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ABSTRACT

Partial halide substitution in organolead halide perovskites MAPbX3 (MA = CH3NH3", X = CI",
Br, or I') leads to semiconductor heterostructures with precisely tuned band-gap energies, which
facilitates efficient charge extraction or separation for high-performance solar cells and
optoelectronic devices. In this study, partially iodide-substituted MAPbBr3 perovskites were
prepared through a halide-exchange reaction in the liquid phase, and in-situ space and time-
resolved photoluminescence (PL) profiles were acquired by means of confocal microscopy. The
rates of charge transfer from the bulk MAPbBr3 to the surface MAPbBr3-:Ix domains, which are
widely distributed over a single crystal, were found to greatly depend on the excitation power
density. In particular, an abnormally slow charge-transfer process, lasting a few nanoseconds, was
observed at higher excitation density. To explain the dependence of this rate on the excitation
density, and its correlation with the charge-trapping rate in the bulk MAPbBr3, we propose a
plausible mechanism in which trap filling associated with surface-trapped holes induces band
bending within the space charge region. This band bending modulates carrier dynamics near the
surface, thereby leading to efficient charge extraction from the bulk. In order to validate the
mechanism, the carrier dynamics was numerically simulated using a diffusion model that includes
the effect of the localized electric field. Our findings provide significantly deeper insight into the
carrier dynamics within heterostructured perovskites with nanoscale heterogeneities, and a robust

route for manipulating the photogenerated charges in various types of perovskite devices.



INTRODUCTION

Organolead halide perovskites MAPbX3 (MA = CH3NHs", X = Cl, Br, or I') possess excellent
photophysical properties, such as high optical absorption coefficients, low exciton binding
energies, and long charge-carrier diffusion lengths.!” These prominent features enable these
materials to establish high-efficiency photovoltaic cells with conversion efficiencies up to 22.7%.*
In addition, perovskites exhibit excellent optoelectronic properties that have found applications in

light emitting diodes (LEDs) and lasers.>®

To realize these perovskite devices, much effort has been devoted to adapting a number of
chemical-composition methods, including Lewis-base treatment,”® cationic (CH3NH3* and
HC(NH2)2")) methods, and halide engineering,”!° among others. The addition of a Lewis base (e.g.,
pyridine) into a MAPbIs film was found to passivate surface defects and positively affect device
performance.”® Jeon et al. reported that the incorporation of MAPbBr3 into FAPbIs (FA =
HC(NH2)2") improves the stability of the FAPbI3 phase and increases efficiency.’ Mixed-halide
perovskite precursors also lead to enhanced stabilities and carrier features of the resulting
perovskites.!®!! As another approach, Kim et al. developed a method for partial halide substitution
that improves the stabilities and efficiencies of perovskite solar cells.'?> By introducing bromide
ions into the MAPbI3 film with an HBr solution, the halide concentration gradient was
demonstrated to provide efficient carrier extraction, a consequence of precise band-gap tuning.
Moreover, Tian et al. demonstrated enhanced long-distance carrier transport in bromide-gradient
MAPDBBr3-Ix single-crystalline nanowires that were synthesized by a solid-to-solid halide-
exchange reaction.'” In this way, partial halide substitution involving a halide-exchange reaction,
which provides heterostructured perovskite crystals in which the intrinsic carrier features are

significantly altered during the synthesis procedure, has become a promising strategy for the



preparation of more efficient perovskite devices. Developing a fundamental understanding of the
structure-related carrier dynamics is therefore essential for well-controlled exchange reactions and
efficient carrier extraction from perovskite films. However, the underlying mechanism related to
the excitation power dependence and nanosized surface domains remains unclear because
nanoscopic heterogeneities inherent in the structures and reaction dynamics are difficult to resolve

by conventional bulk-measurement techniques.

In this work, mixed halide perovskite crystals with iodide concentration gradients
(MAPbBr3-«Ix) were prepared in order to investigate the carrier dynamics in these heterostructures.
Our previous study revealed that dynamic halide-exchange reactions produce nanometer-scale
iodide-rich domains on individual MAPbB3 crystals, and such surface domains effectively collect
photogenerated charges from the bulk MAPbBr3.!* At the same time, we specifically questioned
how such heterostructures affect the carrier dynamics in the whole crystal. Considering that carrier
dynamics are affected by the local compositions of halide ions, further investigations into carrier
dynamics at the nanoscale level are required in order to unravel the relationship between them.
Herein, we performed space- and time-resolved photoluminescence (PL) experiments using
confocal microscopy, and eventually discovered a counterintuitive kinetic trend in which the
radiative charge-recombination rates decrease with increasing concentration of photogenerated
carriers. More specifically, a significantly slow charge-transfer process, over a few dozen
nanoseconds, was observed within the heterostructure at higher excitation intensities. We propose
a plausible mechanism in which band bending caused by MAPbBrs-surface-trapped holes is
responsible for controlling the charge-transfer process. To validate this mechanism, the temporal
evolution of PL was numerically simulated using a diffusion model that included a localized

electric field.



