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ABSTRACT: Organic—inorganic hybrid halide perovskites have emerged recently as highly
promising materials for optoelectronics such as photovoltaics and photodetectors. A unique feature
of these materials is ion diffusion that directly impacts the optoelectronic process by affecting the
charge transport and trapping. In order to shed light on the ionic diffusion behavior, the hybrid
perovskites MAPbI; and MAPbI; with minor doping of phenyl-C61-butyric acid methyl-ester
(MAPbI,;-PCBM) thin-film capacitors were investigated in the presence of steady and dynamic
visible illumination of different intensities. Light-induced capacitance, which increases monotoni- g pcam
cally with the increase of light intensity, was observed in the low-frequency range below 300 kHz of % ﬁ:flg"o” g
the electric field on both while differing quantitatively. Specifically, the large light-induced

capacitance in the MAPDI; capacitors can be obtained in the MAPbI;-PCBM ones in the dark. In
addition, the increase of capacitance with light intensity is much less in the latter with electron
trapping induced by PCBM. This result has revealed that the light-induced capacitance in MAPbI,
capacitors can be ascribed to the contribution of the additional charges across the capacitors
associated with ionic diffusion activated by the illumination and that the effects on the capacitance
will remain after the illumination is turned off due to residual photoexcited electrons trapped in the MAPbI;-PCBM sample.
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1. INTRODUCTION

Organic—inorganic halide perovskites have several properties
that make them favorable for potential applications in

methods but on the other hand decomposed in ambient. This
degradation process has been found to be accelerated by
various external stimuli including light, heat, chemicals,
moisture, and so forth.
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photovoltaics, photodetectors,” and other optoelectronics.
These Gproperties include long electron—hole diffusion
lengths, 7 high absorption coefficient to visible and near-
infrared light,’ and high photoluminescence (PL) quantum
efficiency.” Since the first perovskite thin-film solar cells were
made in 2009, the power conversion efficiency has been
updated rapidly to over 22%, making them competitive to the
commercially available crystalline Si, II-VI, and III-V solar
cells.'”'" However, halide perovskites are prone to instability
in ambient that can be worsened by external stimuli such as
humidity, heat, and light.12 Addressing the instability issue has
been a focus of intensive research recently. Progress has been
made on understanding its origin and hence improving the
performance of halide perovskites for practical applica-
tions.”"*~'® The instability of the halide perovskites originates
from their intrinsic ionic solid structure, which can be affected
sensitively by external environmental factors.'” Generally, a
Goldschmidt’s tolerance factor is calculated from the ratio of
the ionic radii. A tolerance factor range of 0.71—1.0 is suitable
for decent structural stability."> However, the tolerance factor
may be affected by various factors both intrinsic and extrinsic.
Due to the low formation enthalpy of lead halide perovskites,
they can easily be formed with low-temperature fabrication
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In halide perovskites, it is known that ionic defects, primarily
halide vacancies, can have a very small energy barrier for
diffusion (e.g,, 0.1-0.6 eV for I~ vacancies'’™*?) even in a
pristine crystal. Hence, they can diffuse and segregate readily at
room temperature under a mild electric field. Furthermore, it
has been observed that the defect migration rate can be
enhanced by orders of magnitude under light illumina-
tion.”">»** The mechanism behind this light-enhanced
diffusion behavior is still under debate.”® Because ionic defects
are charged particles, the segregation of these defects will have
a significant impact on the electron transport. For optoelec-
tronic devices such as solar cells, photodetectors, light-emitting
diodes, and so forth, the electron transport under the
convoluted influence of ion migration and light irradiation
can, hence, impact the device performance directly in a
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complicated way.'”'® For example, the photocurrent hysteresis

reported in perovskite solar cells has been linked to the ion
migration in perovskites.'* The current—voltage hysteresis
makes the device performance depend heavily on the pre-
condition of the device.”®” Therefore, it is imperative to
understand the mechanism behind the light-enhanced ion
diffusion in order to design perovskite devices with stable and
predictable performance.

