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Abstract:

Halide perovskites intrinsically contain a large amount of point defects. The interaction of
these defects with photocarriers, photons, and lattice distortion remains a complex and unresolved
issue. We found that for halide perovskite films with excess halide vacancies, the Fermi level can
be shifted by as much as 0.7 eV upon light illumination. These defects can trap photocarriers for
hours after the light illumination is turned off. The enormous light-induced Fermi level shift and
the prolonged electron trapping are explained by the capturing of photocarriers by halide vacancies
at the surface of the perovskite film. The formation of this defect-photocarrier complex can result
in lattice deformation and an energy shift in the defect state. The whole process is akin to polaron
formation at a defect site. Our data also suggests that these trapped carriers increase the electrical

polarizability of the lattice presumably by enhancing the defect migration rate.
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Organometal halide perovskites, such as methylammonium lead halide (MAPbI3), have
emerged as a leading contender for next generation photovoltaics (PV) applications.'® Free
carriers in halide perovskites have a very long diffusion length>’ and a reasonably high mobility®
19 despite they are synthesized using low-temperature processes that do not generally yield high
quality crystals. Hence, how these imperfect materials can have such a high photo-to-electric
conversion efficiency remains an intriguing question. Fundamentally, halide perovskites possess
some interesting properties that are not typically found in other semiconductors. For example,
halide perovskites have a soft and deformable lattice, which can interact with free carriers to form
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large polarons.'! The formation of polarons would minimize electron-phonon scattering,
slow down hot electron cooling.!*!6 Moreover, although halide perovskite crystals often contain a
high concentration of point defects, most of these defects only form shallow traps,!”!8 leaving a
much reduced impact on free carrier mobility.

On the other hand, point defects or ionic defects in perovskites are also very mobile (e.g.
the migration barrier for the I" vacancy is only ~0.1 - 0.6 eV'*??), which can result in a very large
dielectric response.? Tonic defects diffusion and segregation**?® have therefore presented a major
challenge in practical applications. For instance, the interplay between defect diffusion and carrier
trapping can lead to the infamous hysteresis found in current-voltage measurements.?->*
Moreover, the perovskite PVs are subjected to cyclic conditions such as the day/night®*> and the
forward/reverse bias*® cycles. Ionic defects can have reversible interactions with charges under
these cyclic conditions, which makes the short-term performance highly depending on the pre-
condition of the device. Depending on device architectures and perovskite film preparation

methods, contradicting behaviors have been reported. For example, some studies reported that the

PV efficiency degrades in the dark but recovers when it is exposed to light.>” However, the exact



opposite behavior has been reported by others.>> 3 In fact, many of these non-intuitive behaviors
still lack explanations. In order to have a better understanding and control of the device
performance and stability, it is imperative to understand the complex interaction between
electrons, defects, lattice deformation, and photons in the perovskite lattice.

Because ionic defects are charged particles, they can have strong interaction with free
carriers. To further complicate the picture, it has been observed that the defect migration rate can
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be enhanced by orders of magnitude under light illumination, both in pristine peroskites
in mixed halide perovskites.***> The mechanism underlying the light-enhanced defect migration
is still under debate.?® In particular, it is difficult to distinguish whether the enhanced diffusion is
originated directly from the light-induced lattice distortion,* or indirectly from the interaction with
photoexcited carriers.*’*® By doping MAPbI3 with an electron acceptor phenyl-C61-butyric acid
methyl ester (PCBM), we recently found that residual photocarriers alone (without the direct light

exposure) is sufficient to enhance the ionic diffusion.*’

This previous work points to the
importance of the interaction between photocarriers and ionic defect in controlling the defect
migration and the electron transport. It has also been proposed that motions of electrons and ions
can be coupled in halide perovskites.>

In this work, we further investigate this defect-photocarrier interaction by intentionally
increasing the concentration of point defects in the MAPbI; perovskite films. Interestingly, for
films with excess iodide vacancies (V1), we found that the Fermi level can be shifted by as much
as 0.7 eV upon light illumination. Moreover, we found that the Vi defect switches to a deep electron
trap when it captures photo-excited electrons. Photocarriers can be trapped for hours even after the

light illumination is switched off. It is also found that these trapped carriers can make the lattice

more electrically polarizable, presumably by assisting the defect migration. These observations are



explained by the interaction between ionic defects, lattice deformation, and photoexcited electrons.
Specifically, we propose that a photoexcited electron can be captured readily by a Vi defect, which
initiates the lattice deformation that in turn stabilizes the captured electron. The process is akin to
polaron formation but occurs at a defect site. The enormous Fermi level shift (essentially changes
the perovskite from n-doped to un-doped), prolonged electron trapping, and enhanced defect
migration observed in our experiments can make the device performance heavily depends on its
pre-condition especially when the device is operated under dark/light cycles.

