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Double Charge Transfer Dominates in Carrier Localization
in Low Bandgap Sites of Heterogeneous Lead Halide

Perovskites

Azhar Fakharuddin,* Marius Franckevicius, Andrius DeviZis, Andrius GelZinis,
Jevgenij Chmeliov, Paul Heremans, and Vidmantas Gulbinas*

Heterogeneous organic-inorganic halide perovskites possess inherent
non-uniformities in bandgap that are sometimes engineered and exploited

on purpose, like in quasi-2D perovskites. In these systems, charge carrier

and excitation energy migration to lower-bandgap sites are key processes
governing luminescence. The question, which of them dominates in particular
materials and under specific experimental conditions, still remains unanswered,
especially when charge carriers comprise excitons. In this study transient
absorption (TA) and transient photoluminescence (PL) techniques are combined
to address the excited state dynamics in quasi-2D and other heterogeneous
perovskite structures in broad temperature range, from room temperature down
to 15 K. The data provide clear evidence that charge carrier transfer rather than
energy migration dominates in heterogeneous quasi-2D perovskite films.

1. Introduction

Perovskite films used in solar cells or light
emitting diodes (LEDs) are intrinsically
heterogeneous."? They typically consist of
grains, that are of different sizes, have var-
ying surface and/or bulk defect numbers,
and exhibit different interactions with other
grains. The heterogeneity is particularly
large when perovskite films contain nano-
particles or other low-dimensional struc-
tures where spatial confinement changes
the state energies. Electronic processes in
such heterogeneous systems are determined
not only by excitation dynamics in indi-
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vidual crystallites, but also by migration of

charge carriers and/or excitons between het-
erogeneous sites. When carrier or exciton energies differ between
neighboring sites, the migration processes are directed toward
lower energy sites. This causes localization of charge carriers and
excitons in low-energy sites, especially at low temperatures.

Quasi-2D perovskites represent such strongly heterogeneous
systems. They consist of 2D perovskite layers with ABX; crystal
structure separated by layers of a large (2D) cation spacer.
The number of 2D perovskite sheets between organic spacer
layers, which can vary from 1 to infinity, defines the so-called
n value. Experimentally, this is achieved by varying the stoichi-
ometry of initial precursors forming perovskite thin films, and
the resultant perovskite film represents an ensemble of mixed
2D and 3D domains.! Due to the mixed phase nature of the
resultant perovskite film and spatial confinement therein, dif-
ferent structures have different bandgaps and absolute ener-
getic positions of conduction and valence bands. Additional
heterogeneity may appear in perovskite films containing mixed
halide cations (I, Cl, Br) due to their segregation, creating non-
uniform spatial distribution of different halide ions, which in
turn results in non-uniform distribution of bandgaps.

Different perovskite structures are also characterized by dif-
ferent exciton binding energies. The exciton binding energy
in 3D CH;NH;Pbl; (MAPI) is low, of =5-20 meV,[*® there-
fore the majority of charge carriers at room temperature are
not bound to comprise excitons.’] Larger binding energy of
~40 meV was evaluated for MAPBr; perovskites.'” Exciton
binding energies in 2D perovskites are of the order of hundreds
of meV,21112 consequently the majority of charge carriers in
these structures are expected to be bound in excitons. There-
fore, efficient charge carrier generation and their mobility still
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remain important issues limiting performance efficiency of
solar cells utilizing 2D perovskites.!"*!

In perovskites, both exciton and charge carrier migration may
take place. The heterogeneity drives charge carrier and exciton
localization in sites where their energies are low. In case of
MAPI and similar perovskites, where free charge carriers rather
than excitons are dominating species, the migration processes
are determined by transfer of electrons and holes. On the other
hand, at low temperatures and in perovskite structures with a
larger exciton binding energy where charge carriers are bound to
form excitons, the exciton diffusion may dominate. If the mate-
rial is composed of distinct domains with different bandgaps
and with different band positions on the absolute energy scale,
excitons may split when one of the charge carriers is transferred
to the neighboring domain with energetically lower states or
trapped into trap states."!l These processes lead to generation
of free charge carriers or interfacial charge transfer states. None-
theless, the counter-charge may also be transferred to the same
domain if the energy level positions are favorable, thus recre-
ating neutral excitonic state. The final state in this case is iden-
tical to the one created during the pure excitonic energy transfer
process. However, properties of the both transfer scenarios may
be significantly different, showing different dependences on
internal perovskite properties and external conditions.