RESULTS AND DISCUSSION

We synthesized microsized MAPbBT3 crystals by following the method previously reported by
us (see Experimental Section for synthesis procedures).'* Figure 1A shows an optical image of an
MAPDBT3 crystal spin-coated on a glass coverslip. To investigate the charge-carrier dynamics in
individual MAPbBTr3 crystals during the halide exchange reaction, in-situ PL measurements were
performed using a home-built confocal fluorescence microscope. MAPbBT3 crystals were excited
by diffraction-limited picosecond pulses from a 405-nm diode laser, which is visualized as a bright

green PL spot in Figure 1B.

The exchange reaction in the liquid phase (heptane) was initiated (at 7= 0 s) by the addition of
20 pL of a reaction solution of MAI ([MAI] = 0.22 mM in a 20:1 v/v mixture of heptane and 2-
propanol).!'* As previously reported,'* the 540-nm peak rapidly decreased after the addition of MAI, and
subsequently a new PL peak appeared at 644 nm, gaining intensity over time and eventually red-shifting to
ca. 700 nm. Figure 1C displays the PL decay curves observed for a single MAPbBr3 crystal during
the course of the reaction. Before reaction (black line), the PL decay curve as a function of the
delay time (7) after the light pulse was well fitted by a biexponential decay function with a mean
(intensity-weighted) lifetime (<z>) of 2.3 ns (the fast (z1) and slow (r2) components were 2.2 ns
and 18.3 ns, respectively). The mean lifetime is comparable to those reported for microsized
perovskite crystals (~2 ns),>!> indicating that our sample was highly crystalline. The 71 and 72
components are attributed to charge trapping by defects and radiative recombination,
respectively.'® However, immediately after the onset of the reaction, much faster PL decay was

observed (<z> = 0.31 ns after 4 s and <z> = 0.32 ns after 8 s). This rapid PL quenching was



observed in our previous study' and is attributed to two reaction processes. Firstly, for the
MAPDBT3 crystals partly substituted with a small amount of iodide ions (0 <x <1 in MAPbBr3-«lx),
the energy difference between the conduction-band (CB) levels of MAPbBTr3 in the bulk core and
MAPDBT3-:Ix on the surface is comparable to thermal energy at room temperature (~0.025 eV),
while the difference in the valence-band (VB) energies is deep enough to capture holes in the I-
rich domains.!>!7 These band structures result in free (mobile) electrons that are delocalized
between MAPbBr3 and MAPbBr3-I: and (immobile) holes localized at MAPbBr3-«lx, which
suppresses radiative recombination. Secondly, with the oxidation potential of I (+1.2—1.3 V vs.
normal hydrogen electrode (NHE))'® in mind, the photogenerated holes in the pure MAPbBr3
phase (+1.9 V vs. NHE) are effectively captured by iodide ions adsorbed at the surface, resulting
in PL quenching. It is noteworthy that our previous study has shown that neither the crystalline
structure changes nor the morphological degradation were detectable during the reaction from the

X-ray diffraction (XRD) and scanning electron microscope (SEM) measurements.'*

Interestingly, the PL decay profile exhibited a rise component at 7> 16 s after adding the MAI
solution. Also, the rise contribution increased with increasing reaction time 7. This component
clearly indicates the formation of MAPbBr3-.lx, which enables charge extraction from MAPbBr3
and resulting in PL from the MAPbBr3—I: domain. X-ray photoelectron spectroscopy (XPS)
revealed the absence of iodide on the crystal surface after 1-min of reaction time, which is
ascribable to the very low concentration of MAI, whereas analyses of crystals treated with a more-
concentrated MAI solution for 1 h revealed that iodide ions had penetrated to a depth of ~25 nm
from the surface.'* These results indicate that, during the initial stage of the reaction, MAPbBr3-l.
exists only on the surface of the MAPbBT3 crystal as a thin layer or as isolated domains with sizes

of a few nanometers or less. Considering that the light-penetration depth is ~120 nm (= 1/a) , as



determined from the absorption coefficient of MAPbBr3 (o = 8.5 x 10* cm™' at 405 nm),” the
fraction of photogenerated charges near the surface are transferred to the surface MAPbBr3-lx,
resulting in an increase in PL by the radiative electron-hole recombination. The possibility of
fluorescence resonance energy transfer (FRET) from MAPDbBr3 to MAPbBr3-x is ruled out as

discussed below.

The crystals exhibited two PL peaks at 7> 3 min, at ~540 and ~710 nm, which correspond to
MAPDBBr3 and MAPbBr3-ly, respectively; they did not undergo any further change during the
course of the experiment (Figure S1). To investigate carrier dynamics, the PL time profiles of the
MAPDBr; and MAPbBr3-«I: phases were separately acquired at the same location using
appropriate bandpass filters (510-560 nm and 663—-800 nm, respectively). A rise in the PL of
MAPDBBr3-Ix (red trace) is clearly evident in Figure 2A, which is suggestive of charge transfer
from the bulk to the surface MAPbBr3-«I: domains. Each PL profile was nicely fitted to a
triexponential function in order to determine decay and rise times. The MAPbBr3 phase exhibits
three decay components (71 = 0.1 ns, 72 = 2.6 ns, and 73 = 60 ns), while the profile for MAPbBr3-:Ix
was well reproduced by a single rise component (zrise = 0.45 ns) and two decay components (71 =
3.7 ns and 72 = 10 ns). Importantly, the rise time did not coincide with the decay time of the
MAPDBBr3 phase. Considering that the P of MAPbBr3 can be reabsorbed by the MAPbBr3-—Ix
domains due to the spectral overlap, fluorescence resonance energy transfer (FRET) would more
or less contribute to the PL of MAPbBr3-Ix. The discrepancy between these two kinetics results
indicates that the photogenerated electrons and holes in MAPbBr; migrate independently to
MAPDBr13-2Iy, Which excludes the dominant contribution of FRET to the rise component.
Considering that the energy difference in the CB levels of MAPbBr3 and MAPbBr3-4Ix (0.1 €V) is