In this work, we employ an Al/perovskite/FTO (FTO is for
fluorine-doped tin oxide) capacitor structure to investigate the
ionic diffusion behavior in the methylammonium lead iodide
(MAPDL;) perovskite thin films to understand how light
illumination can impact the ion migration. Although it is
established that light illumination can significantly enhance the
ion diffusion rate, it is unclear whether the light affects the
ionic defect motion directly by increasing the defect
concentration via distorting the perovskite lattice or indirectly
through the interaction between ionic defects and photo-
excited carriers. It is actually challenging to distinguish the
direct versus the indirect mechanisms because whenever there
is light illumination, photocarriers will be produced simulta-
neously. To overcome this challenge, we compare the ion
diffusion dynamics in plain-MAPbI; and in MAPbI; doped by
a small amount of phenyl-C61-butyric acid methyl ester
(PCBM). It is known that PCBM intercalates to/at perovskite
grain boundaries. When PCBM is mixed with the halide
perovskite, they form a bulk heterostructure.”* ™ Our recent
study on perovskite/graphene photodetectors shows that
PCBM can facilitate electron—hole separation and act as
electron trapping sites with an extremely long electron trapping
time (tens of minutes).” The very long carrier trapping time
allows us to study the effect of photoexcited holes/electrons on
ion migration even after the light illumination is turned off.
This means that the effects from the light and photocarriers
can be separated. Interestingly, we have found that in the
MAPDI;-PCBM samples, ion diffusion remained fast even after
the light illumination was turned off. The result shows that the
residual effect of light, that is, the presence of residual
photocarriers, is sufficient to enhance ion diffusion. Therefore,
we propose that the light-enhanced ionic diffusion is triggered
indirectly through the presence of high-concentration photo-
carriers.

2. EXPERIMENTAL SECTION

The perovskite MAPbI; film was deposited on an FTO-coated glass
using a one-step spin-coating method. The details of the fabrication
protocol can be found in our previous works.”>*! The precursor
solution was prepared by dissolving lead iodide (Pbl,) (Alfa Aesar,
99.9985%) and methylammonium iodide (CH;NH;I) (Luminescence
Technology, 99.5%) in a stoichiometric ratio in dimethyl formamide
(Sigma-Aldrich, 99.8%) with a concentration of 0.75 M. The solution
was stirred at 70 °C overnight before spin coating. For the MAPDI;-
PCBM thin films, 0.1% (wt %) PCBM (Luminescence Technology,
99.5%) was mixed into the perovskite solution. PCBM was first
dissolved into chlorobenzene solution. The ratio of PCBM to
perovskite was controlled by mixing the required volume of PCBM—
chlorobenzene solution and the precursor solution. The same volume
of chlorobenzene was added into the perovskite solution for preparing
the perovskite reference film without PCBM. Because of the limited
solubility of PCBM, the resultant solution was only fully miscible at
low PCBM concentrations. The FTO-coated glass was cleaned in an
ultrasonic bath with acetone and isopropyl alcohol for 15 min each
and subsequently treated with ozone for an additional 15 min. The
precursor solution at room temperature was spin-coated on the clean
FTO-coated glass at 3000 rpm for 30 s and then 6000 rpm for 3 s

inside a N,-filled glove box. During the spin coating, an antisolvent,
chlorobenzene (Macron), was dropped onto the film in order to
facilitate the crystallization. The freshly prepared wet film was then
dried on a hot plate at 60 °C for S min, 80 °C for S min, and 100 °C
for 10 min in order to evaporate the residual solvent. The obtained
shiny, dark brown perovskite films of thickness in the range of 265—
285 nm, measured using a Tencor-P16 profiler, were allowed to cool
in a N, environment before they were taken out for device fabrication.