Excitation energy transfer has been suggested to occur
between 2D perovskite layers with different sheet num-
bers.[6141%] On the contrary, Shang et al.] and Liu et al.’® con-
cluded that electron and hole transfer is the key process in such
a system. Particularly, Liu et al. came to the conclusion that
charge carriers tend to separate in mixed quasi-2D perovskites,
when electrons localize in the thickest 2D layers while holes dif-
fuse to thin layers.'¥l Similar conclusion that charge transfer is
the dominant mechanism for energy funneling was also recently
reported for the FAPbBr;/FAPb(Br,l; ,);/FAPDbI; microplate
sandwich.”l Zhou et al. concluded that both mechanisms take
place: energy transfer between layers dominates on the sub-ns
time scale whereas electron transfer occurs at later times.20!

Consequences of exciton and charge transfer are expected
to differ significantly, leading to different optical and electrical
response of the material. For example, exciton migration rather
than carrier transport may take place between electrically isolated
domains. Charge carrier migration may lead to the luminescence
quenching if electron and hole tend to localize in different perov-
skite domains. Charge transfer also causes generation of free
charge carriers participating in photocurrent. Consequently, this
difference may be important for the device performance, when
such materials are used in, for example, solar cells or LEDs.
Thin layers of these quasi-2D perovskites deposited on top of 3D
perovskite were demonstrated to increase the long-term stability
of solar cells;?1?2 however, their influence on the carrier trans-
port is still under debate. Therefore, it is important to clearly
understand the exciton/charge carrier migration and localization
properties that, as was mentioned, are still largely unknown.

To shed some light on these still unclear processes, we per-
formed ultrafast transient absorption (TA) and time-resolved
photoluminescence (PL) experiments at room and low tem-
peratures and investigated the excited state dynamics of con-
ventional 3D MAPI perovskites, as well as mixed (2D)/(3D)
polymorphs of MAPI and CH;NH;Pbl,Br; (MAPI,Br)). We
demonstrate that comparison between TA and PL data is a good
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tool to distinguish between charge carrier and exciton transfer
processes. Exciton transfer causes decay of TA and PL signa-
tures of donors and simultaneous growth of those of acceptor.
Such processes reveal identical transients in both TA and PL
measurements. Contrarily, transfer of just a single charge car-
rier causes decay of the donor PL without the appearance of
acceptor PL, while TA reveals bleaching of the acceptor absorp-
tion together with the partial recovery of the donor absorption.
However, consequences of the charge and exciton transfer
become identical again after transfer of opposite charge.

We demonstrate that double charge transfer dominates in
all investigated materials. Moreover, as charge transfer requires
thermal activation, one can expect to detect a significant tem-
perature dependence of this process. Indeed, we observe
sequential electron and hole transfer in quasi-2D perovskites at
high temperatures, reduction of the transfer efficiency of one
charge carrier type when temperature decreases, and impeded
transfer of both charge carriers at very low temperatures.