Our proposed picture is based on some theoretical predictions,’!~® which found that a V;
defect can be deformed into the so-called Pb-dimer when it captures an additional electron. We
note that Pb-dimer formation in the bulk has been disputed as a computational artifact in some
recent works in which a more accurate HSE06 hybrid functional with spin-orbit coupling (SOC)
is used.’’>® However, another computational work in which the HSE06+SOC is also employed
has shown that Pb-dimer formation can be energetically feasible at surface or in regions where two
V1 defects are clustered.’® Furthermore, a recent simulation has shown that Pb-dimer at the surface
can be further stabilized under light illumination when additional electrons in the conduction band
can interact with the defect.®® Because our main experimental technique, ultraviolet photoemission
spectroscopy (UPS), is extremely surface sensitive (with a probe depth of ~ 1 nm or less), our
experimental data appears to agree well with models that show Pb-dimer formation at the surface
induced by electron trapping.>®-¢

To introduce defects into the MAPbDI; lattice, we varied the MAI:Pbl, precursor ratio (r)
from 0.8:1.2 to 1.2:0.8. Similar method has been employed by others to probe defect migration,®!
and to determine the effect of ionic defects on doping® and device performance.> Changing the

precursor ratio by the aforementioned amount does not change the bandgap of MAPDbI3 or



significantly alter the film thickness, which we have verified experimentally (supporting
information, Fig. S1 and S2). Scanning electron microscopy (SEM) images show that films made
with these precursor ratios are continuous with similar morphologies (Fig. S3), except for the MAI-
rich one (» = 1.2 : 0.8) in which some pm-sized voids are observed. It is known that during the
MAPbI; formation, adduct of Pbl, is first formed because of its lower solubility.%*% Then, MA*
and I ions transform the Pbl, into MAPbI3. Hence, a MAlI-deficient film (» < 1) likely contains
iodide (V1) and MA vacancies (Vma), while a MAI-rich film (» >1) likely contains iodide (I;) and
MA interstitials (MA;). Indeed, those four kinds of defects are commonly observed in MAPbI;°!
while Vi is often identified as the dominant defect species®® because of its low formation energy,

the ready escape of I ions to environment via I formation, and its low migration energy.
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Figure 1: (a) The UPS spectra near the valence band maxima (VBM) region for perovskite films
made with different precursor ratios. UPS spectra collected in dark and under light illumination
are represented by solid and dashed lines, respectively. (b) The I:Pb ratio measured by SEM EDX
(dots) and calculated from the precursor ratio (dashed line). (c) The position of the Fermi level (in
dark and at light) for films with different precursor ratios. (d) Additional spectra for the 0.9:1.1
sample taken at 10 minutes and 24 hours after the light illumination is switched off. The result
shows that the light-induced Fermi level shift is reversible after the light is switched off. (¢) When
the Vi defect captures an additional electron, a Pb-dimer can form. This lattice distortion can cause
the defect level to shift towards the middle of the bandgap.