On the obtained MAPbI; and MAPbL,-PCBM films coated on
FTO substrates, Al (30 nm) top electrodes were deposited using DC
magnetron sputtering through a shadow mask with multiple circular
holes to define the diameter of the capacitor to be 494 + 8 ym with a
total capacitor area of ~1.9—2.0 X 10° um® The deposition rate of Al
was calibrated to be 0.54 nm/s. The dielectric properties of these
perovskites thin films were investigated with capacitance—voltage (C—
V) measurements using tungsten probes (Lakeshore) in a probe
station in which high vacuum of about 1 X 107® Torr can be achieved.
An Agilent semiconductor analyzer B1505SA was employed for the C—
V characteristic measurements. Our device can be modeled as an RC
circuit consisting of a capacitor connected in parallel with a resistor of
large resistance across the vertical direction through the film
thickness.>> The presence of the resistance (real part of the
impedance) would not prevent the ability to determine the
capacitance (imaginary part of the impedance) because both
quantities can be extracted from the ac measurement of the circuit
impedance. The measured capacitance from which the dielectric
constant, € ~ 260, can be calculated and the frequency dependence of
the capacitance of our devices are anticipated for high-quality
perovskites and consistent with previous reports.’*** A Schott
20500 ACE 1 Fiber Optic Illuminator light source with controlled
intensities of 0, 0.6, 2.9, and 6.6 mW/cm?, respectively, was used to
study the effect of light on the dielectric properties of MAPbI; and
MAPDI;-PCBM perovskite thin-film capacitors. For a better under-
standing of the influence light has on perovskite thin films, their
capacitance was studied to show the effect of light intensity with and
without PCBM doping. For all these studies, a low applied DC bias
voltage of 100 mV was selected to prevent dielectric breakdown of the
perovskite thin-film capacitors.*

Figure 1 shows a photograph of an array of Al/perovskite/FTO
capacitors fabricated, and each capacitor has a circular shaped
diameter of around 494 + 8 yum defined by the top Al electrodes
(upper-left corner). The schematics of the MAPbI; (top) and
MAPbDI;-PCBM (bottom) perovskite thin-film capacitors are shown
in the same figure with FTO and Al as the bottom and top electrodes,
respectively. An oscillating electric field (E-field) with frequencies in

- PCBM
® electron
® hole

-

Figure 1. Photograph of an array of perovskite thin-film capacitors.
Each capacitor (the silvery dot) has a circular shape with a diameter of
494 + 8 um (upper left). The schematics show the cross section of
MAPbI; (top) and MAPbI;-PCBM (bottom) capacitors. The
presence of PCBM allows us to determine how photocarriers alone
can affect ion diffusion in the dark.
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Figure 2. (a) PL spectra for the plain perovskite MAPbI; and the MAPbI;-PCBM samples. (b) Decay of the photoresponse in MAPbI; and the
MAPDI;-PCBM on graphene devices after the light is turned off. The measurement shows that electrons are trapped in the PCBM domains for a
rather long time after the light is turned off. (c) Schematic showing the effect of PCBM on the photocarriers in the MAPbI; and the MAPbI;-

PCBM thin films.
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Figure 3. IV measurements of (a) MAPbI; and MAPbL;-PCBM with (b) 0.2 and (c) 1% of PCBM. (d) The conductance, determined at roughly 0

V, is plotted as a function of the concentration of PCBM.

the range of 1 kHz to 1 MHz was applied across the two electrodes.
The ionic polarization in the perovskite layer induced by the fast
oscillating E-field can be determined from the frequency-dependent
capacitance.””** The experiment was done either in the dark or under
continuous light illumination in order to probe the effect of light on
ion diffusion. For the in-dark measurements, data was taken within 5—
10 min after the light illumination was turned off. This approach
allows us to study the residual effects of light illumination. The
MAPDI; and MAPbI;-PCBM perovskite thin films have a similar
average thickness of ~276 nm.

