PHYSICAL REVIEW MATERIALS 8, 034601 (2024)
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Organic-inorganic lead halide perovskites have emerged in recent years as semiconductor materials for various
optoelectronic and photovoltaic applications. The exciton binding energy is an important parameter because the
formation of excitons can potentially hamper charge separation in solar cells. However, it remains a challenge to
experimentally determine the exciton binding energy in hybrid bromine-based perovskites: the obtained values
have a tens meV spread. Here we present in detail the near-band edge photoluminescence study in CH;NH;PbBr;
single crystals under different photoluminescence excitation densities with a 405 nm laser diode. We show that
by using high laser excitation intensities it is possible to make a direct measurement of the exciton binding
energy, which we find to be only 12 meV at low temperatures, lower than has been previously determined. In
the low temperature orthorhombic phase, besides the free exciton emission at 2.25 eV, we observed the broad
yellow-light emission at 2.16 eV, which exhibited a red shift with the increasing temperature and a blue shift
with increasing laser excitation intensity. Based on the excitation power density and temperature dependence of
the photoluminescence spectra, we interpreted yellow-light emission as a recombination of bound excitons and
a donor-acceptor pair transition. The results obtained are essential for a better understanding of the electronic
properties of these materials and provide a guideline for their further applications with improved performance.
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I. INTRODUCTION

In the past few years great attention is paid to hybrid
(organic-inorganic) lead halide perovskites due to their photo-
voltaic performance with a rapid increase in power conversion
efficiency from 3.8% [1] to 23% [2] and properties such
as low exciton binding energy, long diffusion length of
charge carriers, and long recombination times [3-6] suitable
for potential use in optoelectronics. Among the family of
hybrid lead halide perovskites, methylammonium lead bro-
mide (CH3;NH;3;PbBr3) single crystals have demonstrated their
practical use in the fabrication of radiation detectors, pho-
todetectors and efficient single-color light emitting devices
[7]. The study of electronic excitations near the optical band
edge is crucial for hybrid perovskites since the photoexcita-
tion states near the band gap affect the processes of charge
transport and light emission in optoelectronic devices. There
are two kinds of photoexcitations near the band edge of di-
rect bandgap semiconductors: free carriers and excitons. The
exciton binding energy (Ej) determines the balance of the
populations between the two species [8]. Values of E}, reported
in the literature for CH3;NH;PbBr; (MAPbBr3;) single crystals
cover a wide range from 15 to 84 meV [9-17]. Such large
variations in exciton binding energies raise the question of
whether free carriers or excitons are generated upon pho-
toexcitation. Knowledge of the true exciton binding energy
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is also crucial for interpreting, for example, the dielectric
and optical properties of lead halide perovskites. Currently,
optical (absorption, reflection, ultrafast THz spectroscopy)
and magnetooptical techniques are considered to be the most
powerful methods to prove exciton states and determine the
exciton binding energy. However, these methods are based
on using equations that include parameters obtained in other
experiments (such as the reduced effective mass of exciton,
the dielectric constant) and some model assumptions and
fittings. In addition, the magnetooptical experiment requires
high magnetic fields. A simpler technique to estimate Ej, is
based on the temperature quenching of the photoluminescence
(PL) intensity, assuming that the rate of nonradiative recom-
bination is related only to the thermally activated exciton
dissociation. The value of the E, obtained by this method
ranges from 40 to 84 meV [14,15], indicating that the assump-
tion of a single thermally activated exciton dissociation is an
unacceptable simplification. Besides, the presence of shallow
defects and trap states in hybrid perovskites also affects the
carrier recombination dynamics, since they have their own PL
temperature dependence.