The type of the dominant defects in the perovskite can be determined using UPS®? in
conjunction with energetic locations of defect levels calculated from first principle calculations.!”
¥ Figure 1(a) shows the UPS spectra at the energy region near the valance band maxima (VBM)
for perovskite films with different precursor ratios. Solid lines are spectra taken in the dark, and
positions of the VBM are indicated on the figure. The energy is referenced with respect to the
Fermi level (Ey). The expected positions for the conduction band minimum (CBM) calculated using
a bandgap of 1.59 eV are shown as vertical lines above the Ef. It can be seen that the MAI-deficient
(r=0.8:1.2) sample is highly n-doped while the MAI-rich sample ( = 1.2:0.8) sample is slightly
p-doped. This data is consistent with previous UPS measurements on spin-coated MAPbI; films.®?
It is known that the Vi defect has a defect level slightly below the CBM (a shallow electron trap).
Hence, the n-doping of the MAI-deficient film can be associated with a large concentration of Vi
defects.!”- %2 We note that even the stoichiometric 1.0:1.0 film is n-doped, which is consistent with
the consensus that Vi is the dominant defect in MAPbI3.2% % For the MAI-rich film, the extra I
ions can suppress the formation of Vi, which results in a Erlocating close to the middle of the band
gap similar to that of an un-doped film. It has also been argued that MAI-rich samples contain Pb-
vacancies (Vpb), which would explain the slightly p-doping observed in the MAI-rich sample.'”- 2
Finally, the spectral shape of the valence band is essentially identical for all spectra. Hence, a
common structural phase at the surface, which can be found in all MAI-deficient, stoichiometric,
and MAl-rich films, is probed by the UPS. This common structural phase is much more likely to
be MAPDbI; instead of other phases such as un-transformed Pbl> at grain boundaries that can only
be found in MAI-deficient films.5’

The film stoichiometry is further verified by using energy dispersive X-ray (EDX)

equipped in the SEM. The I:Pb ratio (atomic) of films made with different precursor ratios are



shown in Fig. 1b. The expected I:Pb ratio calculated using the precursor ratio is shown as the
dashed line. While the data verifies that films with a lower MAI:Pbl, precursor ratio have a lower
I:Pb ratio (i.e. more likely to contain Vi defects), ratios measured by the EDX are systematically
lower than expected I:Pb ratios. It is known that iodine can be easily expulsed from the film,*® 8
which can reduce the I:Pb ratio for all films. Indeed, our UPS measurement shows that the
stoichiometric sample is n-doped, which indicates the presence of Vi. This agrees with the EDX
measurement, which shows a I:Pb ratio less than 3 for the stoichiometric sample. Moreover, the
absolute composition obtained by EDX would have a few percent error because the emitted X-ray
intensity depends complicatedly on sample geometry and measurement condition, which would
also contribute to the systematical error.

More interestingly, we observed that the £ for MAl-deficient samples shifted significantly
when the sample was illuminated by light. The UPS spectra taken under the illumination of a 532
nm continuous wave (CW) laser is shown as dashed lines in Fig. 1a. For MAI-deficient samples
(purple lines), the Fermi level appears to shift significantly (~ 0.7 eV) towards the middle of the
band gap under light. Under the same condition, only a small shift (< 0.1 eV) is observed for the
stoichiometric (1.0:1.0) and the MAI-rich sample. For the two MAI-deficient samples (0.8:1.2 and
0.9:1.1), if we assume the Fermi level is pinned near the defect level, the average trap depth for
the two samples increases from 0.08 eV (dark) to 0.65 eV (with light illumination). We note that
the shift cannot be explained by the sample charging due to the photoemission process. These
perovskite films are coated on a highly conductive indium tin oxide (ITO) substrate. Moreover,
the electrical conductivity of the MAI-deficient sample (0.8:1.2) is at least an order of magnitude
higher than that of the stoichiometric sample (1.0:1.0) (supporting information, Fig. S4). Hence,

if the shift is originated from the sample charging because of a poor electrical conductivity, we



would have observed a similarly large shift in the 1.0:1.0 sample. Moreover, MAI-deficient films
have similar microstructure as compared to the 1.0:1.0 film (Fig. S3). Indeed, it is the MAI-rich
film that shows a different morphology and contain micro-sized pores. Therefore, the film
morphology cannot explain why the abnormal behavior is observed in MAl-deficient films, but
not MAI-rich films. The positions of the Fermi level for all samples under dark and light conditions
are summarized in Fig. 1c. The light intensity used is ~ 81 mW/cm?, which is close to the solar
irradiance (~100 mW/cm?). Hence, the observation is relevant to typical solar cell operation
conditions.