2. Results

2.1. MAPI

We start discussion of the exciton/charge carrier transfer pro-
cesses in a prototypical MAPI film because it is the best-studied
perovskite material and thus, serves as a reference in our study.
Typical MAPI film formation procedures yield films composed of
domains with the sizes of multiple tens to hundreds of nanom-
eters. Top and bottom plots of Figure 1 show TA and transient
PL spectra at different delay times, obtained at different tem-
peratures. The TA spectra show bleaching of the absorption
band edge due to the band filling and also reveal a short wave-
length bleaching band related to the higher energy transitions.?’!
Because of the low exciton binding energy, at low excitation
intensities, the majority of charge carriers in 3D MAPI do not
form excitons at room temperature and probably at temperatures
down to the phase transition.) Thus, the observed processes at
room and 233 K temperatures must be attributed to free elec-
trons and holes. The room temperature and 233 K data show that
the initial absorption bleaching and PL spectra are broadened
to the short wavelength side. Spectral narrowing dominantly
takes place on a sub-nanosecond time scale, indicating that car-
rier migration and localization in domains with lower bandgaps
take place during hundreds of picoseconds. It is noteworthy that
the PL intensity strongly increases at low temperatures. Such
increase was reported in literaturel?*?’! and was explained by
temperature dependence of the radiative band-to-band recom-
bination due to Coulomb correlations. Both TA and PL spectra
shift to the long wavelength side by reducing temperature from
300 K to 230 K. Similar shift of the PL band has been reported
previously and attributed to the anomalous Varshni trend.?6:%’]
The film becomes much more heterogeneous at low tempera-
tures, below tetragonal (Tg) to orthorhombic (Or) phase transi-
tion taking place at =160 K.2-2%1 Because of incomplete phase
transition, MAPI films at low temperatures possess residual
Tg phases in addition to the dominating Or phase.””3% The Or
phase has larger bandgap and shows PL at =730-750 nm."#%°]
The initial TA spectrum (0 ps) at 15 K shows no bleaching of the
Tg phase (750-800 nm), indicating that the Or phase is strongly
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Figure 1. Time-resolved TA (top figures) and transient PL spectra of 3D MAPI film at different temperatures (excitation wavelength 4., = 345 nm). Insets
show TA and PL kinetics, respectively, at different wavelengths at 90 K temperature.

dominating and thus, dominantly excited. The 0 ps spectrum
at 90 K still shows a weak Tg band, which competes with the
induced absorption band of the Or phase. Absorption bleaching
of the Tg phase clearly appears within ~1 ps when energy/charge
transfer from photoexcited Or phase takes place (See inset in
Figure 1). PL spectra also clearly show Or and Tg components at
90 K. Importantly, PL band of the Or phase decays much faster
than the corresponding absorption bleaching. Consequently, the
long-living excited state, that forms at 2 ns, causes bleaching of
the Or absorption band, but shows no PL. This behavior sug-
gests that only one kind of charge carrier remains after 2 ns
in Or domains indicating that one kind of charge carrier is
transferred more efficiently. The Tg component completely
disappears from the PL spectrum at 15 K, while TA spectrum
still shows the long wavelength shoulder attributable to the Tg
phase. This is an indication that only one kind of charge carriers
and only partly is transferred from Or phase to Tg phase at 15 K.
Charge transfer may require thermal assistance, if it takes place
over some energy barrier, thus it is not surprising that transfer
of one kind of charge carriers stops at very low temperatures.
Although charge carriers are expected to form excitons at low
temperatures, these experimental data cannot be explained by
the exciton transfer. Exciton transfer would lead to identical
absorption bleaching and PL kinetics and would not cause for-
mation of non-radiative states. Exciton transfer is also typically
much less sensitive to temperature; therefore we would expect
to observe exciton transfer from Or to Tg phase and the Tg phase
luminescence at 15 K. Consequently, these considerations lead
to a conclusion that charge transfer rather than exciton transfer
takes place between excited Or and Tg phases at 15 K. At 90 K
we do observe PL of the Tg phase indicating that at least fraction
of another kind of charge carriers is also transferred. Charge
carriers are expected to form excitons at low temperatures,
thus transfer of only one charge carrier also means splitting of
exciton. Notably, we did not observe a phase transition in the
case of mixed halide perovskite (MAPbI,Br, Figure S5, Sup-
porting Information).
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2.2. Quasi-2D MAPI