As shown in our previous study, the low-concentration PCBM
doping in MAPbDI; thin films does not significantly change the
thickness and morphology of the perovskite film, which can be seen in

the scanning electron microscopy (SEM) images of the pristine
MAPbI, film and MAPbL-PCBM films with 0.1% and 1% PCBM
doping, respectively (Figure S1 in the Supporting Information). This
result is consistent with the literature, which has shown that PCBM
mainly resides at perovskite grain boundaries with a negligible effect
on the grain size and morphology.*® However, residual photoexcited
carriers can be trapped within the perovskite active layer even after
the light was turned off before they recombine with electrons trapped
by PCBM over a time frame of tens of minutes (bottom panel in
Figure 1). Hence, it allows us to study the effect of photocarriers on
the ion diffusion rate without the direct presence of light in the
MAPDI;-PCBM capacitors.

https://doi.org/10.1021/acsami.1c05268
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Figure 4. Variation of (a) capacitance, (c) conductance, and (e) specific change in capacitance with light intensity (0, 0.8, 2.9, and 6.6 mW/cm?) in
the frequency range of 1 kHz to 1 MHz. The applied voltage was maintained at 100 mV. MAPbI,-PCBM is shown in (b,d,f).

3. RESULTS AND DISCUSSION

The effects of PCBM on the photocarrier dynamics can be
illustrated by optical spectroscopy and photodetector measure-
ments presented in Figure 2 as detailed in our earlier studies.”
First, PCBM facilitates electron—hole separation when the
sample is continuously illuminated by light.” Figure 2a shows
the comparison of the PL spectra of plain MAPbI;, MAPbI;-
PCBM (0.1 wt %), and MAPbI,PCBM (1 wt %). The
monotonic decrease of the PL intensity with increasing PCBM
doping can be clearly seen, indicating that the PL is quenched
when PCBM is added to the perovskite MAPbI; samples. This
observation indicates that photoexcited electrons and holes are
separated, or their radiative recombination is prevented in the
presence of PCBM. This argument is supported in Figure 2b
by the difference in response to light off in the dynamic
photoresponse of MAPbI;/graphene and MAPbLI;-PCBM/
graphene photodetectors.”*

In these photodetectors, the perovskite layer is excited by
light, and selective electron trapping in the perovskite layer,

33612

due to the band-edge alignment at the perovskite/graphene
interface, induces hole doping in graphene.”*® This in turn
changes the graphene conductivity via a photo-gating effect. By
monitoring the change in the current (and hence conductivity)
through graphene, that is, I (light) — I (dark) under a fixed
bias voltage between the source and drain electrodes in Figure
2b, the amount of trapped electrons in the perovskite layer can
be measured. For convenience of comparison among different
devices, the amplitude of the photoresponse (I (light) — I
(dark)) is normalized to the initial I (light) to exhibit the decay
dynamics quantitatively. Because the signal amplitude
represents the amount of photoexcited electrons trapped
within the MAPbI; photoactive layer, the signal decay time
shown in Figure 2b corresponds to the trapped electron
lifetime after the light illumination was turned off. With
increasing PCBM doping, the lifetime increases monotonically.

The lifetime found in pristine MAPDbIj is shorter because the
charge recombination can occur promptly through radiative
recombination as shown schematically in the upper panel of
Figure 2c. This explanation is consistent with the stronger PL

https://doi.org/10.1021/acsami.1c05268
ACS Appl. Mater. Interfaces 2021, 13, 33609—33617
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intensity of MAPDI; in Figure 2a. On the other hand, for
MAPDI;-PCBM, the radiative recombination channel was
prohibited due to the charge separation and electron trapping
induced by PCBM (lower panel of Figure 2c), which also leads
to the lower PL intensity as shown in Figure 2a. The very long
lifetime of the trapped electrons in PCBM results in a residual
photoresponse signal that was maintained up to tens of
minutes after the light illumination was turned off. In fact,
PCBM is a well-known electron acceptor. Hence, the long
signal recovery time indicates that electrons (red circles in
Figure 2c) are trapped by PCBM located primarily at the grain
boundaries. In order to maintain charge neutrality, a MAPbI;-
PCBM film without graphene is expected to be doped by holes
(green circles in Figure 2c) transiently after the light is turned
off. The doping effect of PCBM is also visible in the DC
conductance of the perovskite film.