The light-induced shift in the Fermi level is reversible. Figure 1d shows two additional
spectra for the 0.9:1.1 sample collected after the laser was switched off. Ten minutes after the laser
was switched off, the Fermi level shifts halfway back to the original position. The position of the
Fermi level restores back to the original position after the sample was kept in dark overnight. The
reversibility indicates that the Fermi level shift is not caused by light-induced damages. As we will
show, MAl-deficient films can also trap electrons for a prolonged period. To understand whether
the light-induced Fermi level shift is caused by trapped electrons alone, or by the interaction
between trapped electrons and the defective perovskite lattice, we perform a control experiment
with a stoichiometric (1.0:1.0) film mixed with ~ 1 % PCBM. It is known that the PCBM molecules
cluster at grain boundaries of perovskite films.*®’% Our previous work has shown that the PCBM
in MAPbI; can trap a large amount of electrons,’! similar to the electron trapping behavior found
in the MAl-deficient film (see below). Despite the stoichiometric film with 1% PCBM can also
trap electrons, it does not show any light-induced Fermi level shift behavior (supporting
information Fig. S5). Hence, the shift is produced by the interaction between trapped electrons

with the defective perovskite lattice. The MAI-deficient samples are expected to have a large



amount of Vi defects. Therefore, we hypothesize that the shift is originated from the interaction of
V1 defect with excited electrons created by the optical excitation. In the discussion below, we will
focus on the MAI-deficient film which shows the strong light-induced effect and presumably have
a high concentration of V| defects.

Theoretical studies®'>* have shown that when the Vi has a charge state of 0 (i.e. a single
electron is bound by the positive Vi defect), the defect level is slightly below the CBM which
corresponds to a shallow electron trap. However, if the defect captures an additional electron (the
charge state changes to -1), the lattice deforms and a Pb dimer is formed (Fig. le). The lattice
deformation lowers the energy of the defect level, which results in the formation of a deep electron
trap.>!>3 The additional electron can be originated from optical excitation,> which can explain the
observed light-induced effect in MAI-deficient samples. Although some recent simulation works
that employ more accurate functional have discarded Pb dimer formation in the bulk as a
computational artifect,’’>® Pb dimer formation is still energetically feasible near the surface or
around clustered Vi defects.’® Since defects tend to cluster at grain boundaries, Pb dimer formation
would be feasible at grain boundaries as well. Because the UPS is a surface sensitive technique,
the light-induced Fermi-level shift we observed is consistent with the Pb-dimer formation at the
surface. Another recent theoretical work shows that additional electrons in the conduction band
can stabilize the Pb-dimer,®® which means that Pb-dimer formation can be induced by light
illumination as observed in our experiment. Because the whole process resembles polaron
formation at an ionic defect site, we will refer this defect complex to as a “defect-polaron”. For a
doped semiconductor, the Efis located at the highest occupied gap state. Hence, the formation of
the defect-polaron causes the shift of the £rtowards the middle of the bandgap, which agrees well

with our UPS measurements.



Finally, other defects such as I-interstitial can also trap electrons and undergo a similar
defect-polaron formation process.>” However, I-interstitials are more likely to be found in iodide-
rich films and create p-doping. By contrast, our MAI-deficient films are n-doped (from UPS) and
iodide-deficient (from EDX). Other point defect species including MA-interstitial, Pb-interstitial,
MA| (MA ion at the I-site), Pby, and Pbma can produce n-doping.”?> However, MA-interstitial is not
likely to be the dominant type of defects in a MAI-deficient film. Pb-interstitial, MA;, Pbi, and
Pbma have large defect formation energies (> 1 eV),”* and to our knowledge, they have not been

commonly considered as the dominant defect in halide perovskite films.
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Figure 2: (a) The PL spectra for perovskite films with different precursor ratios. The intensity of
the excitation source is ~ 120 mW/cm?. For the MAI-deficient film, the PL intensity is quenched.
(b) The PL intensity as a function of the intensity of the excitation source shown on a log-log plot.
The data collected from the MAI-deficient sample shows a different slope (n = 3/2) than that of
the stoichiometric sample (» = 1). The dependence supports electron trapping is a dominant decay
channel in the MAI-deficient sample.

