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ABSTRACT: A thin wide band gap organic semiconductor
N,N,N′,N′-tetraphenyl-benzidine layer has been introduced by
spin-coating to engineer the metal−semiconductor interface in
the hole-conductor-free perovskite solar cells. The average cell
power conversion efficiency (PCE) has been enhanced from
5.26% to 6.26% after the modification and a highest PCE of
6.71% has been achieved. By the aid of electrochemical
impedance spectroscopy and dark current analysis, it is revealed
that this modification can increase interfacial resistance of
CH3NH3PbI3/Au interface and retard electron recombination
process in the metal−semiconductor interface.
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1. INTRODUCTION

Organo-lead perovskite with balanced long-range carrier
diffusion lengths1−3 and low-cost have attracted great attention
as a new class of light harvesters for solid-state hybrid solar cells
in the past few years.4 The highest power conversion efficiency
(PCE) over 15% has been reported with 2,2′,7,7′-tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (spiro-MeO-
TAD) as a hole-transport material (HTM).5−9 Recently,
HTM-free perovskite solar cells have also been developed
since the perovskite itself can be both the light harvester and
hole conductor. Moreover, the structure of the HTM-free
perovskite solar cells is simpler and the fabrication cost can be
reduced greatly.10−12

In HTM-free perovskite solar cells, a Schottky contact at the
metal−semiconductor (M−S) interface exists between
CH3NH3PbI3 and Au. The M-S interface has strong influence
on the performance of semiconductor-based electronic devices.
Constructing ohmic contact is a general way to facilitate
smooth charge transportation. Heavy doping is a common
method to obtain a suitable ohmic contact at the M−S
interface.13,14 However, this method does not work in this kind
of perovskite solar cells because of the thermal instability of
CH3NH3PbI3.

15 Therefore it is required to develop suitable
methods to modify the M−S interface under mild condition.
Recently, an ultrathin Al2O3 insulator layer has been used to
construct a metal−insulator−semiconductor back contact in
HTM-free perovskite solar cells by atomic layer deposition
(ALD) technology16 in our group. An enhanced PCE from

3.30% to 5.07% was obtained. This ALD technique can provide
high-quality ultrathin films on the atomic scale at relatively low
temperature,17 which is effective on M−S interface modifica-
tion. However, ALD technique has the problems of strict
working environment like vacuum and high cost precursors.
Therefore, it is worth developing cheap and simple ways to
modify the M−S interface.
N,N,N′,N′-Tetraphenyl-benzidine (TPB) is a widely used

wide band gap organic semiconductor in OLEDs.18 As shown
in Figure 1, its highest occupied molecular orbital (HOMO) is
lower than and lowest unoccupied molecular orbital (LUMO)
is higher than those of the lead iodide perovskite CH3NH3PbI3
(Figure 1), respectively. This means that TPB has a similar
relative energy level as Al2O3 in the HTM-free perovskite solar
cells.16 Therefore, TPB can play the same role as Al2O3 in
HTM-free perovskite solar cells. Moreover, TPB layer can be
fabricated with solution method which will highly simplify the
producing process and reduce cost. In the present work, a spin-
coating process has been used to build a thin TPB layer on the
surface of CH3NH3PbI3 layer to modify the M−S interface in
HTM free perovskite solar cells. The average PCE of the solar
cells have been enhanced from 5.26% to 6.26% with a highest
PCE of 6.71% after modification. The modification towards
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M−S interface was further investigated by electrochemical
impedance spectroscopy (EIS).

2. EXPERIMENTAL SECTION
2.1. Materials. PbI2 was purchased from Aldrich, and dimethyl-

formide (DMF) was purchased from Alfar Aesar. TPB was prepared
according to the procedure reported and confirmed by comparing
their characterization data with the literature data.19 CH3NH3I was
synthesized by following the literature.20,21 Substrates are fluorine-
doped tin oxide conducting glass (FTO, Pilkington, thickness 2.2 mm,
sheet resistance 14 Ω/square). Before use, FTO glass was first washed
with mild detergent, rinsed with distilled water for several times and
subsequently with ethanol in an ultrasonic bath, finally dried under air
stream.
TPB. White solid (72 %). mp: 224−226 °C. 1H NMR (500 MHz,