In this work, we use temperature and laser power depen-
dent photoluminescence measurements to study the electronic
excitations near the optical band edge and to determine the
exciton binding energy in CH3;NH3;PbBr; single crystals.
In the low-temperature orthorhombic phase in the range of
6—40 K we found the free exciton emission at 2.25 eV and
a broad yellow-light emission around the value of 2.16 eV,
which blue shifted with increasing of laser power density from

©2024 American Physical Society


https://orcid.org/0000-0002-3277-1403
https://orcid.org/0000-0002-0772-7072
https://orcid.org/0000-0002-8054-5339
https://orcid.org/0000-0002-9063-6269
https://orcid.org/0000-0002-6157-5874
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.8.034601&domain=pdf&date_stamp=2024-03-18
https://doi.org/10.1103/PhysRevMaterials.8.034601

1. V.ZHEVSTOVSKIKH et al.

PHYSICAL REVIEW MATERIALS 8, 034601 (2024)

0.014 mW /cm? up to 940 mW /cm?. The close position of a
yellow-light emission to the exciton line in the PL spectrum,
leading to a strong overlap of these bands, determined the
motivation to study the nature of the yellow-emission band
in this perovskite. If the external parameters (temperature or
excitation laser power) are changed, the overlap of these PL
bands may become even more pronounced and not allow a
clear interpretation of the PL data with respect to the exciton.
Therefore, a detailed study of the behavior of the yellow PL
band as a function of temperature and laser power density
was required. From the analysis of the laser power dependent
intensity and peak position of the yellow-light PL emission,
we attributed this emission to a bound exciton and donor-
acceptor pair recombination. At higher laser power intensity
(1920 mW/cm?), the resolved hydrogenlike Wannier-Mott
transitions with a small binding energy of 12 meV and a Bohr
radius of 5.22 nm are detected in the PL spectra. A direct
measurement of the exciton binding energy in bromide-based
hybrid perovskites is essential for a better understanding of
their electronic properties and for the future development of
this class of materials.

II. EXPERIMENTAL METHODS

The CH3NH3;PbBr; (MAPbBr3) single crystals were syn-
thesized by using a slow cooling temperature solution growth
method, which is a versatile method for obtaining single
crystals, because in this method, the saturated precursor so-
lution shows decreased solubility when the temperature is
decreased [18,19]. First, CH;NH;3Br was synthesized by mix-
ing 0.04 mol CH3NH; (methylamine, 40 wt% aq. solution)
and 0.04 mol HBr, (hydrobromic acid, 46wt% in water) in
a molar ratio of CH3;NH,: HBr=1:1 at 0° C for 2 h. Then
0.04 mol PbBr; was added and dissolved in a HBr, resulting
in a solution of CH3NH;3PbBr;. As an improved technique,
seed assisted growth is often used to grow large-sized single
crystals. To do this, small crystals were added to a solution
saturated at 65° C, followed by the temperature-lowering pro-
cess. The solution was gradually saturated by decreasing the
temperature at a rate of 0.15° per hour from 65° C to room
temperature, resulting in the formation of large, transparent,
orange, high quality single crystals over the following 12 days.
The grown crystals were then removed from the solution,
washed with ether, and dried. As a result, we obtained bulk
single crystals with typical dimensions of 2x3x5 mm?.

The lattice parameter, unit cell volume, and phase of
CH;NH;PbBrj single crystals at room temperature were de-
termined by high resolution x-ray diffractometer (XtaLAB
Synergy, Dualflex, HyPix, Rigaku Oxford diffraction) using
Mo K radiation of wavelength » = 0.71073 A. We have ver-
ified that at room temperature the unit cell of CH;NH3;PbBr3
has Pm-3m cubic symmetry with the lattice parameters
a=b=c=5.92770(10) A and volume V= 208.285(11) A3
(final R indexes R; = 3.88%, wR, = 10.22%), which is in
agreement with the previously reported data [20,21].

The low temperature photoluminescence (PL) spectra were
obtained by mounting the sample on a closed cycle helium
cryostat (Janis CCS-150) under a vacuum. The sample was
excited with a 405 nm CW laser diode at 300 mW power;
the laser spot size on the sample was about 2 mm?. Using
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FIG. 1. PL spectra of MAPbBrj; single crystals at different tem-
peratures (A = 405 nm). Inset: the PL spectrum at 7 =8 K,
dashed lines show a fitting with two Gaussian peaks.

several filters to reduce the laser power density, we changed
its value from 0.014 mW /cm? up to 1920 mW /cm?, and the
temperature varied from 6 K up to 140 K with 5 K increments.
The PL spectra in the wavelength range of 500-750 nm were
recorded using an MDR-23 monochromator with an InGaAs
photodiode detector.