much smaller than that of the VB levels (0.6 e¢V), interfacial hole transfer should be faster than



electron transfer. Therefore, we suggest that the faster MAPbBr3 decay component (71 = 0.1 ns)
corresponds to hole transfer, while the rise component of MAPbBr3-Ix (ziise = 0.45 ns) corresponds
to electron transfer. The value of this transfer time is within the range previously reported (0.3—
0.75 ns) for charge transfer from the MAPDI3 perovskite to the transport layer (TiO2, PCBM, or
spiro-OMeTAD).?*?! It is however noteworthy that several groups have studied the charge-transfer
kinetics from the bromide perovskites to the iodide-rich perovskites (both Cs* and MA™ type) and
have reported significantly small values of 0.5-5 ps.?>?* The present slower transfers can be
explained by considering that MAPbBr3-.lx presents only at the surface as nanosized domains

because of the very low amount of MAI added.

Figures 2B and 2C display the excitation-intensity dependences of the PL decay profiles (7> 5
min). Counterintuitively, the rise times for MAPbBr3Ix PL were observed to increase with
increasing excitation intensity, while the decay profiles for MAPbBr3 PL exhibited little change.
In particular, the time constant of the rise component was 32 ns at the higher intensity, indicating
that the charge-transfer process takes a few dozen nanoseconds. As mentioned elsewhere,>**
intense light induces ion migration in mixed-halide perovskites, leading to phase segregation and
subsequent decomposition. During our experiments (7 > 3 min), however, the PL profiles and
spectra did not change, which excludes such phase segregation and degradation. Moreover, a heat
accumulation effect can be excluded as a possible cause because no spectral shift was observed
during the measurement of the intensity dependence.”® One possible reason for the very slow
charge transfer process observed here involves the diffusion of charge carriers in the bulk
MAPbBBr3 followed by charge transfer to the surface MAPbBr3—Ix. Previous studies reported that
126

the diffusion coefficient D of the charge carriers in MAPbBr3 range from 0.1 to 1.44 cm? s .

Adopting the value of the rise time at the higher excitation intensity (zrise = 32 ns) at the higher



excitation intensity, the diffusion length Lp (= M) in three-dimensional space can be
estimated to be 1-5 pm. The rectangular length of an MAPbBr3 crystal ranges from 3 to 10 um,
which allows charge carriers to diffuse almost over the entire crystal. In our experiments, charge
carriers are generated near the surface by the focused 405-nm laser, not in the bulk, with PL
detected from the same position as the excitation spot by confocal microscopy. Driven by the
concentration gradient, the photogenerated carriers diffuse from the surface to the bulk. However,
when the diffusion process results in a slow rate of charge transfer, the diffusing carriers inside the
crystal must be transferred to the surface against the concentration gradient. Therefore, the
contribution of the diffusion process alone cannot account for the unusual charge-transfer process
as well as the excitation-intensity dependence of the rise time. Previous reports have revealed that
the PL propagates in the perovskite crystals because of the photon recycling leading to the
prolonged PL lifetime, in which PL was collected from the area micrometer away from the
excitation position.?”?® In our measurements, the excitation and collection were performed at the

same positions; thus it can be considered that photon recycling has little contribution.

To date, the migrations of ions and vacancies have been shown to induce space charge regions
at the interfaces between perovskites and transport layers under open-circuit conditions, resulting
in I-V hystereses, light-soaking, and degradation.?*-3! Moreover, the space charge regions in
perovskites result in band bending, which inhibits charge transfer to TiO2.32* No bias was applied
during our experiments, and no p-n junction with TiO2 was even present. However, it seems
plausible that localized charge distributions exist at the surface due to adsorbed or interstitial 1™
and MA" ions during the halide-exchange reaction involving the MAI solution. The PL decay
profiles in Figure 1C clearly reveal that the time integrated intensities and lifetimes following the

exchange reaction were lower compared to those before the reaction, which indicates that



structural defects, such as vacancies and interstitial ions, are produced during the reaction and
remain at the surface. Photogenerated carriers can be trapped at the defect sites, leading to the
formation of a space charge region. Hence, band bending due to ions or trapped carriers is possibly
the reason for the observed slow charge-transfer process. The nature of the defect sites will be

discussed below.

