole extraction, which reduces the recombination of charge
carriers and results in a higher J,. The HAT-CN insertion can
also decrease the Schottky barrier between the HTM of TPD
and the Au electrode, which causes the energy level realignment
and band bending to contribute to the increase in V,.” Asa
result, the electrical properties of the TPD/Au interface can be
effectively modified by introducing HAT-CN, which signifi-
cantly improves the device performances.

In perovskite solar cells, the HTM/TiO, and HTM/cathode
are two types of recombination paths.****> The electrochemical
impedance can probe the interfacial redox processes between
HTM and the electrode. In general, the low-frequency part of
the impedance spectrum is related to the recombination at the
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Figure S. (a) Photovoltaic performance of device with (red curve) and without (black curve) HAT-CN. (b) IPCE of of device with (red curve) and

without (black curve) HAT-CN.

interface between TiO, and HTM, and the high-frequency part
may be attributed to the charge exchange process at the HTM/
cathode interface and R.**7?° The impedance was measured at
a V. forward bias of —0.84 and —0.92 V for the device without
and with HAT-CN, respectively. To analyze the impedance
result, an R-C circuit model was used. R; represents the
interfacial charge transfer resistance of the TPD/cathode. In
Figure 6, the main arc represents the interface resistance of the
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Figure 6. Nyquist plots of the device with (red curve) and without
(black curve) HAT-CN.

TPD/cathode in the high-frequency region (see Bode plots,
Figure S3 of the Supporting Information), and the semicircle of
the device with HAT-CN (R, = 65 Q cm?) shows an obviously
smaller impedance than the device without HAT-CN (R, = 220
Q cm?), which is consistent with the increase in FF.>’

To further understand the effect of HAT-CN on the charge-
transporting properties, we fabricated hole-only devices with
structures of ITO/TPD/Au and ITO/TPD/HAT-CN/Au to
evaluate the hole-transporting behaviors. The film thicknesses
are strictly consistent with those in solar cell devices. The hole
mobility was determined based on the space-charge-limited
current (SCLC) model:*®

V2
_Sr‘goﬂoF

]=8

(1)
where g, is the dielectric permittivity of vacuum, ¢, is the
relative permittivity, L is the thickness of the layer, and p, is the
zero-field mobility. The results are shown in Figure 7, and the
device with HAT-CN exhibits an obviously higher hole
mobility (3.5 X 1075 ecm®* V7' s7! for the device with HAT-
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Figure 7. SCLC plot of hole-only device with (red curve) and without
(black curve) HAT-CN.

CN and 1.9 X 107® cm® V™! 57! for the device without HAT-
CN). This result is consistent with the aforementioned device
performances, which can be ascribed to the improved hole-
extraction ability and low charge injection barrier at the
interface between TPD and the Au electrode.

As previously mentioned, the long-term stability is an
important property for future commercialization. The device
with HAT-CN showed considerable stability with humidity
below 20% at room temperature without encapsulation in dark.
As shown in Figure 8, V. remained stable with almost no
decay, but J. showed a small overall decay with a small
fluctuation. FF decreased with time from 0.59 to 0.52, which
was the main reason for the decrease in PCE. The PCE
decreased by only 10% after approximately 1000 h, which
suggests an alternative method to obtain long stability for
perovskite solar cells.

4. CONCLUSIONS

A conventional triphenylamine derivative of TPD was used as
the HTM for organic—inorganic hybrid perovskite solar cells.
The PCE can be significantly enhanced by inserting a thin layer
of HAT-CN without adding ion additivee. HAT-CN can
decrease the injection barrier from TPD to the Au electrode,
which decreases the V_. loss across the interface of the
heterojunction. HAT-CN can improve ], by forming the
charge-transfer complex (dipole) between HTM and metal
electrode, which is helpful for blocking electrons and extraction
holes. Moreover, the PCE decreased by only 10% after
approximately 1000 h without encapsulation because of the
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absence of lithium salts, which prevented the absorbing of
moisture. These results indicate an alternative method to
improve the hole-transporting property of perovskite solar cells
with long device stability.
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