Quasi-2D perovskites composed of mixtures of 2D perovskites
with different sheet numbers (n value) together with residual
3D grains represent more heterogeneous perovskite sys-
tems. Figure 2 shows TA and PL spectra of quasi-2D MAPI
film with 10% of methylammonium (MA) substituted with
butylammonium (BA). At this relatively small substitution
level, 2D structures are formed together with residual 3D
domains. We can clearly distinguish narrow 2D absorption
bleaching band at =600 nm and a broadband at =750 nm due
to 3D domains. The 600 nm band has been attributed to 2D
layers composed of three (n = 3) perovskite sheets.>131 Two
low intensity bands at =570 and 640 nm have been attributed
to 2D layers with two and four sheets, respectively. Lumines-
cence spectra are significantly broadened, probably due to
exciton-phonon interaction, preventing resolution of different
species at room temperature. However, at low temperatures,
we can clearly distinguish PL bands of 2D and 3D domains at
=600 and 700 nm respectively. Attribution of the band in the
650-720 nm region is less straightforward, particularly when
absorption bleaching in this spectral region is almost absent.
Similar PL properties revealing bands with very large Stokes
shifts have been reported for 2D perovskite species and attrib-
uted to the self-trapped excitons formed at grain surfaces and
interfaces where exciton-phonon coupling causes strong struc-
tural deformations.??l In agreement with this concept, we
observe bleaching of the 600 nm band and corresponding lumi-
nescence at =700 nm. The absence of the negative TA signal in
the 650-720 nm region indicates that stimulated emission con-
tributes little to the TA signal. The self-trapping phenomenon
falls outside the scope of the present work, therefore we will
not analyze it in more detail. We just consider that the 700 nm
PL band belongs to the 2D structures. The PL spectra dynamics
clearly shows gradual localization of charge carriers in species
with low bandgap at room temperature, which stops at low
temperatures.

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD A11e81D 3edldde aup Aq peusenob ae ssppiie YO ‘8sn Jo se|ni 1oy AriqiT8uljuO 8|1 UO (SUOTpUoD-pUe-sLLIRILI0D A8 | 1M ATl 1 jeul|UO//:SANY) SUOTIPUOD pue Swie | 81 88S *[2202/2T/20] Uo ARiqiauliuo A1 ‘AiseAlun sniuiA Aq 9/00T0Z0Z WiPe/z00T 0T/I0p/L0o" A8 1M Afeiq1jeuljuo//sdny woiy papeoumoq ‘ST ‘TZ0Z ‘8209TIT



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

Quasi-2D MAPI
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Figure 2. Time-resolved TA (top figures) and transient PL spectra of quasi-2D MAPI (employing 10% BA) film at different temperatures (A, = 345 nm).
Numerical values on the vertical axes reflect the observed differences in the TA and especially PL intensities at different temperatures.

Figure 3 shows TA kinetics of quasi-2D MAPI at 600 and
750 nm, roughly corresponding to the maxima of absorp-
tion bleaching bands of 2D and 3D species, respectively. At
room temperature, we observe instantaneous (limited by
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Figure 3. Time-resolved luminescence (top plot) and TA kinetics at dif-
ferent probe wavelengths measured for quasi-2D MAPI film (employing
10% BA) at different temperatures.
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time-resolution of our measurement setup) appearance of the
600 nm absorption bleaching band attributable to 2D species.
The 600 nm absorption bleaching band dominantly decays
during several ps. Simultaneously, we observe the delayed
appearance of the absorption bleaching band at 750 nm
indicating energy/charge transfer from 2D to 3D species.
At 233 K and lower temperatures, the decay of the 600 nm
absorption bleaching band becomes clearly bi-componential.
The absorption bleaching decays only partially during the ini-
tial several ps decay phase suggesting that only approximately
half of charge carriers are transferred to 3D species during
this time, while the remaining part decays or is transferred
during =200 ps. Moreover, at very low 15 K temperature, a
very slow component, that is almost constant during 2 ns,
appears. In agreement with the reduced transfer efficiency,
the amplitude of the 750 nm band attributable to 3D species
becomes lower at low temperatures. As TA spectra in Figure 2
show, the 750 nm bleaching band becomes very weak at low
temperatures. It confirms that the energy/charge transfer
becomes less efficient at low temperatures. It should be also
noted that 3D species may be also excited directly by excita-
tion light, therefore the weak 750 nm band bleaching may
be partly caused by the direct excitation of the 3D domains.
Consequently, we cannot exclude that energy/charge transfer
between 2D and 3D domains completely stops at very low
temperatures.