To clarify the transient species responsible for the observed slow charge transfers, PL decay
experiments were performed over different pulse-repetition frequencies (1-10 MHz). Figure 3A
displays PL time profiles for the MAPbBr3-Ix phase; the slow components clearly become more
prominent with increasing frequency. The accumulation of ions at the interface between a
perovskite and TiO:2 has recently been reported to take from a few microseconds to seconds under
both electrical bias and photoirradiation, which induces ion migration due to the space charge
region.?’*>3 However, this time scale for ion accumulation is much longer than the pulse interval
(< 10 s) employed herein. Hence, the origin of band bending is possibly attributable to trapped
photocarriers. In MAPbX3 perovskites, the relaxation times of trapped carriers are a few hundred
nanoseconds.!%3738 The trapped carriers can accumulate at the high excitation intensity or the high
pulse-repetition frequency due to the slower relaxation time compared to the charge generation
time. The photogenerated-carrier lifetime increases with increasing excitation intensity because
the filled trap states can no longer act as traps; this phenomenon is known as the “trap-filling
effect”.>”*® Our observations imply that trap filling at the surface leads to localized charge
distributions that generate band bending. The trap states should readily be occupied at the higher
pulse frequency because the pulse interval is shorter than the relaxation time of the trapped carriers.
This interpretation is also supported by the observation that the charge-transfer rate decreases with

increasing excitation intensity (Figure 2C). It is likely that trapped carriers remain at the trap sites
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for at least 100 ns, when the period of a 10-MHz pulse is taken into consideration. Hence, we
propose that trap filling is the dominant mechanism that is responsible for the dependences of the

PL time profiles on the excitation intensity and pulse frequency.

It should be noted again that the photogenerated charge carriers might diffuse into the bulk over
a few micrometers prior to interfacial charge transfer during the slow charge-transfer process. To
reveal whether or not the charge carriers in MAPbBr3 survive prior to charge trapping or charge
transfer to the MAPbBr3-.Ix phase, we performed time-resolved THz experiments. THz signals are
proportional to the concentration of charges and their mobility, thereby providing information on
the time evolution of mobile charges in the perovskite. MAPbBr3 crystals were spin-coated onto
quartz glass, followed by halide exchange for the same reaction time and with the same MAI
concentration as used in the PL experiments. A 400-nm fs pulsed laser (38-52 pJ cm™?) was used
as the light source. Figure 3B shows decay profiles before and after reaction. The profile exhibited
no decay for 100 ps before the reaction, but it exhibited a small decay component following the
reaction. The profile after the reaction was fitted by a single exponential function with a lifetime
of 318 + 66 ps. This decay component is attributed to trapping and charge transfer. From the THz
profiles, 72 + 5% of the mobile charges survive for 100 ps without deactivation, potentially

resulting in slow charge transfer.

Chae et al. showed that the incorporation of chloride ions into MAPbI3 films occurs non-
uniformly, with heterogeneity decreasing with increasing annealing time.>* They suggested that
the mixed-halide perovskite film initially consists of a mixture of Cl-rich and Cl-deficient phases.
Moreover, Draguta et al. reported that trap sites are distributed inhomogeneously in perovskite thin
films, as revealed by space-resolved PL decay experiments.*’ Our previous study also showed

inhomogeneous halide exchange by in-situ PL imaging and revealed that the migration of halide

11



ions is related to halide vacancies at the surface.'* We consider that the inhomogeneous distribution
of trap sites is intrinsic to MAPbBT3 crystals and affects the exchange reaction and charge-transfer
process. Therefore, to further investigate the relationship between the trap-state distribution and
charge-transfer kinetics, we conducted space-resolved PL experiments on a MAPbBr3; crystal

following the exchange reaction.

PL decay profiles and spectra of pure MAPbBr3 and MAPbBr3-.: were recorded on the reacted
crystal by confocal microscopy. Figure 4A displays the integrated PL-intensity image obtained for
MAPDBr3-:Ix (step size: 200 x 200 nm). The data captured at three locations in Figure 4A clearly
exhibit different profiles (Figure 4B). The variation among the profiles acquired at different
locations on the MAPbBr3-«lx crystal infers an inhomogeneous distribution of trap sites. To reveal
the effect of trap filling on charge-transfer dynamics, the correlation between the MAPbBr3-«Ix PL
rise time and the MAPbBr3 PL mean lifetime was examined at 16 points on the same crystal, the
results of which are shown in Figure 4C, which clearly demonstrates that the rise time correlates
positively with decay lifetime, highlighting that trap filling also suppresses further trapping

processes leading to a prolonged decay lifetime.

To reveal such a suppressed trapping process, the MAPbBr3 decay profile at each point was
fitted by a triexponential function with the lifetimes of 71, 72 and 73, and the amplitude contributions
of the three decay components were examined (Figure 4D). The fraction of the fast decay
component (71) increased with increasing rise time (circles in Figure 4D), while the middle decay
component (72) decreased (squares in Figure 4D). Interestingly, the dominant decay component
with the 71 lifetime become minor in the lower rise-time range (zrise < 1 ns), although the value of
71 remained constant. As shown in Figure 2A, 71 is attributed to hole transfer to the MAPbBr3-xlx

phase. Considering that the reciprocal and fraction of 72 decreased for zrise > 1 ns in Figure 4D, n

12



is attributed to the trapping process because this trapping process is suppressed due to trap filling.
In the lower rise-time range (zrise < 1 ns), on the other hand, the trap states are vacant leading to
less band bending and a dominant trapping process, whereas in the higher rise-time range, the trap
states on MAPDbBr3 are occupied by charge carriers leading to band bending and suppressed
trapping. Note that the excitation power density was 0.81 uJ cm 2. From these excitation-
dependence experiments, we conclude that the trap states are not fully filled at all of the locations

examined.