CDCl3): δ (ppm) 7.46 (d, J = 8.5 Hz, 4H), 7.29 (t, J = 7.5 Hz, 8H),
7.14 (d, J = 6.5 Hz, 12H), 7.04−7.02(m, 4H). IR (cm−1, KBr): 3030,
1590, 1490, 1320, 1280, 818, 754, 698. MS (APCI) m/z 489.2 [M+];
calcd. for C36H28N2 489.2.
2.2. Fabrication of the Perovskite Photovoltaic Cells with or

without TPB Layer. The compact TiO2 layers were spin-coated on
the FTO and calcined at 450 °C for 30 min.15,22 Six-hundred-
nanometer-thick TiO2 nanoporous layers (20 nm anatase TiO2
particles) were subsequently deposited by using screen-printing
technique, which were dried at 80 °C for 30 min, then sintered at
450 °C.21 Before use, the films were immersed into 25 mM TiCl4 at 70
°C for 40 min and finally sintered at 500 °C for 30 min.
CH3NH3PbI3 layer was deposited by repeated sequential deposition

method.6,16,23,24 Firstly, 1M PbI2 dissolved in N,N-dimethylformamide
(DMF) was spin-coated onto TiO2 film at a speed of 2000 rpm for 60
s and then heated at 100 °C for 5 min to remove DMF solvent. After it
was cooled to room temperature, the film was spin coated again to get
a relatively thick and smooth film, which were subsequently heated at
100 °C for 30 min. PbI2 films were kept in 10 mg/mL CH3NH3I
isopropanol solution for 10 min, then rinsed with isopropanol to give
CH3NH3PbI3 absorber layer. Finally, the CH3NH3PbI3/TiO2 films
were heated at 100 °C for 30 min in air with a hotplate.
The TPB layers were then deposited by spin-coating with TPB/

chlorobenzene solution (20 mg/mL and 60 mg/mL) at 3000 rpm for
30 seconds. 80 nm-thickness Au electrodes were deposited onto the
prepared films by thermal evaporation (Kurt J. Lesker) at an
atmospheric pressure of 10−7 Torr to complete the solar cells. The
cells without TPB layer were fabricated by the same way except the
spin-coating step of TPB.
2.3. Characterizations. The current density-voltage (J−V)

characteristics of the cells were recorded on Princeton Applied
Research, Model 263 under AM 1.5 100 mW/cm2 irradiation obtained
from Oriel Solar Simulator 91192. The surface morphology and
composition of samples was characterized by a scanning electron

microscope (SEM, FEI XL30 S-FEG). The thickness of TiO2 layers
was measured by a surface profiler (KLA-TencorP-6). Electrochemical
impedance spectroscopy (EIS) measurements were performed with an
IM6ex electrochemical workstation (ZAHNER) in the frequency
range between 0.1 and 106 Hz with perturbation amplitude of 10 mV.

3. RESULTS AND DISCUSSION

3.1. Structure of CH3NH3PbI3 Based Solar Cells. Figure
1a presents the schematic diagram of the solid-state photo-
voltaic devices in this work. TPB layer is used to prevent the
direct contact between Au and CH3NH3PbI3 layer. The pores
of the mesoscopic TiO2 film are infiltrated with CH3NH3PbI3
perovskite and overlayers are observed from the cross-sectional
SEM image of the nanoporous TiO2 film (Figure1b). Surface
profilometer results show that the thickness of the cells with
thin TPB layer or without TPB layer is about 1.0 μm whereas
the thickness of the cells with thick TPB layer is about 1.2 μm.
However, it is difficult to measure the thickness of the thin TPB
layer from SEM or surface profilometer directly. The energy
level diagram of the perovskite solar cell with TPB layer
between Au and CH3NH3PbI3 is shown in Figure 1c. The
HOMO energy level of TPB (−6.0 eV)18 is lower than the
valence band edge of CH3NH3PbI3 (−5.4eV).11 Therefore, a
hole-transport barrier exists in this structure. In the meantime,
the LUMO energy level of TPB (−3.2 eV)18 is higher than the
conduction band edge of CH3NH3PbI3 (−3.4eV),11 which is
also an electron-transport barrier from CH3NH3PbI3 to Au.
Obviously, the TPB layer can retard both the electron and hole
transport from CH3NH3PbI3 to Au cathode, leading to two
opposite effects on cell performance that retarding electron-
transport enhances PCE while retarding hole-transport reduces
PCE. Therefore the key is how to balance the above two effects.