II1. RESULTS AND DISCUSSION

The results of the temperature and laser excitation depen-
dent photoluminescence (PL) spectra of the MAPbBr; single
crystal are presented in Figs. 1 and 2. We found a narrow
PL line at 2.252 eV (marked as E) and a broad yellow-light
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FIG. 2. PL spectra of MAPbBr; single crystals as a function of
energy at T = 6 K, recorded for different laser excitation intensities.
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PL emission (L band) near the value of 2.16 eV. The peak
position of the E band is close to the band gap value of
2.258-2.292 eV of the perovskite MAPbBr; determined by
optical and magneto absorption spectroscopy [11-13,16]. It
should be noted that narrow PL emissions near the bandgap in
inorganic semiconductors are often associated with the mani-
festation of free excitons or a shallow impurity bound exciton
[22,23]. To correctly determine the origin of a narrow PL line,
its energy position can be compared with the position of the
free excitonic line in the optical absorption spectrum, as has
been done for another organic-inorganic semiconductor [24].
In Ref. [12] the optical absorption spectrum of MAPbBr; at
5 K shows a sharp excitonic line at 2.258 eV, which is close in
value to the E line at 2.252 eV. However, the small difference
(6 meV) in these peak energies does not exclude the presence
of a shallow impurity bound exciton. Our measurements of
the PL intensity of the E peak at laser power densities ranging
from 0.01 to 1000 mW /cm? showed that the peak intensity
increases almost linearly [Fig. 5(b)]. This is typical for a free
exciton, which it is difficult to saturate, but not for a bound
one [25]. Increasing the laser power above 1000 mW /cm?
may not lead to photodegradation of the CH;NH3;PbBr; sam-
ple, similar to the CH3;NH;3Pbl; perovskite [26], but in this
case the application of the theory [25] developed for smaller
changes in excitation laser power is not fully justified. Thus,
we suggest that the similar values of the exciton peak posi-
tions in the absorption and photoluminescence spectra and
the lack of tendency to deviate from the linear dependence
of the E line intensity over a wide range of laser power
are good arguments for the assignment of the E peak to the
free exciton.

Gaussian deconvolution of the temperature-dependent PL
spectra showed that the line shape of the L band can be better
approximated by two peaks (see inset in Fig. 1), which we
denoted as L; and L, lines. The maximum of the L band
gradually shifts to lower energy with increasing temperature
(Fig. 1). Another trend of the MAPbBr; PL properties is
the excitation power dependence: the yellow-light emission
maximum shifts to the blue range with increasing the laser
excitation intensity (Fig. 2). The free exciton line E shows no
noticeable shift with variations of temperature and laser power
density.

A. Free exciton PL emission (E band)

With increasing laser excitation intensity up to 1920
mW /cm? we found a broadening of the high-energy side
of the free exciton PL line (Fig. 3), which may indicate a
manifestation of the fine structure in the exciton spectrum
(marked as E| and E; peaks). The PL features E; = 2.252eV
and E; = 2.261 eV can be resolved more clearly in the deriva-
tive curve of the PL intensity versus energy (inset in Fig. 3).
The PL spectra in Fig. 3 were recorded at T=8 K, which
corresponds to the orthorhombic phase of the CH;NH;PbBr3
perovskite. In semiconductors with low crystalline symmetry,
splitting of the valence band due to “crystal-field splitting” can
be observed, resulting in two closely spaced PL lines, or the
presence of a small strain may give a similar effect. However,
the band structure of hybrid organic-inorganic perovskites
differs significantly from the band structure of widely used
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FIG. 3. PL spectra of MAPbBr3 single crystals as a function of
energy at T = 8 K, recorded for different laser excitation intensities.
Inset shows a derivative of intensity versus energy for laser power
density 1.92 W /cm?.

group IV, III-V, and II-VI semiconductors. In perovskites,
both the valence band top and the conduction band bottom
are twofold degenerate, while the valence band top is fourfold
degenerate in IT1I-V and II-VI compounds [27]. Therefore, we
assume that the 9 meV E line splitting observed at high laser
energies is related to the excited state of the exciton rather than
“crystal-field splitting.”