The photoexcited electron is essentially trapped by the Vi because a significant amount of
energy will be required to ionize the electron from the defect level to the conduction band once

the defect-polaron is formed. Hence, formation of the defect-polaron state should reduce the

radiative recombination of free electron-hole pairs. We measure the photoluminescence (PL)
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intensity of our samples by pumping the sample with the 532 nm-CW laser. Figure 2a shows a
comparison of the PL spectra collected from the 0.8:1.2, 1.0:1.0, and 1.2:0.8 samples at a pump
laser intensity of ~120 mW/cm?. A PL peak at ~ 770 nm, which corresponds to the radiative
recombination of a free electron-hole pair, can be observed in all samples. However, the MAI-
deficient sample (0.8:1.2) shows an order of magnitude weaker PL intensity. The observed PL
quenching is consistent with the proposed electron trapping mechanism because trapped electrons
are likely to recombine through other non-radiative recombination channels instead of re-exciting
back to the conduction band for radiative recombination to occur.

To verify our defect-polaron hypothesis, we further measured how the PL intensity depends
on the pump laser intensity. We note that light fluence dependences have often been used to
understand photocarrier recombination and trapping mechanisms.”-’* The intensity dependences
are shown in Fig. 2b. The PL intensity changes much more dramatically with the laser intensity
for the MAI-deficient sample (purple) as compared to other samples. The dependence of the
radiative recombination yield Y on the laser intensity J under different dominant relaxation
channels can be derived using a simple rate equation model, which is described in the Supporting
Information. In short, we note that if bimolecular recombination is the main decay channel for free
carriers, the product of the steady-state concentrations of free electron and hole concentration (n x
p) should be proportional to J. The radiative recombination yield ¥, which is also a bimolecular
process, should be proportional to n x p and hence, J. The Y « J dependence matches well with
results from the 1.0:1.0 and the 1.2:0.8 samples (see the n = 1 curve in Fig. 2b). On the other hand,
if defect-mediated trapping is the dominant relaxation channel for free electrons, n is proportional
to J (the derivation is provided in Supporting Information). As a result, the dependence between Y

and J becomes Y o« J3/2. Indeed, for the MAI-deficient sample (0.8:1.2), the result fits well with
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the Y o J3/2 relationship. This shows that electron trapping is the dominant relaxation channel in
the MAl-deficient sample, which is consistent with our proposed defect-polaron mechanism.

To verify the existence of these deep electron traps, the perovskite film is spin-coated on a
graphene field effect transistor (GFET). Unlike metals, graphene has an extremely low density of

states (DOS) near the Dirac point.”

Hence, even a small doping would cause a significant shift in
the £, which makes graphene an extremely sensitive charge sensor. At the perovskite/graphene
heterostructure, even a small charge imbalance in the perovskite layer can induce charge doping
in graphene via capacitive coupling. When light excites the perovskite, it creates electron-hole

7176 and others’’-” have found that electrons are preferentially trapped

pairs. Previously, our group
in the perovskite, while holes are injected readily into graphene. Although the selective electron
trapping was often simply attributed to the band bending near the graphene-perovskite interface
without independent evidences, the stoichiometry-dependent measurement presented below
suggests that Vi defects can play an important role in facilitating such selective electron trapping.

The polarity of charges trapped in the perovskite when the film is illuminated by light can
be determined using a back-gated sample as shown schematically in Fig. 3a. By applying a back
gate voltage (V) to the SiO2/Si back gate, the graphene can be doped electrically.®® For the r =
1.0:1.0 sample, the source-drain current (/;z) is measured as a function of back-gate voltage (V).
The result is shown in Fig. 3b. The measurement is done in the dark and in the presence of white
light illumination (intensity ~ 0.13 mW/cm?). The whole curve shifts to the positive V, direction
(blue arrow) after the light exposure. This result indicates that light illumination creates a steady-
state population of net negative charges in the perovskite. Because only electrons/holes, but not

ionic charges, can leave the perovskite and inject into the graphene, the net negative charge in

perovskite can be attributed to the selective electron trapping in the perovskite.
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Figure 3. (a) A Schematic diagram showing the principle of the GFET measurement. Charges
trapped in the perovskite film induce an equal number (but with an opposite polarity) of doped
charges in graphene, which causes a change in the graphene’s conductivity. (b) The source-drain
current (/) versus the back gate voltage (V) for the 1.0:1.0 sample kept in dark (black) and at
light (orange). The curve shifts to the positive V', direction (blue arrow), which indicates electron
trapping in perovskite. Note that at V, = 0, light causes an increase in s (red arrow). (c¢) The
temporal dynamics of the light-induced change of /s (A L) at Ve = 0 when samples are exposed
to light. The light is switched on at # = 0 s. (d) The normalized Alv when the light is switched off.
Data from MAI-deficient samples shows a much larger decay time constant, which shows that
these samples contain deep electron traps. For all these measurements, a white light source with
an intensity of 0.13 mW/cm? was used.

