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ABSTRACT

Traditional organic-inorganic halide perovskites (OIHPs), in which perovskites layers are separated by an organic spacer material, have been
mainly explored for photovoltaics devices, but they also offer promises for nonlinear optics and quantum light applications. These attributes
include (a) high quantum efficiency, (b) large binding energy of excitons in low-dimensional structures, (c) polarons of long coherence
times at room temperature, and (d) a large spin-orbit coupling. OTHP systems can be engineered to have photoluminescence (PL) emissions
from UV to IR regions, in addition to power conversion efficiencies, in excess of 24%. This class of materials offers broad tunability of its
properties, through controlling the number of atomic layers in the quantum well, tuning the organic spacer thickness, or even engineering
the composition with exotic dopants. In this work, we present PL and time-resolved PL measurements of quasi-2D BA,Pbl, and provide new
insights on the temperature dependence of their excitonic dynamics and fine structures of their PL emissions. We observed long lifetimes,
which can result from the formation of large polarons, screening the Coulomb interactions of the charge carriers and reducing the scattering
of the carriers with charge defects.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0072566
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. INTRODUCTION neuromorphic computing,'”"” not to mention the widespread inter-
est in these materials for photovoltaic devices."" '© Unfortunately,
stability issues in these materials, when in bulk (3D), can limit
their applications in the development of devices.”'*'® However,
it has been shown that reducing the dimensionality can improve

material stability as well as creating new functionalities in these

Organic-inorganic halide perovskites (OIHPs) are an excit-
ing new class of multifunctional materials and can be employed
toward the development of highly sensitive detectors in multi-
ple optical ranges, such as visible,"> x ray,‘%"1 gamma ray,” and

THz,° as well as light sources, such as light-emitting diodes,””’
THz emitters,” and lasers.'’ Specifically, the excitonic properties
in these materials are important to understand, so they can be
utilized to tune and enhance their optical emission to create next-
generation light sources.!! In addition, they have been proposed for

materials.”'”'" Additionally, layered perovskites are considered
qualitatively to be similar to quantum wells (QWs), but this assump-
tion has failed to capture many of their properties,'”” driving moti-
vations for further research, especially in understanding the optical
properties of quasi-2D systems.
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These materials can be engineered to have a strikingly diverse
assortment of optical properties by partitioning sheets of halide per-
ovskites (HPs) between cation layers, typically organic molecules,
to create quasi-2D materials. For example, photoluminescence (PL)
emission, from layered organic-inorganic perovskites, covers a
broad range from red to near-UV, with spectral widths for those
emissions that can vary between covering the whole visual spectrum
(400-700 nm)'">**** (typically referred to as broadband or white
light emission), to narrow lines, with full width at half maximum
(FWHM) of less than 100 meV.'””’ The possibility of having broad
wavelength emissions and spectral widths has prompted intensive
investigations of these hybrid organic-inorganic materials, to under-
stand their material properties with eyes on implementing them into
next-generation devices.””’

BA,MA,_1Pb,I3,41 is currently of interest for the creation of
blue and white light-emitting LEDs but suffers from a low quan-
tum efficiency.”” The source of this low quantum efficiency is not
well understood” but could be due to strong exciton-phonon cou-
pling in single-layer quasi-2D HPs”° or possibly traps and defects.
In this study, we present new experimental observations to probe
the excitonic coupling in BA,MA,_1Pb,I3,+1, where we performed
measurements of PL and time-resolved photoluminescence (TRPL),
at temperatures below 100 K.

Il. METHODS

Our quasi-2D perovskites of BA;MA,,—1Pb,I3,4+1 were synthe-
sized from aqueous solutions, according to the water—air interface
method. Lead(II) oxide was first dissolved in a mixture of hydroiodic
acid (5 ml) and hypophosphorous acid solution (850 yl) and heated
up to 100°C producing a pale-yellow solution. Different molar ratios
of MACI and BA were slowly added into another vial containing
3 ml of hydroiodic acid in an ice-water bath. After a transparent
solution was obtained upon heating, the alkylammonium precur-
sor solution was slowly added into the lead solution under magnetic
stirring, producing a transparent yellow solution at elevated tem-
perature. Specifically, for our n = 1 samples, the precursor ratio is
PbO powder (2232 mg, 10 mmol), HI solution (10.0 ml, 76 mmol),
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FIG. 1. X ray diffraction (XRD) pattern of the BA,Pbl, single-crystalline flake.
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n-CH3(CH;)3:NH; (924 ul, 10 mmol), and HI 57% w/w (5 ml, 38
mmol). The crystallization first occurs at the water—air interface fol-
lowed by a fast-lateral growth within the water-air plane. The flake
with an area of centimeter-scale is typically increased within 1 min
to half an hour depending upon the molar ratio between methylam-
monium and butylammonium. The whole process was carried out in
ambient conditions, and the crystal was dried overnight in a vacuum
oven at 40 °C.