The observation of bi-componential transfer dynamics
straightforwardly leads to its attribution to the double charge
transfer, which was also concluded for 3D perovskite between
Or and Tg phases. In case of quasi-2D perovskite, we clearly
observe the double charge transfer at 230 K and lower tem-
peratures. At room temperature, the slow transfer component
apparently also accelerates to several ps, while at 15 K it slows
down to more than 1000 ps, or even completely stops. The
more hindered carrier transfers in quasi-2D perovskite than
in 3D perovskite is not surprising since different domains in
this material are separated by organic BA cation layers, creating
obstacles for the charge transfer.
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Time-resolved PL data support the reduced charge transfer
efficiency at very low temperatures. Because of lower time-
resolution of PL measurements of =13 ps, we do not resolve
the fast growth component during the first few ps. But the PL
kinetics of 3D structures (750 nm) at 230 and 300 K, has a weak,
but reproducible growth component during 100-200 ps (see top
plot in Figure 3, black line shows exponential decay without
growing component). This growth component disappears at
15 K, confirming that the transfer processes are strongly hin-
dered or completely stop at very low temperatures.

Additional support for the double charge transfer mecha-
nism comes from the analysis of the temperature dependencies
of PL band intensities. Intensities of 600 and 700 nm PL bands
attributed to 2D domains with n = 3 and self-trapped excitons
increase at 90 K more than 20 times in comparison with those
at 230 K (note different Y-scales in Figure 2), while TA spectra
show very similar dynamics of the 600 nm bleaching band
at both temperatures. Such PL increase, as was discussed,
is quite expected for 3D species due to strong temperature
dependence of the radiative recombination rate of nonbound
charge carriers.?*?5l However, exciton binding energies in
2D MAPI structures were reported to be 38, 270, and 220 meV
for layers with n = 1, n = 2, and n > 2, respectively,"! there-
fore majority of charge carriers are expected to be bound into
excitons at 230 K and lower temperatures. Exciton theory does
not predict significant temperature dependence of the radiative
exciton recombination rate. This temperature dependence may
be explained by assuming that majority of charge carriers are
rapidly transferred to the 3D domains at high temperatures
(during several ps, according to TA data) causing very weak PL.

10%
230K

Time [ps]

o
600 700 800 600 700 800 600
Wavelength, nm Wavelength [nm]

Quasi-2D

Wavelength [nm]

At low temperatures, the charge transfer rate decreases, more
charge carriers remain in the 2D domains, therefore their PL
intensity strongly increases.

2.3. Quasi-2D MAPb(I/Br)

To evaluate whether the double charge transfer mechanism
is applicable to other quasi-2D perovskites, we investigated
quasi-2D MAPD(I/Br) samples with different BA contents.
Figure 4 shows 3D TA and PL plots measured for MAPb(I/Br)
films with 10%, 20%, and 50% of BA. TA spectra measured at
room temperature (Figure 4), significantly depend on the BA
content. In the sample with 10% BA, we observe only weak
absorption bleaching bands at =580 and 650 nm, attributable
to 2D domains with different sheet numbers. These bands
almost disappear during hundreds of ps, indicating very fast
carrier localization in 3D domains. In samples with higher
BA content, the short wavelength bands become stronger
because of larger relative content of 2D domains, particularly
with low sheet numbers. On the other hand, room tempera-
ture PL spectra of all MAPb(I/Br) films are quite similarly
dominated by the long wavelength band. It should be noted
that 3D MAPD(I/Br) has the lowest energy absorption band at
~650 nm;33 however, segregation of I and Br ions causing for-
mation of Br-rich and I-rich domains were often observed.?*%]
The 3D I-rich perovskite domains have similar bandgap as
MAPI, while Br-rich 3D domains have PL band at =530 nm.8l
Typically, segregation was observed under the material illu-
mination.?! In case of the investigated quasi-2D samples, we

MAP(1/Br)

5 10%

700 800 600 700 800 600 700 800
Wavelength [nm] Wavelength [nm]

Figure 4. TA evolution for quasi-2D MAPI,Br; samples with 10%, 20%, and 50% BA contents at room temperature and PL evolutions at different

temperatures.
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Figure 5. TA (top plots) and time-resolved PL spectra (lower plots) of quasi-2D MAPb(I/Br) film with 50% BA at different temperatures (A, = 345 nm).
The inset shows TA kinetics at 300 K temperature at two probe wavelengths. Numerical values on the vertical axes reflect the observed differences in

the PL intensities at different temperatures.