The effect of trap filling on the slow transfer process (zise > 1 ns) is also revealed by the PL-
intensity correlation. Figure 4E displays the correlation between rise time and PL intensity. Green
PL from MAPDbBr3 was suppressed at the lower rise time due to dominant trapping, whereas the
intensity increased at higher rise times due to trap filling. Interestingly, red PL from MAPbBr3-Ix
displayed the inverse trend to that of MAPbBr3. If trap filling affects the charge transfer process,
suppressed trapping would result in an increase in the PL from MAPbBr3-Ix at higher rise times,
although the opposite trend was observed. In our previous study, the relationship between halogen-
ion migration and halide vacancies at the surface was revealed.'* Given this relationship and our
results, we suggest that the degree of trap filling correlates negatively with the concentration of
the MAPbBr3-xIx domains. Incorporation of iodide into MAPbBTr3 alters the surface composition
and structure, which affects its charge-trapping nature. Actually, inhomogeneous iodide
concentration was observed within an individual crystal by energy dispersive X-ray spectroscopy
(EDS) coupled with scanning transmission electron microscopy (STEM) (Figure S2). Moreover,
different trapped-carrier lifetimes were measured for MAPbI;3 films prepared by spin-coating and
gas-assisted techniques.'® The wide range of the transfer rates originates from the heterogeneous

distributions of trap sites and iodide-rich domains.

13



Taken together, the key findings are summarized as follows:
(1) The electron-transfer rate determines the rise component in the PL profile of MAPbBr3-Ix

(Figure 2A).

(2) Higher excitation intensity and pulse-repetition frequency lead to a lower transfer rate (Figures

2C and 3A).

(3) The transfer rate can be quite different for different locations on the reacted crystal (Figure 4B).

(4) Slower charge transfer correlates with slower trapping (Figure 4D).

To explain these results, we propose the mechanism shown in Figure 5. When the trap sites are
vacant (low trapped-carrier density in Figure 5 left), the photogenerated carriers are transferred
from the bulk MAPbBr3 to the trap sites and to the surface MAPbBr3-«I: domains with sub-
nanosecond times, as usually observed for perovskite films and in mixed-halide perovskites. The
vacant trap sites provide a prompt deactivation pathway through the nonradiative recombination
of charge carriers. However, once the photogenerated carriers have been captured by the trap states
at the surface, the trapped carriers remain there for a few hundred nanoseconds; consequently, the
trap states are filled at high excitation intensities and repetition frequencies as shown in the initial
process at high trapped-carrier density shown in Figure 5. In these cases, the trap sites can be
considered to be interstitial iodine ions that capture holes (the attributes of the trap sites are
discussed below). The trapped holes then generate an electric field that is responsible for the
downward band bending.*! Trap filling and band bending may greatly alter the charge-carrier
dynamics. In the first few nanoseconds (¢ < 1 ns), when the trapped-carrier density is high, the
trapping pathway is limited by trap filling and the photogenerated electrons near the surface are

consumed through nonradiative recombinations with trapped holes (the initial process at high

14



trapped-carrier density shown in Figure 5). The decreased electron density near the surface due to
this nonradiative recombination leads to a slower charge-transfer rate. After this process (¢ > 1 ns),
the downward band bending due to trapped holes allows escaped electrons to diffuse from the bulk
to the surface, followed by electron transfer to the surface MAPbBr3-:Ix domains (the diffusion
process at high trapped carrier density in Figure 5). Considering that the electron-transfer rate
determines the rise component in the PL profile of MAPbBr3-.lx, the slow rise components in the
PL profiles are attributable to both 1) the decreased electron density near the surface by
nonradiative recombination within a few nanoseconds, and 2) subsequent electron migration to the
surface over several nanoseconds. Although it is unclear if the band structures are already bent
prior to pulse excitation, interstitial iodide ions distributed over the surface should capture holes
and lead to band bending, which drives electron migration. A theoretical study has suggested that
interstitial iodine atoms form deep mid-gap states with low formation energies (—0.03 eV on a flat
surface and —0.12 eV on vacant surface under iodine-rich conditions).** Moreover, Meggiolaro et
al. reported that negatively charged interstitial iodide (Ii") is the stable defect under medium
conditions (1:1 ratio of Pbl> to MAI), which traps holes at an energy of 0.3 eV above the VB
edge.*® The addition of the MAI solution during the exchange reaction not only creates
MAPDBBr3-xIx domains, but also interstitial defect sites. Such trap sites are inhomogeneously
distributed over the crystal surface and are filled with photogenerated holes at high excitation
intensity and repetition frequency due to the slow relaxations of deeply trapped carriers.
Considering that the density of trap sites that results in trap filling has been reported to be ~10'¢

33738 and that the density of photogenerated charge pairs employed here was 6 x 10!°-5 x 10"

cm
cm 3, the filling factor of the trap states is tunable under the present conditions. The degree of band

bending depends on the concentration of trapped holes; hence a higher trapped-hole density leads

15



to a lower electron-transfer rate. This mechanism reasonably explains observations 14

summarized above.

To provide evidence in support of this mechanism, we numerically simulated the charge-transfer
processes using a home-built program. Since charge carriers can diffuse over the entire crystal in
the observed time, the time evolution of charge density in the bulk MAPbBr3 can be described by
one-dimensional diffusion equations that include electric potential terms:

one(x,t) D 0%ng(x, t)
at dx2

0
t+u a (E (x' t)ne (X, t)) - kradne (x: t)nh (x; t) - knrne (x, t)

— 8(kerne (e, 6) (106, 6) = mye(x, 1))

= 8(0)kerne (x, )ne(x, ) (1)

ony(x,t) b 0%ny, (x,t)
ot dx?