Further IV measurements were conducted on MAPbI; films
with different concentrations of PCBM. Figure 3a—c shows the
IV curves for the samples with PCBM concentrations of 0, 0.2,
and 1%. The obtained DC conductance is shown in Figure 3d
as a function of PCBM concentration. The conductance
increases monotonically as the concentration of PCBM is
increased, which confirms that the MAPDI; perovskite film is
doped by PCBM. Therefore, the long lifetime of the trapped
electrons by PCBM provides us an excellent opportunity to
study the ion migration in the hole-doped perovskite even after
the light is turned off.

Figure 4 compares the capacitance versus frequency (C—f)
of the MAPbI; (Figure 4a) and MAPbI;-PCBM (0.1%)
(Figure 4b) capacitors under different light intensities of 0, 0.6,
2.9, and 6.6 mW/cm?, respectively. For both types of samples,
the negligible effect of light on the capacitance can be observed
in the high-frequency range of f > 300 kHz. The monotonic
decrease of the capacitance with increasing f in this range is
similar to the behavior typically found in dielectric capacitors
and is often attributed to the electronic polarization of the
materials.””** At lower frequencies when 1/f is much larger
than the electron response time, the frequency dependence of
the conventional capacitance becomes negligible, which means
capacitance is a constant for conventional dielectric capaci-
tors.””*” However, a strong frequency dependence of the
capacitance can be observed on the perovskite MAPbI; and
MAPDI;-PCBM capacitors at lower frequencies below 300
kHz. More importantly, this capacitance increase is amplified
in the presence of light in MAPbI, capacitors (Figure 4a). The
light amplification effect becomes more pronounced at lower
frequencies. Previous works®>** have attributed this capaci-
tance increase to the electrical polarization induced by the ion
migration. When the frequency of the ac oscillating E-field is
lower than the hopping rate of the ionic defects, these ionic
charged defects can diffuse back and forth under the oscillating
E-field. This can create net charge accumulation at the bottom
and top surfaces of the perovskite film, which leads to an
increase in capacitance.” It was proposed that the ion
migration can be speeded up by the light, which results in
an amplified increase in the capacitance. Dielectric constant
(e.) can be calculated using &, = C X d/(&yA), where C is the
measured capacitance, d is the thickness of the perovskite thin
film, &, is the permittivity of free space, and A is the cross-
sectional area of the capacitor. The highest dielectric constant
of 260 was observed at the lowest frequency of 1 kHz and the
highest light intensity of 6.6 mW/cm? in this study. A similar

capacitance change has been noted in other studies due to
increasing voltage biasing in the dark.’

In MAPDI;-PCBM capacitors, the capacitance increases
much more significantly with decreasing frequency than their
MAPDI; counterparts even when the sample was kept in the
dark. Indeed, the capacitive response of the MAPbI; capacitors
illuminated by light (green and orange curves in Figure 4a)
and the MAPbL,-PCBM ones in the dark (black curve in
Figure 4b) are essentially the same. The similarity between the
two curves indicates that the capacitive response is originated
from the same charged species (i.e., ionic defects). Apparently,
both light illumination (Figure 4a) and PCBM addition
(Figure 4b) can enhance the capacitive response originated
from ionic diffusion.

As we mentioned earlier, trapped electrons in PCBM are
likely to introduce p-doping in perovskites such as MAPbI;-
PCBM in our study. The additional holes introduced by the
electron trapping mimics the photocarriers created by light
illumination. Hence, this result demonstrated experimentally
that the presence of hole carriers in the perovskite can enhance
the ion migration, regardless of the origin (light or PCBM) of
such carriers, as predicted theoretically.**™**

It should be noted that an increase in the overall defect
concentration cannot explain the monotonic decreasing light-
induced capacitance (see Figure S2 in the Supporting
Information), especially when the effect of light diminishes
or becomes negligible when the PCBM concentration is
increased to 1.0% (AC/C, in Figure S2f). This result suggests
that the effect of PCBM mimics that induced by the light and
both introduce doping in the perovskite. When the
concentration of PCBM-induced doped carriers is comparable
or even larger than the concentration of photocarriers, the
effect of light on capacitance diminishes.