As shown in Fig. 1, the XRD pattern of the single-crystalline
sample was obtained from a Philips Xpert -Pro X-ray diffractome-
ter (Almelo, The Netherlands) with Cu Ka radiation. Furthermore,
Fig. 2(a) presents the layers in our sample with the B-site being Pb.
Our BA,Pbl; sample exhibited a bright emission clearly visible to
the naked eye, at a low excitation power of 100 yW, as shown in Fig.
2(b).

In this study, we monitored the PL emissions from 1.6 to 100 K
where these measurements were performed in a flow-through cryo-
stat. The laser excitation source was a Ti:sapphire oscillator with
an 80 MHz repetition rate. Furthermore, the pulses were upcon-
verted to 400 nm using a nonlinear S-barium borate (BBO) crystal,
with a dichroic filter used after the crystal, to separate the 400 nm

FIG. 2. (a) Layer structure of BA;MA,_1Pbyl3,,1 at room temperature. In our sam-
ple, the A-site being the BA-+ (organic spacer), B-site being Pb?*, and X-site being
the I=. Here, n = 1 suggests a mono octahedral layer inserted between organic
spacer, which is in a strict 2D structure. (b) BA,Pbl, displayed, a clearly visible to
the naked eye emission, as shown in the photo taken through the cryostat's win-
dow. The sample was excited at 400 nm with an average power of 100 W, while
kept at 100 K. The PL from the sample is circled in yellow and the other images are
the reflections from the sample holder and the rings around the cryostat's window.
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pulses from the 800 nm pulses. To explore the dynamical response
in this material system, we employed TRPL, for temperatures rang-
ing from 1.6 to 100 K. Light emitted from the sample, in a reflectivity
geometry, was collected using an avalanche photodiode. A time-
correlated single-photon counting system (Picoharp 300) was used
for the time-resolved measurements. We should note, neither PL
nor TRPL showed any strong magnetic field dependence, by tun-
ing the external fields up to 10 T, and we are not presenting the
data here.

Ill. RESULTS AND DISCUSSION

The PL emissions in quasi-2D OIHPs have been previously
attributed to a combination of emissions from free and bound exci-
tons, trap states, and the organic layers.””” " In the inorganic
layers, the origin of PL has been attributed to radiative recombi-
nation of excitons that migrate freely in the lattice (free excitons),
excitons that are pinned by lattice defects, or due to excitons cre-
ating transient lattice deformations that trap them (self-trapped
excitons).” " In previous studies,”"”' excitonic emission has been
identified as the primary source of PL in these materials, with the
carrier—carrier (i.e., exciton continuum) band edge recombination,
to be absent. In the case of the organic layers, the origin of the PL
emissions has been attributed to the energy transfer in the inorganic
layers as well as directly from chromophores in the organic layer.”"”
Additionally, these simultaneous pathways can result in multiple
possibilities, including free and trapped exciton recombination or
emissions, from both the organic and inorganic layers.

In an earlier study on lead-based OIHPs, a similar pattern with
two broad and two narrow peaks has been modeled to be due to
emissions from two competing lattices,”’ resulting from an incom-
plete phase transition. BA,Pbly is in a tetragonal phase at room
temperature and starts but does not complete a transition to an
orthorhombic phase when the temperature is reduced,””" similar
to other lead-based HPs.*

In a study by Wu et al.,”’ the identified narrow features were
attributed to free excitons and the observed broader features, to
bound excitons in the tetragonal and orthogonal phases, respec-
tively. Alternatively, this could be due to the band edge and higher-
order excitons.”® In similar lead-based HPs, the observed broad
features have been attributed to trapping states;'””” however, the
origin of the observations varies considerably.*°