9
= 5= (ECx )nn (6, £) = kragne (x, )10 (x, £) = knrn (%, £)

= () knern (x, 6) (166, 6) = myp ()

= 8(Okenn (x, ) (Ne(x, £) — ne(x, 1)) (2)

where ne(x,f) and nn(x,f) are the concentrations of electrons and holes in the bulk MAPbBr3,
respectively, and ni¢(f) and nin(?) are the concentrations of electrons and holes in the MAPbBr3-—lx
domains, respectively (0 <x < L; L is the thickness of the crystal). Since the transfer rates for the
electrons and holes appear to be different, each diffusion equation needs to be considered
independently. In these equations D is the diffusion coefficient of charge carriers in the bulk
MAPDBT3, u is the charge-carrier mobility, and E(x,?) is the electric field induced by the trapped
holes. In addition, krad and ki1rad are the rate constants for radiative recombination in MAPbBr3 and

MAPDBBr3-1Iy, respectively, knr and kinr are the trapping rate constants as a result of the intrinsic
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trap sites in MAPbBr3; and MAPbBr3-:l., respectively, ket and kne are the rate constants for electron
and hole transfer, respectively, and I(¢) is the concentration of the MAPbBr3;-:Ix domains.
Considering that the nanosized MAPbBr3-«xIx domains are present only on the surface, the transfer
rates should be proportional to (/(¢) — niem)(?)). In addition, Nt and n: are the concentrations of the
hole-trap sites and trapped holes, respectively, 4t is the trapping rate constant that provides electric
field E(x,7), and ker is the rate constant for trapped-hole relaxation through nonradiative charge
recombination with CB electrons. (Ni(¢) — n«(¢)) assures the effect of trap filling. The time evolution
of the charge-carrier density in the MAPbBr3-«Ix domains, nrem)(?), and trap sites, ni(f), can be

expressed by the following differential equations:

anl'ea—(tx,t) = S(X)ketne(x' t) (I(X’ t) - nI,e(xf t)) - kl,radnl,e(xr t)nl,h(xr t)
- kI,nrnI,e (x' t) (3)
D) ok o) (166, 8) = myp ) = ey G Oy )
- kI,nrnI,h (x, t) (4)
IO _ e e, O (NeG, ) = 1, £)) = (ke (e, e, € )

Jt

In eqs 1-5, the MAPbBr3-«Ix domains and hole-trap sites are assumed to be homogeneously
distributed near the surface to a depth d, and d(x) assures that charge transfer and hole trapping
occur only within d:

Neo 0<x<d

0 x>d (6)

Ne(x, t) = {
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Iy 0<x<d

16o0) = { 2 )
(1 0<x<d
5=} S W
The electric potential V(x,?) satisfies the Poisson’s equation:
0%V (x,t) ne(x,t)
= ©)
x €€y

where e is the unit charge, ¢ is the effective dielectric constant, and eo is the vacuum permittivity.

From eqs 6-9, the electric field E(x,7) and electric potential V(x,7) are expressed as:

V(x,t) = —%(x —d)?  (10)
E(x,t) = —@(x —d) 11

0

The trapped-hole concentration, n«(f), varies over time due to trapping and nonradiative
recombination with CB electrons; therefore the electric field is also time-dependent and affects the
carrier distribution dynamically. By solving the above equations, the densities of the carriers in the
MAPDBr3 and MAPbBr13-:1x phases and the trap sites on the crystal surface can be simulated at a

delay time .

To simulate the dependences of the PL profiles on the photogenerated carrier density, the
densities and rate constants were set as free parameters, and the same values were used to analyze
each set of data. The initial carrier density was calculated using the sample thickness L, excitation

power density, and absorption coefficient a at 405 nm (= 8.5 x 10* cm™!) of MAPbBr3.!° The PL
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profiles of MAPbBr; and MAPbBr3«Ix were obtained by calculating krad-ne(x,f)-nn(x,f) and
ki rad-nie(x, £)-nin(x, £), respectively. Note that since PL was detected in our experiments from depths
of only a few hundred nanometers (~300 nm), radiative recombination at depths over 300 nm was
excluded from the calculation.

Figure 6A shows the simulated PL decay profiles for the MAPbBr3-«Ix phase, which qualitatively
reproduces the observed dependence on excitation power density. The fitting parameters in this
study are presented in Table 1, in which some parameters were set by referring to reported values.
The higher density of photogenerated charge pairs leads to a slower rise time for the MAPbBr3-—Ix
phase, as observed in Figure 2C. No rise components were observed in the simulated profiles in
the absence of the electric potential (Figure S3). We also simulated the dependence on trapped
carrier density by setting all parameters to the same conditions, with the exception of the initial
concentration of trapped holes. Figure 6B clearly shows that the rise time increases with increasing
initial concentration of trapped holes.