have not observed spectra modifications during the PL meas-
urement time, therefore segregation apparently took place
already during the film formation or storage, thus the observed
PL at A > 700 nm should be attributed to I-rich domains. In
samples with larger BA content, the PL band slightly shifts to
the short wavelength side, which should be attributed to lumi-
nescence of 2D I-rich domains with a large sheet number.
Importantly, the bleaching band at 580 nm becomes domi-
nates in the sample with 50% BA, while PL spectra reveal no
significant difference in this spectral region between different
samples. It indicates that the excited species responsible for
the 580 nm bleaching band are non-fluorescent, most likely
containing only one kind of charge carrier.

At low temperatures, the short-wavelength PL bands attribut-
able to 2D domains, become stronger and even dominating (see
right hand plots of Figure 4) indicating that both charge carriers
remain in 2D species responsible for the =580 nm band. In
agreement with the inefficient charge transfer, the long-wave-
length spectral component at 4 > 700 nm almost completely
disappears at 15 K in the sample with 50% BA.

Figure 5 shows TA and time-resolved PL spectra at different
temperatures for the sample with 50% BA (see time-resolved
PL of all types of perovskite samples investigated in this study
in Figure S4, Supporting Information). The strong absorption
bleaching band at =590 nm indicates that 2D domains strongly
dominate in this sample. At room temperature, this band shows
partial decay during several ps (inset in Figure 5), and simulta-
neously the absorption bleaching at 720 nm growth. In analogy
to the quasi-2D MAPI film, we attribute the partial absorption
bleaching decay to the transfer of only one type of charge car-
riers to the 3D domains.
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TA and PL spectra show noticeably different behavior at
low temperatures: we clearly observe delayed formation of the
absorption bleaching band at wavelengths larger than 700 nm
due to delayed charge carrier localization in 3D domains, on
the other hand, PL of 3D domains is completely absent at 15 K
and only very weak at 90 K. This is a clear evidence that only
one kind of charge carriers is transferred to the 3D domains at
15 K. It also suggests that we can rule out the energy transfer,
which would cause transfer of both types of charge carriers to
the 3D domains resulting in their luminescence.

Summarising, we observe three indications that double
charge transfer rather than energy transfer dominates in charge
carrier localization in perovskite structures with low energy
gaps. 1) Carrier localization in domains with a low energy gap
becomes less efficient at low temperatures. It indicates that the
transfer process requires thermal activation, which is typical
for the charge transport in disordered materials, while unchar-
acteristic for energy transfer. 2) Bi-componential absorption
bleaching decays of high energy bands indicating that carriers
of one type are transferred to domains with small energy gap
faster than another type of carriers. 3) TA reveals formation of
long-living non-luminescent states both in 2D and 3D domains
at low temperatures, indicating that charge separation between
2D and 3D structures creates non-radiative states.

3. Discussion

A contact of two materials with different energy level positions
might result in two types of junctions: type I and type II, as
shown in top panel of Figure 6. Majority of recent publications
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Figure 6. a) Electronic processes in Type | and Type |l heterojunctions. Schemes (b) show Type | heterojunctions formed between perovskite domains
with different bandgaps accounting for barriers for the charge transfer. At room temperature, transfer of both electrons and holes takes place as the
thermal energy is sufficient to cross barriers. At low temperatures (90 < T < 230 K) the hole transfer slows down causing temporal charge separation,
while at very low temperatures (T =15 K) transfer of both electron and hole becomes hampered. This leads to a strong emission from local 2D domains
and a weak emission from 3D domains, as is experimentally shown in Figures 3, 5, and 6.