In Fig. 3(a), we present the PL from BA,Pbly, excited using an
incident power of 100 yW at 400 nm. The PL displays two sharp
peaks and two broader peaks, and at temperatures under 40 K, small
satellite peaks around the features above 2.3 eV. The intensity of
the PL spectra in Fig. 3(a) increases as the temperature decreases.
We show the spectra taken at 1.6 K, as shown in Fig. 3(b) on a
smaller energy scale so we can focus on the small features that
appear around the main peaks (P;-P3), at low temperature. These
features are likely exciton complexes bound to shallow donor and
acceptor impurities (either neutral or charged), with P;-P3 bound
to shallower levels and P4 bound to a broader distribution of deeper
level impurities.”” We should note for the peak P;, we observed
a small increase (approximately 20% on a linear scale) in the PL
intensity at 10 T.

The origin of the PL in OIHPs is assumed to be due to excitonic
emission.””"** As such, we can estimate the binding energy of an
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FIG. 3. (a) PL response for BA;Pbls, from 1.6 to 100 K, displaying a complicated
multi-peak structure. With the principle emission peaks labeled P1—P;. (b) Close
up of the 1.6 K trace displaying the complicated structures of P1—Ps.

exciton by examining the emission intensity as a function of temper-
ature using its relaxation rate, kex = k; + kyr, where k, and k,, are the
radiative and non-radiative decay constants.”® Then, we can separate
the non-radiative term into a thermally activated kj,exp(—Ey/kp T)
(with E}, being the exciton binding energy) which arises from exciton
dissociation, and ko, (T) for other non-radiative processes, such as
Shockley-Reed-Hall (SRH), and Auger recombination. Therefore,
we can write

Kex = ks + kour (T) + kg exp(—kE—bT), 1)
b

where k; is the Boltzmann constant. Among these, k;;; has been
shown to be the principle source of non-radiative recombination
while other sources of non-radiative recombination only contribute
weekly to the recombination rate.”*”” Therefore, we can disregard
the non-exciton non-radiative relaxation term. The emission quan-
tum yield is given by k; /kex; therefore, we can express the inverse of
the quantum yield of the PL, 1/®(T) as a function of temperature in
the following equation:

1L 1 kais  (_ Eb.
o(T) ~ o(T=0) " k CXP( kBT)' @

If we assume that the dominant component of the PL emission
is excitonic, then we can express the inverse of the emission intensity
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FIG. 4. (a) Intensity of the PL peaks in Fig. 3(a) as a function of temperature.
(b) Inverse peak intensity, displaying fits of each peak for extracting the exciton
binding energy, as described in the text. The orange-dashed lines are indicating
the transition regions for 1/lp; .
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where A and B are fitting parameters that correspond to the inverse
of the emission intensity at T= 0 K and k;/k;, respectively. Thus,
we can employ Eq. (3) to extract fits for the exciton binding energies
in our sample. In addition, if we cannot fit the PL intensity with a
simple exponential decay, at different temperatures, this tells us that
the origin of the excitonic emission is more complicated and may
have additional components, such as phonon replicas or multiple
impurity states.

In Fig. 4(a), we present the intensity of all of the peaks as a func-
tion of temperature. It is notable that the intensity for both P; and P3
decreases with temperature until 60 K, followed by an increase when
reducing temperature. This observation suggests that the origin of
the emission is not purely excitonic for temperatures above 60 K.
This fact can be seen even more clearly in Fig. 4(b), where we plot the
inverse of the intensity as a function of the inverse temperature, in
addition to the fits using Eq. (3), in order to extract the exciton bind-
ing energies. In Table I, we present the binding energies extracted
from our fits in Fig. 4(b), where Ej; is the fit for temperatures below
25 K and Ey,, for above 40 K.

As can be seen in Fig. 4(b), there appear to be two temperature
regimes that display different exciton binding energies. These two
temperature regions are above 40 K and below 25 K. Above 40 K,
the behavior of P; and P3 are both non-excitonic but, on the other
hand, P, and P4 both display excitonic behavior. Below 25 K, all four
peaks are well modeled using an exponential decay, but the bind-
ing energies extracted, using Eq. (3) (presented in Table I) for the
low-temperature regime are quite small compared to the previously

TABLE I. The extracted binding energies from Fig. 4(b).