Several mechanisms have been proposed theoretically on
how holes can enhance the halide vacancy migration. Three of
the examples are as follows: (1) holes can enhance the
formation of iodine vacancies;"” (2) holes can create H*
impurity ions, which would in turn induce rearrangement of
the halide ions;*" and (3) holes can induce the formation of I*~
ions, which would have a lower migration barrier.** Although
our experimental results cannot pinpoint the exact microscopic
mechanism, it provides an important clue to it that the
enhanced diffusion is related to the presence of hole carriers.
Iluminating the MAPbI;-PCBM sample with light can further
increase the capacitance (Figure 3b), but the effect is
considerably smaller especially at low light intensities when
compared to the case of MAPbI; without PCBM doping. This
means that the concentration of photocarriers at low light
intensities can be small compared to that induced by the
residual electrons trapped in PCBM in the MAPbI;-PCBM
sample. Hence, the effect of light on the capacitance of the
MAPDIL;-PCBM sample is less apparent than in the MAPDI;
counterpart.

We would also like to comment on the potential effects of
the perovskite/electrode interfaces on the device capacitance.
Typically, an interfacial layer with specific types of interface
charges can alter the symmetry of the transport properties
considerably when the electrical bias changes polarities. In the
capacitors studied in this manuscript, the effect of the
electrode/perovskite interfaces is unlikely significant, consid-
ering that the asymmetry of the I-V curves (Figure 3) with
respect to the bias voltage polarity change is relatively small. In
addition, the added PCBM at different concentrations does not
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Figure 5. Dynamic capacitance variation in response to light off and on at 6.6 mW/cm? and frequency of (a) 1, (c) 2, and (e) S kHz for MAPbI,
and (b) 1, (d) 2, and (f) S kHz for MAPbI,-PCBM respectively. Zoomed-in views of the dynamic capacitance rise and fall between 10 and 90% of
the peak height for (g) MAPbI; and (h) MAPbI;-PCBM at 1 kHz. The bias voltage applied on the capacitors was maintained at 100 mV.

seem to significantly alter the symmetry of the I-V curves
(Figure 3). We therefore argue that the effect of the interface
does not play a dominant role in the light-induced capacitance
change observed in this manuscript.

We have also monitored the ac conductance of the
perovskite capacitors as a function of frequency. The result is
shown in Figure 4c,d for the MAPbI; and MAPbI;-PCBM
samples, respectively. Interestingly, the conductance decreases
by 2 orders of magnitude from 3 X 107 to S X 107° siemens in
both types of samples when f is decreased from 1 MHz to 1
kHz, despite a minor difference in the effect of light
illumination. Under the Drude model, the electronic
conductance should increase with a decrease in f. On the
other hand, the ionic conductivity often shows the opposite
behavior, that is, conductance decreases with a decrease in
f.43’44 Hence, our capacitance and conductance measurements
in the range of 1 kHz to 1 MHz show the typical behavior of
the ionic liquid. This further confirms that our measurement in
the 1 kHz to 1 MHz range is probing the ion diffusion. Similar
to the capacitance, the presence of either light or PCBM can
increase the conductance as compared to the case of plain
MAPbDI; in the dark.