consider that quasi-2D perovskites with different layer numbers
n form Type 1 structures.* 1644 These assignments were
mainly based on observation of gradual redistribution of lumi-
nescence originating from low-n to large-n domains. On the
other hand, Type II heterojunctions were also suggested, where
authors considered that hole localization takes place in domains
with low-n and electrons in domains with high-n.7%8l Our
experimental results also suggest that type I heterojunctions are
formed in the investigated samples. Generally, both exciton and
double charge transfer (successive electron and hole transfer)
processes may take place in type I heterojunctions. The double
charge transfer in the end also leads to the same final state
as exciton transfer, with both electron and hole located in the
medium with low bandgap. Our experimental data show that
charge transfer processes in investigated perovskite materials
strongly depend on temperature, which suggests importance of
thermally stimulated exciton splitting or presence of low energy
barriers between perovskite domains. These processes slow
down at low temperatures and limit transfer rate of one type of
charge carrier, while at very low temperatures transfer of both
charge carriers become very inefficient.

It is reasonable to expect that the transfer rate correlates with
the positions of energy levels. Consequently, there is common
agreement that electron energy decreases in domains with large-
n while energetic positions of valence band are less clear. There-
fore, it is more likely that electron transfer to large-n domains
is more energetically favorable and occurs faster than transfer
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of holes. Consequently, we associate the fast (several ps) carrier
transfer process with electrons. The hole transfer, on the other
hand, is less favorable and requires more thermal assistance,
therefore it slows down to more than 2 ns at 15 K.

The intermediate states, when only one charge carrier
(electron) is transferred, are difficult to detect and investigate,
particularly when they are short-lived. General considerations
suggest that the transfer of one charge may also stimulate
transfer of a countercharge, because the intermediate state
creates charged donor and acceptor domains, which leads to
adjustment of energy levels. Hardly any experimental technique
can distinguish between energy and double charge transfer
if both charge carriers are transferred with similar rates or
transfer of the countercharge occurs very rapidly after transfer
of the first charge carrier. On the other hand, sample cooling,
as we demonstrate, may change these transfer rates, leading to
a situation when transfer of the second charge becomes much
slower, or transfer of both charge carriers becomes significantly
hindered at very low temperatures (see Figure 6), thus enabling
observation of the charge separated state by means of time-
resolved PL and TA techniques. We have recently demonstrated
that sample cooling causes dramatic photocurrent changes in
conventional 3D MAPI films®* indicating that energy barriers
formed between perovskite grains play an important role in car-
rier migration. Thus, the presence of energy barriers between
perovskite domains, which may be different for electrons and
holes, is not surprising.
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Although both exciton and double charge transfer finally
cause carrier localization in low-bandgap states, properties of
the two transfer processes may be significantly different, as
electron and charge transfer generally differently depend on
material properties and external conditions. The two processes
may cause important differences in performance of perovskite
devices. Performance of solar cells is based on charge sepa-
ration, thus the sequential charge transfer involving charge
separated state plays an important role in solar cells based on
2D perovskitesi*=! as well as in 3D perovskite cells with top
2D-perovskite layer.?2*1 On the other hand, PeLED performance
is based on exciton states, thus clear understanding of their for-
mation and transformation processes is also very important
for the PeLED development. Future research should focus on
systematically controlling charge separation efficiency in these
perovskite systems. This can be achieved via dimensionality
tailoring to control the heterogeneity spatially, for example, by
forming a monodispersed quantum well- like structurel*! that
can favor more efficient charge separation and can guide the
charges to the perovskite domains with the smallest bandgap.

4, Conclusions

We have investigated localization of photogenerated charge
carriers in heterogeneous perovskites composed of domains
with different bandgaps formed in conventional MAPI perov-
skite below incomplete tetragonal-orthorhombic phase transi-
tion and in quasi-2D perovskites composed of domains with
different sheet numbers. Combination of the time-resolved
luminescence and TA investigations at various temperatures
allowed us to distinguish between two different transfer pro-
cesses resulting in the same final state—the transfer of the
exciton as a whole, and sequential electron and hole transfer
with the intermediate state of the separated charges. We
observed clear indications of the sequential electron and hole
transfer in quasi-2D perovskites at room and reduced tempera-
tures as well as between different crystalline phases of MAPI.
In quasi-2D perovskites, sequential charge transfer causes
charge separation between domains with high and low band-
gaps leading to the fluorescence quenching, but all transfer
processes almost stop at very low, 15 K temperature. The double
charge transfer in heterogeneous perovskite materials is an
important signpost for better understanding and optimization
of complex electrical and optical properties of perovskites.