To determine the extent and the dynamics of the electron trapping, we kept Ve = 0 and
measured the temporal evolution of the /i after the same white light was switched on/off. As
shown in Fig. 3b, the ;s increases under light at J; = 0 (red arrow). The temporal dynamics of this
photo-induced change in the source-drain current (Aly) is shown in Fig. 3c. In this plot, the light
is switched on at # = 0. The MAl-rich sample (1.2:0.8) shows the weakest signal increase while the
MAI-deficient sample (0.8:1.2) shows the strongest increase. All samples (including those MAI-
rich ones) show light-induced electron trapping behavior. However, the MAI deficiency samples
show a larger signal compared to the MAI-rich ones, which can be explained by the active electron

trapping by Vi defects and a larger Vi concentration in MAI-deficient films. We have also probed

the decay dynamics of the Aly after the light is switched off (Fig. 3d). To compare the decay
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dynamics, the signal is normalized with the Aly at ¢ = 0. Interestingly, the MAI-rich film shows
much a faster response as compared to the MAI-deficient film. For the 0.8:1.2 film, the L4 typically
takes ~ 10 hours to restore its dark value. The signal decay time for the 0.8:1.2 sample is at least 2
orders of magnitude larger than that of the 1.2:0.8 sample. The result agrees with our hypothesis
that Vi defects in the MAI-deficient sample are deep traps for photoexcited electrons. These deep
electron traps allow photoexcited electrons to remain in the perovskite film for hours even after

the light is switched off.
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Figure 4: Capacitance versus frequency at different light intensities for the a) MAIL:Pbl, = 1.0:1.0,
and b) MAI:Pbl, = 0.8:1.2 samples. (c) The increase in capacitance, AC = C(100 kHz) - C(1kHz)
for various light intensities versus the precursor ratio. Light illumination results in a larger AC
because defect migration is enhanced when the sample is exposed to light. For the MAI deficient
film (0.8:1.2), AC remains large even after the light is turned off (0 mW/cm?), which shows that
the presence of trapped electrons in perovskites can enhance the defect migration as well.

In our recent work,*’ we have found that the presence of residual photocarriers trapped in
the perovskite can enhance the defect migration as well. In the case of the Vi defect, an electron
captured by the Vi significantly lowers the energy of the Pb-dimer configuration, which would
lower the energy barrier for the Vi migration.”® To probe the ionic defect migration, we measure
the frequency-dependent dielectric response using an Al/perovskite/florine-doped tin oxide (FTO)

capacitor structure.* In this measurement, an ac voltage with frequencies in the range of 1 kHz to

1 MHz was applied across the two electrodes of the capacitor. The polarization in the perovskite
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layer induced by the ac electric field is reflected in an increase in the ac capacitance.’® ! Figures
4a and b show the frequency dependence of the capacitance for the stoichiometric (1.0:1.0) and
the MAI-deficient (0.8:1.2) sample at different light intensities. A significant uptake in the
capacitance (hence, the dielectric constant) is observed at frequencies < 100 kHz, which has often
been attributed to the electrical polarization contributed by the migration of Vi defects.®® The
extent of the capacitance increase can be further enhanced by the light illumination (yellow
symbols in Fig. 4a), which has been attributed to the light-enhanced ion migration found in
MAPDI;.%6- 81

