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ABSTRACT: Hybrid organic—inorganic perovskites have emerged as
novel photovoltaic materials and hold great promise for realization of
high-efficiency thin film solar modules. In this study, we unveil the
ambipolar characteristics of perovskites by employing the transport
measurement techniques of charge extraction by linearly increasing
voltage (CELIV) and time-of-flight (TOF). These two complementary
methods are combined to quantitatively determine the mobilities of hole
and electron of CH;NH;Pbl; perovskite while revealing the
recombination process and trap states. It is revealed that efficient and
balanced transport is achieved in both CH;NH,Pbl; neat film and
CH;NH,;PbI;/PC4BM bilayer solar cells. Moreover, with the insertion
of PC4BM, both hole and electron mobilities of CH;NH;PbI; are
doubled. This study offers a dynamic understanding of the operation of
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perovskite solar cells.
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here has very recently emerged a kind of “all-around”

photovoltaic (PV) materials, hybrid organic—inorganic
perovskites, which have rocked the solar cell field in the past
two years alone."” Organometal halide perovskite (APbX,
where A and X stand for a monovalent organic cation and
halide anion, respectively), the most commonly studied of
which are triiodide perovskite CH;NH;Pbl;, mixed halide
perovskite CH;NH,PbI;_ Cl, and CH;NH,Pbl,_Br,.> When
used as light harvesting material, it offers practically all the
desirable characteristics required in organic PVs such as large
light absorption coefficient, tunable optical bandgap, low
exciton binding energy, long exciton diffusion length, and
long-range charge carrier lifetime.*"® Unique to perovskite
materials are their unprecedented ambipolar charge mobilities;
they are able to transport both holes and electrons effectively,
thereby converting the absorbed photons into collected
currents with close to 100% quantum efficiency.” With all
these extraordinary properties, such hybrid organic—inorganic
perovskite has now achieved a certified power conversion
efficiency (PCE) of 20.1%, making it very competitive with
conventional thin-film PV technology.

Nonetheless, much of the fundamental photophysical
mechanisms in driving the operation of high-performance
perovskite PV device remains unanswered yet. Of critical
importance are superior transport dynamics of perovskite
materials. Recently, transient absorptionf’9 photoluminescence-
quenching,® impedance spectroscopy,'® time-resolved micro-
wave conductivity' " and time-resolved terahertz spectrosco-
py'* have been applied to study the photogeneration of
excitons, and the transport and recombination of charge
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carriers. These studies showed that perovskite materials
exhibited exciton diffusion lengths of >100 nm for
CH;NH;Pbl; and >1 pm for CH;NH;Pbl, .Cl, high-
frequency charge mobility of ~10 cm® V™' s7' as measured
in contact-free film, extremely slow charge recombination on
the time scale of microsecond, and a low trap density.””"*
However, the dynamics of ambipolar charge transport
characteristics in high-efficiency perovskite based solar cells
still lacks of in-depth exploration.

Herein, we employed two complementary transport
measurement methods—charge extraction by linearly increas-
ing voltage (CELIV) and time-of-flight (TOF)—to uncover the
ambipolar charge transport dynamics of the perovskite in the
working solar cells.">'® Both CELIV and TOF have been used
to measure quantitatively the charge transport dynamics of
organic PV cells. CELIV can determine the mobility of faster
charge carrier while elucidating the recombination process,'”
yet without the ability to distinguish the type of the charge
carriers—hole or electron.'” As a complementary method,
TOF can determine the mobilities of both holes and electrons
while revealing the trap states.'® In this work, we studied the
transport dynamics of CH;NH,;Pbl; perovskite as proof-of-
concept in two representative planar devices—ITO/PE-
DOT:PSS/CH;NH;PbI;/LiF/Al single-layer junction and
ITO/PEDOT:PSS/CH;NH;Pbl;/phenyl-C61-butyric acid
methyl ester (PC¢BM)/LiF/Al bilayer heterojunction. We
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determine that efficient and balanced transport is achieved in ( a)
both CH;NH,PbI; neat film and CH;NH,Pbl;/PCsBM
bilayer systems, in the latter of which the transport of both

holes and electrons are significantly improved after the
insertion of PC¢BM. In addition, our results show that high-
performance perovskite-based solar cells benefit from sup-
pressed charge recombination, long lifetime of the mobile
charge carriers, and absent shallow traps within CH;NH;PbI,.