Assigned PL Peaks E,; (meV) Ep, (meV)
P, 23.2 s
p, 45.4 210
Ps 41.0 s
Py 15.4 149

ARTICLE
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observed exciton binding energies. In fact, the energies we extract in
the low-temperature range are more on the order of the LO phonon
energies, that have been reported in bulk MAPbI3,* suggesting that
in this range the excitonic decays are phonon-assisted.

Our results demonstrate the agreement of the excitonic binding
energy from BA,Pbly, with the largest fit value (210 meV) compared
to the previously measured value of 220 meV,""** in this material.
Lower Ej; values are more in line with the binding energies modeled
in the bulk version of this material; MAPbI3 (15-40 MeV),“’“ or
reported values for LO phonon energies (11-15 meV) for this struc-
ture.”’ Suggesting that there is either significant phonon-assisted
decay occurring in this temperature range or the material is act-
ing more like a bulk instead of single-layer material. The dramatic
difference in the extracted fits in the low- and high-temperature
regions suggests that the nature of the excitonic binding or the exci-
ton phonon interaction energy changes dramatically between 25 and
40 K. It is useful to note that in similar materials, the binding ener-
gies of free excitons decrease as the temperature is decreased.’”*"
This fact leads to the location of the exciton emission peaks decreas-
ing in energy, suggesting that peaks P;-P3 are likely bound exciton
complexes (excitons under the band edge energy) associated with
shallow donors and acceptors (both neutral and charge). The broad
feature, labeled P4 in our PL, is more likely due to excitons bound to
a broader distribution of deeper impurity states.

We also report a transition, in the temperature dependence of
the PL peak positions, in Figs. 5(a)-5(d) similar to what we observed
in terms of the peak intensities of Fig. 4(b). In Figs. 5(a)-5(d),
we present the peak positions in (energy) for P;-P4 and the trap
states, as a function of temperature. As shown in Fig. 5(a), the
position of P initially increases in energy from 100 to 70 K, then
decreases in energy, as the temperature decreases, with a sharper
drop between 40 and 25 K, followed by a slight increase in energy
at 1.6 K. In Fig. 5(b), we observe that the position of P, decreases
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FIG. 5. Exciton peak positions in energy from Fig. 3(a) for all the principle features;
P4—P4 are presented in panels (a)—(d), respectively. The dashed orange lines, in
each panel, bound the regions in which the temperature dependence behavior
changes.
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slowly in energy from 100 to 50 K, then decreases more rapidly with
temperature. As shown in Fig. 5(c), the behavior of P; is similar to
that of P; and P, with the peak position decreasing in energy, as the
temperature is decreased. In Fig. 5(d), we present the position of Py
that, unlike the other peaks, initially increases in energy; as the tem-
perature is decreased from 100 to 45 K, then decreases in position
between 25 and 45 K.

It is known that in semiconductor materials, the
exciton-phonon coupling can be examined through the tem-
perature dependent broadening of the PL.""** We can apply the
same approach to our OIHP structure to explore the coupling
between excitons and phonons. The linewidth of an excitonic
emission can be characterized as"""’

F(T) =To+Ta+T10+ r,‘mp
_ B
=T0 + Yac(T) + yroNLo(T) + Yimpe™ %7, (4)

where Ty, T, I'10, and Ty represent the broadening due to the
temperature-independent homogeneous term, the acoustic phonon
coupling, the LO phonon coupling, and the impurity broadening,
respectively. Additionally, the electron-phonon coupling is propor-
tional to the occupation number of the phones, and Nio(T) is
determined by the Bose-Einstein distribution,

1

Nio(T) = SEollaT 1"

)
where Eo is the LO phonon energy.

In Fig. 6(a), we present the result of our fits to extract the
FWHM as a function of temperature. An example of how we per-
formed our fits is shown in Fig. 6(b) for the data at 10 K. We observe
the FWHM of P; and P; decrease with temperature rather than
reaching a plateau, which could be expected for an exciton in these
materials.*® In comparison, the FWHM of P; initially decreases then
plateaus, and increases below 45 K. A simple exciton model, such
as the one in Eq. (4), cannot describe the shape of P,, but OIHPs
with similar structures and different metal ions have displayed a
FWHM with similar dynamics.”’ In these materials systems, the low-
temperature behavior is attributed to the Frohlich coupling between
the free charge carriers and LO phonons.”’ The shape of our P,
also changes as the temperature is decreased, and initially can be
described by a Gaussian fit and then below 40 K, it can be better
modeled using a Voigt fit.