5. Experimental Section

The perovskite films were prepared using a modified two-step perovskite
processing method reported elsewhere.’’l The reference 3D MAPbI
perovskite films were made from a 0.3 m Pbl, solution in a mixture of
dimethylformamide and dimethylsulfoxide and 10 mg mL™" of MA iodide
(MAL) in isopropanol alcohol. For mixed halide perovskites MAPb(I/Br),
a 55:45 molar ratio of MAI to MABr was used.

In the case of mixed phase quasi-2D perovskites, a large cation, for
example, BA was incorporated in the 3D perovskite films via adding BA
iodide in Pbl, solution in different percentages (10, 20, and 50% wt%)
with respect to the molar concentration of Pbl,. The solution was heated
on a hot plate at 60 °C to better dissolve the precursors. The perovskite
films were processed on pre-cleaned non-quenching (glass) substrates
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in a modified two-step method. In a first step, a warm solution of Pbl,
(kept at 50 °C) was spin coated for 30 s (3000 rpm). In the next step,
the second solution containing either MAI or a mixture of MAI/MABr
was dropped on the spinning substrate and spun for 30 s (2000 rpm).
A subsequent annealing of perovskite films was carried out at 80 °C for
20 min to complete the crystallization process.

Steady state absorption spectra of the perovskite films, measured
by using a UV-vis absorption spectrophotometer (Varian, Cary 300) at
room temperature are presented in Supporting Information Figure ST,
Supporting Information. The spectra of quasi-2D samples do not
explicitly reveal characteristic bands of 2D perovskites, because all
samples represent mixtures 2D-perovskites with different sheet numbers
n. Additional modifications of MAPb(I/Br) sample spectra may be
caused by the halide cation segregation. XRD spectra presented in
Figure S2, Supporting Information clearly show additional bands formed
in quasi-2D samples.

Time-resolved PL investigations were performed by means of
Hamamatsu Streak camera operating in a single sweep regime.
Femtosecond Yb:KGW laser (Light Conversion Ltd.) producing 80 fs,
1030 nm light pulses at a repetition rate of 76 MHz was employed for
the sample excitation. Third harmonics beam of the femtosecond laser
(345 nm) (generated by HIRO harmonics generator, Light Conversion
Ltd.) used for excitation was focused into a =30 um spot on the sample.
Excitation power density was attenuated using neutral density filters to
~250 mW cm™2. The time resolution of the entire system was =13 ps. In
case of PL lifetimes longer than time interval between excitation pulses,
the spectra were corrected mathematically to remove contribution of the
luminescence created by previous pulses.

TA investigations (Figure S3, Supporting Information) were
performed via an amplified femtosecond laser Pharos (10-600-PP,
Light Conversion Ltd.), operating at fundamental wavelength of
1032 nm, repetition rate of 200 kHz, and pulse width of <250 fs. The
excitation wavelength was chosen at 345 nm, identical as for transient
PL measurements via a collinear optical parametric amplifier Orpheus
PO15F2L (Light Conversion Ltd.). The measurements were performed at
repetition rate of 4.762 kHz frequency achieved by using the pulse picker.
Excitation was modulated at 0.794 kHz frequency by mechanical chopper
synchronized to the output of the pulse picker. For the probe beam,
spectrally broadened pulses by means of continuum generation in the
sapphire crystal were used. The detection equipment consisted of Andor
Shamrock SR-500i-B1-R spectrometer (Andor Technology, 150 lines mm™"
diffraction grating) equipped with Andor Newton (Andor Technology)
DU970 CCD camera (1600 x 200 pixels). The reading of the camera was
synchronized with the chopper.

A liquid helium cold finger cryostat (Janis CCS-100/204) was used
for low temperature PL measurements. The temperature was controlled
via a digital temperature controller. Sufficient time was allowed between
each temperature step to ensure a stable temperature within the
cryostat. It should be noted that the sample properties were reversible
during the cooling-heating cycle.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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