Finally, the normalized specific change in capacitance (AC/
C,) with light intensity is shown respectively in Figure 4e for
MAPbI; and Figure 4f for MAPbI;-PCBM samples. We note
that the curves have a convex shape for the plain MAPbI,
capacitor but a concave shape for the MAPbI;-PCBM one.
This result is understandable under our proposed picture. For
MAPbI;, light is the dominant stimulus that can create free
carriers. Hence, its effect takes off instantly and the incremental
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change (the slope of the AC/C, curve) is stronger at the lower
light intensities. For MAPDbI;-PCBM, the perovskite is pre-
populated with doped holes induced by the trapped electron in
PCBM. Hence, the light effect does not show up until the
concentration of carriers induced by the light is comparable to
that induced by the PCBM doping.

Figure S compares the dynamic response of capacitance to
light illumination of the MAPbI, (Figure Sa,c,e) and MAPbI;-
PCBM (Figure Sb,d,f) capacitors at different frequencies of 1,
2, and S kHz, respectively. The time scale was varied up to 300
s to study the ion migration dynamics in the perovskite film
with an applied voltage of 100 mV. For all these studies, the
perovskite samples were kept inside the low vacuum of a few
mTorr to prevent any further surface contamination and stored
in the dark environment for ~5 min to ensure that the samples
were in their original condition before each measurement
under light illumination. The light off condition refers to dark
and the light on condition refers to illumination under a light
intensity of 6.6 mW/cm’.

The capacitance of both MAPbI; and MAPbI;-PCBM
capacitors exhibits fast response to light on/off and the
response is reproducible in the time frame studied. In order to
quantify the response speed, the response time, defined as the
time difference between 10 and 90% of the peak height of
dynamic capacitance under illumination, is calculated, and the
result is illustrated in Figure 5g,h for the MAPbI; and MAPDI;-
PCBM capacitors, respectively.

Our study shows reproducible dynamic behavior with an
average “rise” time and “fall” time on the order of ~I s.
However, the amplitude of the dynamic capacitance change is
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considerably larger in the MAPDI; capacitor than that of the
MAPDI;-PCBM  counterpart. For example, the normalized
capacitance change of the MAPbI; capacitor is 0.75, 0.56, and
0.36% at 1, 2, and S kHz, respectively, in contrast to 0.18, 0.13,
and 0.07% for its MAPbI;-PCBM counterpart. These dynamic
measurements demonstrate that the ionic diffusion process is
reversible under our current experimental conditions. Hence,
these perovskite capacitors can be potentially used for
photosensing.

4. CONCLUSIONS

In summary, we have studied the light-enhanced ionic diffusion
in perovskite MAPbI; thin-film capacitors with and without 0.1
wt % PCBM doping. The PCBM molecules serve as electron
acceptors as well as trapping sites, yielding a much reduced
charge recombination. Remarkably, such a charge trapping by
PCBM leads to a similar light-enhanced ionic diffusion to their
undoped MAPDI; counterparts in the perovskite MAPDI;-
PCBM capacitors in the dark as illustrated in the increasing
capacitance with decreasing frequencies in the low-frequency
range below 300 kHz. With increasing light intensities, a
monotonic increase in the capacitance has been shown in both
cases, while the magnitude of the increase is significantly lower
in the MAPbI;-PCBM capacitors. Dynamically, the capacitance
can be tuned up and down by light on and off, and the on/off
response times are approximately symmetric on the order of
sub-to ~1-2 s. Our study shows that the light-enhanced ion
diffusion behavior commonly observed in halide perovskites
can be attributed to the presence of a high concentration of
photocarriers, but not the direct effect of light to the
perovskite. In this work, by using PCBM as an electron
trapping site, we introduce hole doping in the perovskite,
which allows us to probe the effect of holes on ion diffusion.
This approach may be revised to probe the effect of electrons
on jon diffusion in perovskites. Specifically, the electron-
accepting PCBM may be replaced with hole-transporting
polymers such as poly-triarylamin® or poly(N,N’-bis-4-
butylphenyl-N,N’-bis(phenyl)benzidine).”® These polymers
can selectively extract hole carriers and introduce electron
doping in perovskites, allowing the effect of electron carriers on
ion diffusion to be investigated.
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