All perovskite films in the following discussion were prepared
via one-step solution method in a similar way as reported
previously'’® on PEDOT:PSS substrate, which resembles the
device structure for reliable comparison. Optical absorption
spectrum was first measured to confirm the formation of
perovskite crystal structure. Figure 1la displays UV—vis
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Figure 1. (a) UV—vis absorption spectrum and (b) X-ray diffraction
pattern of CH;NH;PbI; perovskite film.

absorption spectra of perovskite film, where two notable
absorption bands are centered at ~420 and 520 nm,
accompanied by a shoulder peak at ca. 750 nm, typical of
CH,NH;PbI;.*° X-ray diffraction (XRD) measurement was
then conducted to further determine crystalline structures of
perovskite film. As shown in Figure 1b, the as-synthesized
sample exhibits characteristic peaks of 14.10 and 28.45°
corresponding to the (110) and (220) crystal planes of the
CH;NH,Pbl; structure, respectively.'” These results suggest
that the formation of perovskite crystals in as-prepared
perovskite film is completed, which exhibits a high phase purity.

The planar perovskite solar cells were constructed with a
typical device configuration of ITO/PEDOT:PSS/
CH,NH,PbL, (250 nm)/PCe,BM (30 nm)/LiF/Al with an
active area of 0.11 cm® as shown in Figure 2a. Figure 2b
displays the current density versus voltage (J—V) curves of
CH;NH;Pbl; planar PV cells. In the dark, the device shows a
good diode behavior. Under AM 1.5G simulated light with an
intensity of 100 mW cm™>, a PCE of 9.2% was obtained with
short-circuit current density (Jsc) of 16.10 mA cm™ open-
circuit voltage (Vo) of 0.84 V and fill factor (FF) of 68%.
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Figure 2. (a) Schematic of the perovskite solar cell configuration. (b)
Representative current density—voltage characteristics of ITO/
PEDOT:PSS/CH;NH;Pbl;/PCs BM/LiF/Al planar cells in the dark
and under AM 1.5G simulated light.

Moreover, this device exhibits negligible hysteresis under a scan

rate of 10 mV/s and 50 mV/s, respectively, as shown in Figure

S1 in the Supporting Information. Such performance is

comparable to those literature reports based on similar or

identical device structures.”*>

To understand the fundamental mechanisms underlying this

high-performance perovskite solar cell, we studied the charge

transport dynamics of this CH;NH,PbI,/PCsBM bilayer
heterojunction by CELIV and TOF, in comparison with
CH;NH;Pbl; single-layer junction, as shown in Figure 3. Note
that the CELIV method is compatible with the film thickness of
the active layer in the devices, whereas the TOF method
requires relatively thick films of the active layer to ensure that
the charge carriers traverse the depletion region to reach the
accurate values of TOF mobility.'®

Figure 3a, b shows the curves of CELIV current density vs

time (j—t profiles) of the CH;NH;Pbl, neat film and
CH;NH,;PbL;/PCyBM bilayer cell, respectively, with different
delay times. Typically, the dark-CELIV measures the charge
carriers induced by intrinsic impurities, while the photo-CELIV
measures the photogenerated charge carriers." 16 The dark
conductivity of the CH;NH;PbI; was measured as ~1 X 1078
S/cm, which is 2 orders of magnitude lower than traditional
conducting polymers (e.g., poly(3-hexyl-thiophene), P3HT).*
Such low conductivity suggests that the CH;NH;PbI; perov-
skite has a notably low density of free charge carriers. In the
dark j—t profiles, as a result, the characteristic bump in CELIV
is not evident, suggesting that there are almost no intrinsic
impurities-induced charge carriers in both CH;NH;Pbl; neat
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Figure 3. CELIV j—t profiles with different delay times of (a) CH;NH,Pbl, neat film at a voltage ramp of 2 X 10* V/s and (b) CH,;NH;Pbl,/
PC4,BM bilayer cell at a voltage ramp of 1 X 10° V/s. (c) Temperature dependence of photo-CELIV mobility values of the CH;NH,PbI,/PC,,BM
bilayer cell in a range of 80—340 K. TOF double logarithm j—t profiles measuring the hole and electron mobilities of (d) CH;NH;PbI, neat film and
(e) CH3NH,PbI,/PC4BM bilayer cell at an applied bias of 20 and 10 V, respectively. Each ¢, is indicated by the arrow.

film and CH;NH;Pbl;/PC4BM bilayer cell. Upon light
irradiation, the current density increases significantly and
forms an obvious bump, indicating the creation of a large
amount of photogenerated charge carriers, which allows for the
mobility measurement as described below.