To probe the effect of trapped carriers on the defect migration, we lowered the light
intensity step-by-step, and the dark measurement (grey circles) was taken within a few minutes
after the light was fully turned off. For the MAI-deficient sample, because electrons can be trapped
for a few hours in the perovskite after the light was turned off (Fig. 3d), the effect of trapped
electrons on the defect migration can be probed. For the MAI-deficient sample, the capacitance
only decreases slightly after the light is turned off (Fig. 4b). Hence, trapped electrons appear to
play a similar role as light (photocarriers) in enhancing the defect migration. To compare the
capacitance change, Fig. 4c plots the quantity AC = C (1 kHz) — C (100 kHz) for the two
compositions at different light illumination conditions. We attribute this capacitance difference to
the increase in the electrical polarization induced by the defect migration when the ionic defect
begins to respond to the ac E-field at low frequencies (< 100 kHz). For the MAl-deficient sample
(0.8:1.2), AC remains large for both light and dark measurements (i.e. defect migration remains
fast even after the light was switched off). By contrast, for the 1.0:1.0 sample, AC becomes much
smaller when the sample was in dark. Similar behaviors is previously observed in perovskite films

doped with PCBM.* PCBM is a well-known electron acceptor. When mixed into the perovskite
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film, the PCBM domains act as deep electron traps. In our previous work on PCBM, we argued
that residue holes in perovskite created by the charge separation between perovskite and PCBM
can assist the ion migration even after the light illumination is switched off. The similarity of the
frequency-dependent capacitance observed in the MAI-deficient sample and the PCBM-doped
sample further verifies our hypothesis that the trapped electron can assist the migration of the Vi
defect.

Finally, we note that holes can also interact with defects to induce lattice distortion, which
in turn enhance the defect migration rate. For example, a recent work has shown that holes trapped
in perovskites can speed up the migration of iodide ions.®?> A subsequent simulation work shows
that photoexcited holes can be trapped by the Vi, which results in lattice distortion.®* The process
1s similar to the Pb-dimer formation discussed here, but the distortion around the defect site has a
different geometry. These previous works and our current work show that the soft nature of the
perovskite lattice can generally lead to lattice distortion when charges are trapped at defect sites.
This can in turn lower the defect migration barrier and enhance its migration rate.

In summary, our photoemission spectroscopy, PL spectroscopy, charge trapping, and
dielectric response measurements have collectively shown that MAI-deficient samples exhibit
more severe electron trapping effect than the stochiometric 1.0:1.0 or the MAI-rich samples.
Interestingly, the MAI-deficient sample shows a large and reversible shift in the Fermi level when
it is exposed to light. We attribute the observed Fermi level shift to the capturing of the
photoexcited electron by the Vi defect at the perovskite surface. Our experimental finding agrees

51-53, 3960 which have shown that the capturing

well with some previous theoretical models,
additional electrons by the Vi defect can cause lattice deformation (Pb-dimer formation). This

deformation in turn shifts the defect level from the edge of the conduction band towards the middle
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of the bandgap, which changes Vi from a shallow electron trap to a deep electron trap. Our results
not only verify this theoretical prediction, but also reveal some important consequences of this
light induced trapping mechanism via the formation of defect-polarons. First, the formation of
defect-polarons causes an enormous shift in the Fermi level, which can result in a light-induced
band bending near interfaces formed by the perovskite and other materials. Second, photoexcited
electrons can turn Vi defects into deep photocarrier traps which can trap photoexcited electrons
inside the perovskites for hours even after the light illumination is turned off. Because trapped
electrons take hours to dissipate, the mechanism can potentially explain various light soaking
behaviors observed in perovskite devices. Therefore, the defect-lattice-photocarrier interaction
must be considered for understanding the performance stability of perovskite devices under cyclic
operation conditions.

Experimental Method

Perovskite films fabrication: Perovskite films were coated on indium tin oxide (ITO), glass,

and fluorine-doped tin oxide (FTO) substrates for the UPS, PL spectroscopy, and the capacitor
measurements, respectively. All these substrates were cleaned by soaking in detergent for 10
minutes. Then, they were sonicated in acetone and isopropyl alcohol (10 minutes for each solvent).
The substrates were then treated by ozone for 15 min before the perovskite deposition.

The perovskite precursor solution was prepared by dissolving lead iodide (Alfa Aesar,
99.9985%) and methylammonium iodide (Luminescence Technology, 99.5%) with varying
stoichiometry in N,N-dimethylformamide (DMF, ACROS organics, 99.8%). The stoichiometric
sample (1.0:1.0) was prepared with a solution concentration of 0.75 M. For other molar ratios
(MAILPbL varied from 0.8:1.2 to 1.2:0.8), the concentrations for MAI and Pbl, were varied

accordingly. The solution was heated at 70 °C and stirred overnight. Then, the perovskite solution
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was spin-coated on the substrate at room temperature in a nitrogen-filled glovebox at 3000 rpm
for 30 s and then 6000 rpm for 3 s. An antisolvent, chlorobenzene (Macron), was dropped onto the
film during spin coating process. The prepared samples were annealed at 60 °C for 5 min, 80 °C
for 5 min, and 100 °C for 10 min to remove the residual solvent. The samples were cooled down
inside the N> glovebox before being taken out.