These changes were occurring simultaneously after 30 K, sug-
gesting that P, could be sensitive to some structural changes in
our sample occurring at 30 K, similar to the observed variations of
FWHM in HPs, when they experienced a transition between struc-
tural phases.*’ It is notable that the small sub-peaks in Fig. 3(a)
are more predominantly resolved at temperatures below 30 K but
do not demonstrate strong variation in energy or linewidth. These
reported sharp features could be due to the fine structure splitting
(i.e., excited exciton states such as 2s, 2p, etc.) in the excitons, similar
to what has been observed in Cs-based HPs.*® or perhaps to differ-
ent exciton-shallow impurity complexes, i.e., neutral and charged
donors and acceptors [cf. Ref. 37, page 347—Fig. 14.2(a) for Na].
In a similar temperature range, our sample displayed much sharper
and better-resolved features compared to studies by Gelaz-Rueda
et al.,”’ suggesting lower disorders in our system.
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In Fig. 7(a), we present TRPL for BA,Pbly, measured with an
excitation wavelength of 384 nm and an incident power of 85 yW.
We should note that Fig. 7(a) presents our TRPL results normalized
to the trace with the highest intensity, as a function of temperature
from 2 to 100 K, in a semi-log scale. The nature of our observa-
tion represents a dynamical response, wherein our measured time
scale does not go to zero; therefore, in the semi-log scale, the traces

1
3.0 (b)

. 4 Transition
g ‘? 2 A2_8— Region
2 201 @2.6f
HE 4 To4lt a4 A
o< 2.4
- 2 2.2

0.01 “I A
2.0k ! ! f * !

20 40 60 80 100
Temperature (K)

Time (ns)

FIG. 7. TRPL measurements for BA;Pbl, (a) for temperatures between 2 and 100
K, normalized to the trace with the highest intensity, where the dashed line gives
an example of the fit. (b) The time constant is associated with the initial relaxation
part of the TRPL (7) as a function of temperature. The orange lines are displaying
the same temperature range that we observed transitional behavior in the PL,
summarized in Fig. 5.
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do not display a purely linear behavior. To extract the initial relax-
ation time scale (7), we focused on the dynamical response below 20
ns, using a single exponential fit, and the results are summarized in
Fig. 7(b), where we observed a sharp change in 7 between 20 and
40 K, in a similar range where we observed the variation in the tem-
perature dependence of the PL intensity, as well as the variation of
the FWHM. These facts suggest that we are observing some funda-
mental changes in the emission mechanisms as well as the nature of
excitonic emissions, in a narrow temperature range (20-40 K).

IV. CONCLUSION

In conclusion, we have explored the rich excitonic behavior of
the PL in a quasi-2D organic-inorganic halide perovskite, BA;Pbly
over a broad temperature range, varying from 100 K down to 1.6 K.
Our refinement and growth methods allowed us to resolve finer fea-
tures in the luminescence spectrum compared to previous studies.
We observed significant temperature dependence in our emission
characteristics, including the PL’s peak positions, the intensity of the
individual peaks, and their widths. The observed transitions between
25 and 40 K suggest a sudden change either in the sample’s structure
or in the behavior of the excitons; likely due to a change in the LO
phonon exciton coupling or the structural changes originating from
the incomplete phase transition. We also observed significant tem-
perature dependence in the excitonic lifetime. Our observed long
lifetimes can be attributed to the formation of large polarons, in
which these polarons can screen the Coulomb interactions of the
charge carriers, thus reducing the scattering of the carriers with
charge defects.

Above 40 K, we extracted exciton binding energies ranging
from 149 to 210 meV, comparable to the 220 meV that has been
reported in this material at higher temperatures.'"** Below 25 K, we
report much lower binding energies for the excitons, on the order
of the LO phonon energies (11-15 meV)."’ This fact might indicate
that there is a phonon-assisted emission occurring in this region. We
should note that bulk MAPbI; has exciton binding energies (15-40
meV) below 25 K, so it is also possible that at low temperatures, this
material is behaving more like a bulk and less like a two-dimensional
material. "
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