The mobility of the faster charge carrier measured by photo-
CELIV was calculated from the following eq 1,"> where y is the
charge mobility, d is the thickness of the active layer, AU/At is
voltage ramp of the applied triangle voltage pulse, and ¢, is
the time when the value of the current density is maximum.

y = 24

AU, 2

3 a1 tmax (1)
The results of photo-CELIV mobilities are summarized in
Table S1 in the Supporting Information. The film thickness
determined by scanning electron microscopy (SEM) imaging is
~250 nm. The ramp of the triangle voltage is 2 X 10* V/s and 1
X 10° V/s in the measurement of neat film and bilayer cell,
respectively. The CH;NH;PbI; neat film exhibits the charge
mobility of 3.2 X 107* cm?/(V s), and upon addition of the
PC¢,BM layer, the charge mobility of bilayer cell is nearly
doubled to 7.1 X 10~* cm?/(V s). These mobility values which
are determined from the OPV device structure largely differ
from those of previously reported values'* using other
electrode-free methods. Moreover, as seen from the evolution
of the j—t profiles in CH;NH;Pbl; neat film, maximum current
density is slightly changed with varying the delay time in the
range of 10—30 us. This indicates a slow charge recombination
in CH;NH;Pbl; on the long time scale of 20 us,”* and a long
lifetime of the mobile charge carriers in CH;NH;Pbl;, both of
which contribute to the high-efficiency of perovskite cells.
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To further explore the transport dynamics of perovskite solar
cells, we studied the temperature dependence of photo-CELIV
mobility in the CH;NH;Pbl,/PCg,BM bilayer cell.>> CELIV j—
t profiles of CH;NH,PbI;/PCg BM bilayer film at temperatures
ranging from 80 to 340 K are shown in Figure S2 in the
Supporting Information. Note that 80 and 340 K correspond to
the lowest temperature in liquid nitrogen and the possible
onset degradation temperature of CH;NH;PbI;, respectively.
Data at each temperature was measured after specific
temperature was reached and stabilized for >30 min. The
profiles were obtained at a voltage ramp of 2.5 X 10* V/s with
the same delay time of 6 us. The temperature dependent
photo-CELIV mobility values are summarized in Table S2 in
the Supporting Information and plotted in Figure 3c in a
double logarithm scale. At 340 K, CH3;NH;Pbl;/PCsBM
bilayer shows a CELIV mobility of 62 X 107* cm?/(V s),
whereas up to 6.7 X 107 cm?/(V s) at 80 K. The data of log u
(mobility) vs log T (temperature) nicely fit a straight line as
shown in Figure 3¢, which follows an inverse power law
temperature dependence of 4 o T~", where n is derived as 2.94.
This is presumably indicative of bandlike conduction in
CH;NH;Pbl,/PC,BM bilayer.*®

However, the CELIV measurement cannot distinguish the
type of charge carrier. By contrast, TOF method is able to
measure both hole and electron mobility, independently. Figure
3d, e shows the double logarithm TOF j—t profiles of
CH;NH,Pbl; neat film and CH;NH;Pbl;/PCyBM bilayer
cell. The optimal voltage bias in the TOF measurements was
found to be 20 and 10 V for the neat film and bilayer cell,
respectively. To ensure the accuracy of the TOF mobility
results, we increased the thickness of the CH;NH;Pbl, layer in
both neat film and bilayer cell to 400 nm from 250 nm in the
CELIV measurement. The mobility of the charge carriers
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measured by TOF was calculated from the following eq 2,'°
where p is the charge mobility, d is the thickness of the active
layer, V is the voltage bias, and ¢, is the transient time.
Fe
# Vt (2)
The results of TOF charge mobilities are summarized in Table
S3 in the Supporting Information. Note that the small
difference of the mobility results between CELIV and TOF is
caused by the different film thickness of the perovskite layer.””
In both CH;NH;Pbl; neat film and CH;NH;Pbl;/PCyBM
bilayer cell, the mobility values of holes and electrons are highly
balanced. In the CH;NH;Pbl; neat film, the hole and electron
mobilities are 4.0 X 107 and 3.4 X 107* am?/(V s),
respectively, suggesting that CH;NH,Pbl; is an ambipolar
material and able to transport efficiently both holes and
electrons. After introduction of the PC4;BM layer in the bilayer
cell, both hole and electron mobilities are increased to 5.4 X
107* and 4.5 X 107* cm?/(V s), respectively, and importantly
remain highly balanced, which is consistent with our CELIV
results. The enhanced charge mobility of perovskite with
PC4,BM is believed to closely relate to the interface between
the perovskite and PC4BM layers.