To validate our simulation, the excitation-density dependence of the PL intensity was simulated.
Figure 6C displays the relationship between PL intensity and excitation-power density on a double-
logarithmic scale. From the linear fit, the slope for MAPbBr3 was determined to be ~2, which
indicates that bimolecular recombination increases with increasing excitation intensity due to trap
filling. This slope for MAPbBr3-«Ix was less than unity, which is attributable to photogenerated
carriers lost in the bulk MAPbBr3 by radiative recombination and trapping prior to charge transfer.
Furthermore, taking into consideration that the hole-transfer rate is faster than the electron-transfer
rate, radiative recombination can be described by pseudo-first-order kinetics with respect to hole
concentration. However, the slope for MAPbBr3-I: increased at higher excitation intensities,

indicating that the carrier loss by trapping was suppressed due to trap filling. The simulation also
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showed a similar trend. Therefore, the simulation results are consistent with our proposed

mechanism and verify our simulation model.

The macroscopic properties of mixed-halide perovskites are mainly determined by their halide
compositions, whereas the carrier dynamics at the surface or interfaces with conductive substrates
or charge-transport layers are significantly modulated by locally distorted band structures. From
our findings, we suggest that excess halide ions are introduced as hole traps during exchange
reactions, leading to a photoinduced change in band bending. This situation is more pronounced
when concentrated light is irradiated into a photovoltaic cell. Furthermore, the removal of such
traps by a suitable post-treatment following halide substitution might avoid deterioration of device

performance.

CONCLUSION

In conclusion, slow charge-transfer over a few nanoseconds was observed for perovskites
partially substituted with iodide. Using space- and time-resolved PL microscopy, we elucidated
the details of the charge-transfer process from the bulk MAPbBr3 to the surface MAPbBr3-l«
domains on the nanometer scale. Charge-transfer rates across the interface between two different
structures were found to correlate with trapping rates in the MAPbBr3; slower trapping rates led to
higher PL intensities from MAPbBr3, while slower charge-transfer rates indicate that trap filling
is mainly responsible for the slow transfer process. It appears that the addition of the MAI solution
during the halide exchange reaction not only results in the formation of MAPbBr3-«I domains, but
also trap sites on the crystal surface. Interstitial I ions are most likely introduced as deep hole

traps, and the filling of these trap states with holes induces potential variations in the space charge
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region. To support our proposed mechanism, we numerically simulated the effect of electric field
using the diffusion model, the results of which explain our observations very well. Our findings
suggest that trapped charges modulate the charge-transfer processes in nanometer-scale
heterostructured perovskites. By taking into account the electric fields caused by trapped charges,
band tuning through partial halide substitution will become a sophisticated approach for the

fabrication of highly efficient devices.

METHODS

Chemicals. Lead(IT) bromide (PbBr2, 99%, Sigma-Aldrich), methylamine (33 wt% in absolute
ethanol, Sigma-Aldrich), hydrobromic acid (48 wt% in water, Tokyo Chemical Industry),
methylammonium iodide (98%, Tokyo Chemical industry), 2-propanol (super dehydrated, >99.7%,
Wako Pure Chemical Industries), N,N-dimethylformamide (DMF, super dehydrated, >99.5%,
Wako Pure Chemical Industries), and diethyl ether (super dehydrated, >99.5%, Wako Pure
Chemical Industries) were used as received without further purification. Methylammonium
bromide (MABr) was synthesized by the reaction of methylamine with hydrobromic acid.
Hydrobromic acid first was added to the above-mentioned methylamine solution with stirring at
0 °C for 2 h. A solid was obtained upon evaporating the solvent at 45 °C, which was washed three

times with diethyl ether and dried under vacuum for further use.

Sample Preparation and Characterization. Microsized MAPDbBr3 crystals were synthesized
following the procedure in our previous report.'* The slow addition of toluene into a precursor
solution containing equimolar amounts of MABr and PbBr2 in DMF, produced orange-colored

MAPDBT3 crystals. The resultant crystals were purified by washing several times with toluene. The
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MAPDBT3 crystals were deposited on a glass coverslip by spin-coating a suspension of the crystals.
The solution for the halide-exchange reaction was prepared by mixing a 2-propanol solution of
MAI with heptane, followed by filtration to remove the insoluble salt. The concentration of MAI
in the solution was determined to be 0.22 mM by NMR spectroscopy. A 2-uL aliquot of the
reaction solution was then added to a sample chamber filled with 2 mL of heptane to initiate the
exchange reaction. Transmission electron microscopy (TEM) was performed using a JEM-2100F

(JEOL) microscope, with an accelerator voltage of 200 kV.

PL Spectromicroscopy Measurements. The experimental spectromicroscopy setup was based
on a Nikon Ti-E inverted fluorescence microscope. A 405-nm pulsed-diode laser (PiL040X,
Advanced Laser Diode System), with a pulse width of ~45 ps (FWHM) was used to excite the
sample through an objective lens (CFI Plan Apo A 100xH, Nikon; NA 1.45). Time-resolved PL
experiments were performed using a home-built confocal microscope system. Emitted photons
were passed through a 100-pum pinhole and a longpass filter (ET4251p, Chroma), and then directed
onto a single-photon avalanche diode (SPAD; SPD-050, Micro Photon Devices). The signals from
the SPAD were sent to a time-correlated single photon counting (TCSPC) module (SP-130EM,
Becker & Hickl) for further analysis. The data were analyzed using the Origin 2018 software

(OriginLab). All experimental data were acquired at room temperature.