Perovskite films fabricated on FTO were used for capacitance measurement. For these
samples, Al (30 nm) top electrodes were deposited on the MAPbI3 using DC magnetron sputtering
through a shadow mask with multiple circular holes to define the diameter of the capacitor to be
494+8 um with a total capacitor area of ~1.9-2.0x10° um?. The deposition rate of Al was calibrated
to be 0.54 nm/second.

GFET devices fabrication: CVD-grown monolayer graphene (purchased from graphene

supermarket) was transferred onto SiO2(300 nm)/Si substrates by the standard wet-PMMA transfer
method. Copper electrodes with a thickness of 100nm were deposited on the transferred graphene
using sputter deposition through a shadow mask. Graphene channels (1 mm x 1 mm) were
patterned using another shadow mask with an Ar ion beam. Then, the graphene was annealed in a
UHYV chamber (base pressure ~ 1 x 10™) at 400 °C overnight. In order to fabricate perovskite films
with grain size and thickness similar to those fabricated on ITO, slightly different spin coating
parameters were used.’ 3 The perovskite solution and graphene substrate were preheated on a
hotplate (80 °C) prior to spin coating. The solution was spin-coated on the graphene at 500 rpm
for 30 s, and then at 3000 rpm for 60 s. An antisolvent (isopropyl alcohol) was dropped onto the
film during the spin coating. The film was annealed at 80 °C for 20 min, and at 100 °C for 10 min.

Ultraviolet photoemission spectroscopy (UPS): UPS was carried out in a home-built ultra-

high vacuum (UHV) chamber, with a base pressure of < 1 x 107'" Torr, equipped with a
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hemispherical energy analyzer (SPECS, Phoibos 100). The He-I emission line (21.2 eV) was used
in this experiment. The sample was biased at -2 V during the UPS experiment. A 532 nm
continuous wave (CW) laser was used to illuminate the sample. A collimated beam was used so
that the whole sample was illuminated by the laser.

Absorption and photoluminescence (PL) spectroscopy: The optical absorption spectra were

collected using a home-built setup consisting of a tungsten-halogen light source (Thorlabs
SLS201L) and a StellarNet BLUE-Wave spectrometer. The PL spectra were measured by the
spectrometer and the sample was excited by a 532 nm CW laser.

Graphene device measurement: The perovskite/graphene device was mounted in a high

vacuum cryostat and the sample was kept in dark overnight before measurement. A tungsten-
halogen light source (Thorlabs SLS201L) was used for light illumination. During the
measurement, a source-drain voltage of 0.5 V was applied. The current was measured by a
Keysight 34450A digital multimeter. For some measurements, a back gate voltage was applied.

Capacitance measurement: The capacitance-voltage (C-V) measurements were done using

tungsten probes (Lakeshore) in a high vacuum probe station (base pressure ~ 1 x 10 Torr). An
Agilent semiconductor analyzer BIS05A was employed for the C-V characteristic measurements.
Our device can be modeled as a 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. A Schott 20500 ACE 1 Fiber Optic [lluminator light
source with controlled intensity of 0, 0.6, 2.9 and 6.6 mW/cm? was used to measure the light-

induced change in the capacitance. For all measurements, a low applied DC bias voltage of 100
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mV was selected to prevent dielectric breakdown of the perovskite thin film capacitors. An a.c.
voltage (amplitude = 100 mV) with frequencies in the range of 1 kHz to 1 MHz was applied across
the two electrodes. For the dark and light measurements, data was taken within 5 - 10 minutes after
the light was turned off and on.

SUPPORTING INFORMATION

Optical absorption spectra, film thickness measurements, SEM images of the films, electrical
conductivity measurements, additional UPS spectra, and the model for fitting the light-intensity
dependence of the PL data.
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