SEM was used to support this assumption. Figure 4 displays
the morphological differences between CH;NH;Pbl; neat film
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Figure 4. Top-view SEM images of (a) CH;NH,Pbl; neat film and
(b) CH;NH,;PbI,/PC¢,BM bilayer film, and tilted cross-sectional SEM
images of (c) CH;NH;PbI; neat film and (d) CH;NH,Pbl,/PC4BM
bilayer film. (e) Schematic depiction of the charge separation process
in the bilayer structure of CH;NH;Pbl; and PC¢ BM.

and CH;NH,Pbl,/PC4BM bilayer film from top-view (Figure
4a, b) and cross-section (Figure 4c, d) SEM images. As shown
in Figure 4a, the CH;NH;PbI; neat film consists of closely
packed crystals with rough crystalline textures and full surface
coverage. After spin-coating a thin layer of PC4BM on the top
of CH;NH;PbI;, the flat film is formed as seen in Figure 4b. On
the other hand, cross-sectional SEM images also support that
PC4BM not only fills the concaves of the surface of
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CH;NH,;PbI; film but also forms a layer of PCqBM aggregate
phase, thereby yielding an even and compact film with lower
roughness compared to the neat film.*® As schematically shown
in Figure 4e, this intercalation phase of PC4BM can
significantly increase the interface areas between CH;NH;PbI;
and PC¢;BM, thus facilitating the interfacial charge separation
compared to the neat CH;NH,PbI, film.*® Such PC¢;BM phase
also contributes to the efficient extraction of the electrons,
resulting in the high and balanced charge mobilities.

The morphological differences also explain the trap states,
which are revealed by the TOF results. Plateau region, which
corresponds to the movement of photogenerated charge
carriers through the bulk film, is intrinsically related to the
trap states.” If there is more than one plateau regions in the
TOF profiles, the first plateau results from the presence of deep
traps, which does not influence the charge mobility, whereas
the others are due to the existence of shallow traps, which
would hinder charge transport.”® As shown in Figure 3c, the
CH;NH;PbI; neat film exhibits only one plateau region in both
hole and electron j—t profiles, indicating the absence of shallow
traps in CH;NH,;PbI;. After introducing the PC4qBM layer
upon CH;NH;Pbl;, however, as shown in Figure 3d one
additional plateau appears in the electron j—t profile, suggesting
the existence of shallow traps, whereas two extra plateaus
appear in the hole j—t profile, indicating the presence of more
shallow traps. The shallow traps in the CH;NH;Pbl;/PCy BM
bilayer are believed to originate from the defects caused by the
addition of PCgBM.*® However, negative effects of shallow
traps can be neglected compared to notably enhanced charge
mobility with the addition of PC4BM because of improved
charge separation and collection.

In conclusion, we have investigated the transport dynamics in
both CH;NH,;Pbl; neat film and CH;NH,;Pbl,/PCsBM
bilayer systems using CELIV and TOF methods. High charge
mobilities are found in both CH;NH;Pbl; neat film and
CH;NH,PbL;/PC4BM bilayer cell. With the insertion of
PC4,BM, both hole and electron mobilities of CH;NH;PbI,
are doubled since the intercalation and aggregated phase of
PC4BM can significantly enhance charge separation and thus
increase the charge mobility. Our results indicate that efficient
and balanced charge transport is achieved in high-performance
CH;NH,PbI; solar cells, which results from suppressed
recombination, long lifetime of the mobile charge carriers,
and absent shallow traps within CH;NH;Pbl,.
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