Time-Resolved THz Measurements. A Ti:sapphire regenerative amplifier was used to generate
a 100 fs pulse with a 1 kHz repetition rate, centered at a wavelength of 800 nm. The output was
split into three, and was used for optical excitation of the sample, terahertz (THz) wave generation,
and detection. A 400-nm pump pulse was generated in a 1-mm-thick B-BaB204 (BBO) crystal.
THz probe pulses were generated by femtosecond laser-induced plasma. Other 0.1-mm-thick BBO

crystals were used to generate a second harmonic pulse. Both the fundamental and second
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harmonic pulses were focused into nitrogen gas to produce a THz pulse by ionizing the gas at the
focal position. The THz pulse was collimated and focused onto the sample with a pair of gold-
coated parabolic mirrors, and overlapped collinearly with the optical pump pulses. The electric
fields of the THz probe pulses were measured beyond the sample using an air-biased coherent
detection scheme; this was achieved by mixing THz pulses with the third 800-nm detection pulse
in order to measure the generation of the THz-induced second harmonic. A high-voltage AC bias
field of 1.5 kV was applied at the focal position to produce a local oscillator for heterodyne

detection.

Numerical Simulation. Derivatives with respect to time and space were used to numerically solve
the one-dimensional diffusion relationships described by eqs 1 and 2. The partial differential
equation (eqs 3—5) were solved numerically using derivatives with respect to time. The sample
thickness L was determined on the basis of the optical transmission image. Numerical calculations

were performed using MATLAB (The MathWorks).
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Figure 1. (A) Optical and (B) PL images of the MAPbBr3 crystal before reaction. Wide-field
images were captured with a color CCD camera. The green PL emission in the center of panel B
corresponds to the excitation-laser spot. (C) PL decay profiles at different reaction times 7 at an

excitation power density of 0.81 uJ cm™.
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Figure 2. (A) PL decay profiles of MAPbBr3 (green solid trace) and MAPbBr3-«I: (red solid trace);
515-560 nm and 630-800 nm bandpass filters were used for MAPbBr; and MAPbBr3-l,
respectively. The profiles were well fitted by triexponential functions (black solid lines). The PL
decay profiles of (B) MAPbBr3 and (C) MAPbBr3-.l: at various excitation power densities. The
profiles at both 0.81 pJ cm™ and 0.035 pJ cm 2 were fitted to biexponential curves (gray solid

lines). The black solid line is the same triexponential curve as shown in panel A.
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Figure 3. (A) PL decay profiles of MAPbBr3-Ix (630-800 nm bandpass filters were used) at
various pulse-repetition frequencies at an excitation-power density of 0.81 pJ cm 2. (B) THz decay
profiles of MAPbBr3 before (blue solid trace) and after the exchange reaction (red solid trace). The
decay profile of the treated sample was fitted by a single exponential function (black solid line).

The excitation power densities were 38 pJ cm 2 for MAPbBr3 and 52 pJ cm™2 for MAPbBr3-ls.
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Figure 4. (A) PL intensity image of an MAPbBr3-«l: crystal (630-800 nm bandpass filters were
used) after the exchange reaction. Step size: 200 x 200 nm; scale bar: 2 um. (B) PL decay profiles
acquired from the indicated positions in panel A. (C) Correlation between the MAPbBr3-.l. rise
time and MAPbBr3 mean lifetime (<z>) for 16 points on the crystal shown in panel A. (D)
Correlations between rise times and weights of the fast (71) and middle (z2) decay components. The
time-constant values are indicated by the color scale. (E) Correlations between the rise times and

PL intensities for MAPbBr3 (green) and MAPbBr3—«Ix (red).
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Figure 5. Schematic illustration of the proposed mechanism. The letters “h” and “e” represent hole
and electron, respectively, while k.« (black arrows), kur (blue arrows), and ki (gray arrows)
represent the rates of electron transfer, nonradiative recombination, and trapping, respectively.

Thicker arrows indicate faster rates.
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Figure 6. (A) Simulated PL profiles for MAPbBr3-«Ix as functions of excitation power. Only the
initial carrier density nen) (¢ = 0) was varied. (B) Simulated PL profiles for MAPbBr3-:l: as
functions of trapped-carrier density. Only the initial trapped-hole concentration n: (¢ = 0) was
varied. (C) Excitation power dependence of the PL intensity. Circles and squares represent

experimental and the simulated values, respectively.
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Table 1. Parameters Used to Simulate the PL Decay Profiles

Parameters Excitation power dependence Trapped hole dependence
L [m] 5x10°° 5x10°°
D [ecm?s™'] 0.3 2% 0.12%
u[em? Vs 100 4 80 #
€ 284 28
Nt [em ™3] 1 x 10 3x10'°
I[cm™] 1 x 10" 1x10'®
d [m] 10 x 107° 10 x107°
ki [em?s 1] 1 x 1071037 1x1071°
ker [em®s ™! 1 x 107137 1x101
krad [cm3s7!] 4 x 1071026 4x10710
kar [s71] 8 x 107 8 x 107
kirad [cm®s71] g§x 1071 g§x 1071
ke [s7'] 8 x 107 2 x 108
ket [em®s™!] 1x1071° 3x1071°
knt [em?s71] 5x1071° 9 x 10710
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