3.2. Photovoltaic Performance. The J−V characteristics
of the best performed perovskite solar cells without and with
TPB layer under AM 1.5G irradiation of 100 mW/cm2 are
shown in Figure 2. For the cell without TPB, a highest PCE of
5.67% was achieved with short-circuit photocurrent density
(Jsc) of 11.88 mA/cm2, open-circuit photovoltage (Voc) of 734
mV and fill factor (FF) of 0.65. When a thin TPB layer is
introduced into the perovskite solar cell, the PCE was highly
increased to 6.71% with Jsc of 14.1 mA/cm

2, Voc of 786 mV, and
FF of 0.61. The performance improvement in the cell with a
thin layer TPB mainly lies on the increase of Jsc and Voc
compared to the cells without TPB. Statistical data of five
photovoltaic devices is shown in Figure 2b and the statistical
result is shown in Table 1. The result is in complete accord
with conclusion by analyzing the highest cell performance.
Moreover, from the average performance parameters and the
small standard deviation, we infer that the enhanced perform-
ance with TPB interface modification is high reproducibility
using the method reported here. Besides, the dark current is
significantly suppressed when a thin TPB layer is introduced, in
good agreement with the higher open-circuit voltage.25

To understand the function of TPB in the cell better, the cell
performance of the device with thick TPB layer was also
investigated. We can see that, the introduction of thick TPB
layer leads to a decrease in Jsc and FF and a poor PCE of 4.58%
as shown in Table 1 and Figure 2. As we mentioned above, to
the device with thick TPB layer, the TPB mainly as the hole
conductor does not match the band alignment in the band
structure (Figure 1c), thus leading to unsatisfied cell perform-
ance.

Figure 1. (a) Schematic of device architecture. (b) Cross-sectional
SEM image of the device. (c) TPB chemical structure and energy level
alignment of different components in organo-lead perovskite photo-
voltaic devices.
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It should be pointed out that the introduction of a thin TPB
layer does not have significant influence on the light absorption
of cells (see in Figure 3a). Incident-photon-to-current
conversion efficiency (IPCE) measurement is valuable to
characterize the photocurrent in thin film solar cells.25−27 It
is found that the device with a thin TPB layer presents relatively
higher IPCE values in the whole measured wavelength than
that without TPB, as shown in Figure 3b. This improvement of
IPCE is mainly attributed to the enhanced internal quantum
efficiency (IQE), which is related to the improvement of the
photogenerated carriers transport and collection properties in
perovskite, in agreement with the decrease of dark current.
3.3. Electrochemical Impedance Spectra. To explore

the influence of the TPB layers on the charge recombination,
the cells with the structures of TiO2/CH3NH3PbI3/Au, TiO2/
CH3NH3PbI3/thin TPB layer/Au, and TiO2/CH3NH3PbI3/
thick TPB layer/Au are analyzed by EIS.14,28−30 Figure 4
presents the Nyquist plots obtained for the above-mentioned
devices in the dark at various bias voltages. The spectra pattern

in Figure 4a and Figure 4b is composed by one RC arc and a
low frequency feature in the whole measured frequency range.
The high-frequency part of the spectra may contain information
of transport and series resistance elements, as well as dielectric
contributions.31 Therefore, a similar transmission line model
employed for dye solar cells27 is simplified since transport
resistance in TiO2 could be negligible at high bias voltage as
Figure 5a shows.32 RS is the series resistance of the device. R1
and C1 of CPE1 are the interface resistance and capacitance of
the TiO2/CH3NH3PbI3 interface in the low frequency range.
Rct is the interfacial charge-transfer resistance (or recombina-
tion resistance) of the CH3NH3PbI3/Au interface. Cμ of CPEμ

is its chemical capacitance. In the Nyquist plots, the main arcs
in Figure 4a and Figure 4b is caused by CH3NH3PbI3/Au
interface in high frequency region, which consists of the
recombination resistance (Rct) and the chemical capacitance of
the interface (Cμ).

14,33 However, the spectra pattern of the
device with thick TPB layer is significantly different, as shown
in Figure 4c, which one oblate arc can be subdivided into two
RC arcs. It is supposed that, to the system with thick TPB layer,
two new interfaces of the CH3NH3PbI3/TPB and the TPB/Au
interfaces have to be considered. Therefore, the equivalent
circuit in Figure 5a is not suitable for fitting the spectra pattern
of the device with thick TPB layer, and the fitting results in
detail are given in the Supporting Information, for the fitting
interface resistances are not comparable with the Rct in Figure
5b.
The fitting results are shown in Figure 5. By introducing a

TPB layer, the Rct increases about three times compared to M−
S back contact (Figure 5b). And this enhancement of Rct is
supposed to favor the reduction of dark current and lead to the
improvement in Voc, as shown in Figure 6. In another word, the

Figure 2. (a) J−V curves obtained from the best perovskite solar cells
without and with the TPB layer under light irradiation and in the dark.
(b) Photovoltaic parameters of fifteen devices in three condition
(every condition has five devices) measured under 100 mW/cm2

simulated AM 1.5G irradiation

Table 1. Statistical IV Data of Perovskite Solar Cells with
Different Modifications in the M−S Interface

Jsc (mA cm2)a Voc (mV)
a FFa PCE (%)a

without TPB
layer

11.68 ± 0.76 743 ± 18 0.61 ± 0.03 5.26 ± 0.33

thin TPB
layer (20
mg/mL)

13.26 ± 0.51 810 ± 31 0.58 ± 0.02 6.26 ± 0.40

thick TPB
layer (60
mg/mL)

11.18 ± 0.96 789 ± 7 0.49 ± 0.03 4.31 ± 0.22

aMean ± standard deviation of each data point with five devices.

Figure 3. (a) UV−vis light-harvesting efficiency (LHE) spectra of
CH3NH3PbI3/TiO2 films and (b) IPCE spectra of the CH3NH3PbI3-
based solar cells without and with thin TPB layers.
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existence of TPB layer can well suppress the electron
recombination, which is in good accordance with the result
of dark current measurement. As previously reported,34 FF is
determined by many parameters, which interplay with each
other intricately. Although the modification suppresses the
carrier recombination, no obvious change in the FF is observed
when the thin TPB layer is introduced, which is in agreement
with the similar Rs. However, when the TPB layer is getting
thicker, the FF decreases since the Rs increases over ten times,
as shown in Figure 5c. At this point, the charge carrier block

function of TPB layer has been proved. Furthermore, both of
the electron-transport block function and the hole-transport
block function are well balanced by controlling the thickness of
TPB layer since the Rct is increased whereas Rs is unchanged
after modification with thin TPB layer. However, as for the
hole-transport mechanism, we cannot give a credible
explanation at present. Nevertheless, there is a similar
bathocuproine (BCP) layer acting as an exciton-blocking
layer in planar organic solar cells, which shows a similar
influence on J−V performance.35 It may be a reference to
understand this work; however, further investigation is still
needed in the future.

Figure 4. Nyquist plots of perovskite solar cells under dark with
different modifications in the M−S interface at various bias voltages.
(a) Perovskite cell without TPB layer. (b) Perovskite cell with thin
TPB layer. (c) Perovskite cell with thick TPB layer.

Figure 5. (a) Equivalent circuit employed to fit the Nyquist plots. (b)
Fitted charge transport resistance of CH3NH3PbI3/Au interface and
(c) series resistance of perovskite solar cells with different
modifications in the M-S interface at various bias voltages.

Figure 6. Schematic diagram of the electron transfer and
recombination at the M−S interface in perovskite-based solar cells
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4. CONCLUSION
In conclusion, we have developed a simple solution process to
engineer the M−S interface in perovskite-based solar cells. The
average PCE has been enhanced from 5.26% to 6.26% after
modification and a highest efficiency of 6.71% has been
achieved for perovskite-based solar cells with a thin TPB layer
between CH3NH3PbI3 and Au. Moreover, by the aid of EIS and
dark current analysis, it is found that the existence of a thin
TPB layer can well inhibit charge recombination at the back
Schottky contact in perovskite-based solar cells. We believe that
this work may help to understand the recombination processes
in this kind of perovskite solar cells.
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