It is generally accepted that the excitons generated in the
bulk of organic-inorganic perovskites are Wannier-Mott exci-
tons, and they are often described in terms of the hydrogen
model [8,28]. Depending on the reduced exciton mass and
the dielectric constant, one distinguishes between Wannier-
Mott excitons, which extend over many lattice constants and
are free to move through the lattice, and Frenkel excitons,
which have a radius comparable to the interatomic distance.
The spectrum of free Wannier-Mott excitons in bulk crystals
is described by a Rydberg series with an effective Ryd-
berg constant given by the reduced effective mass and the
dielectric constant. A small dielectric constant and a large
effective mass give a localized Frenkel exciton, which is
similar to an excited atomic state. These excitons have rel-
atively large binding energies, typically greater than 0.5 eV
and they cannot be described by a simple hydrogen model
[29]. The existence of Wannier-Mott excitons is suggested by
the detection of a giant dielectric constant in the perovskites
MAPDBr; [30,31]. We believe that the E exciton in MaPbBr;
perovskite is a Wannier-Mott exciton, and we can use a
hydrogen model. The expression for the energy of the nth ex-
citon level in this model was obtained for isotropic parabolic
bands.

In such a model, the energy of the nth excitonic level is
given by E, = E, — E,, /n*, where E, is the band gap energy,
E, = Rou/moer2 can be treated as an effective Rydberg for
the excitons, Ry = 13.6eV is the Rydberg constant, u is an
exciton reduced mass, and ¢, is the relative dielectric constant
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of the crystal. If the energies E; and E; in Fig. 3 are the ground
and first excited exciton states, respectively, we obtain the
exciton binding energy E, = 12 meV, and the band gap value
E, =2.264eV. The obtained band gap energy of 2.264 eV
agrees well with the values of E; = 2.258-2.292 eV by optical
and magnetoabsorption spectroscopy [11-13,16]. Further, we
can evaluate the crystal’s dielectric constant €, and excitons’
Bohr radius r, using the relation r, = €,n*Rymy/ 1 (where
Ry is the Bohr radius of the hydrogen atom, n = 1, 2) and
the value of u = 0.117mgy determined in [13]. As a result,
we have the values ¢, = 11.52, r; = 5.22 nm, and r, = 20.87
nm, where r; is considered as the bulk Bohr radius of the
ground-state exciton.

It should be noted that for low-symmetry systems
(anisotropic semiconductors), due to anisotropy of reduced
mass or dielectric constant [32], the exciton energy is not
determined by the simple equation E, = E, — E}, /n?. The ap-
plicability of a simple hydrogen-like model for a MAPbBr;
perovskite was based on the following considerations. DFT
calculations of the band structure of the archetypical material
MAPDI; show that the conduction and valence bands are
relatively isotropic and symmetric, with nondegenerated band
edges [33]. In this paper, it is shown that the anisotropy of the
effective mass is greatly reduced when the spin-orbit coupling
is included, and the masses are similar for all functionals.
In Ref. [34] the valence band dispersion of the single crys-
tal CH;NH3PbBr; was measured using ARPES, and intense
circular dichroism was observed. The authors state that this
dispersion is the result of strong spin-orbit coupling. Further-
more, the exciton effective masses obtained in the simple band
structure approach are in good agreement with experimen-
tal data from magnetooptical studies for various perovskites
[4,13]. Therefore, we believe that the anisotropy in reduced
mass in a MAPbBr; crystal is not so significant. Dielectric
studies in MAPbBrj single crystals [35,36] have shown that
in the orthorhombic phase the real part of the dielectric per-
mittivity is practically independent of temperature and there
is weak dielectric dispersion and loss. As for the anisotropy
of the dielectric constant in this perovskite, there is little data
available.

Our value of the exciton binding energy Ej, = 12meV
turned out to be lower than previously assumed (varying be-
tween 25 and 150 meV) [8-10,12-16]. Similar to our data, the
values E;, = 15.33meV, r; =4.38 nm, r, = 17.53 nm, and
€, = 10.75 were previously obtained in bulk MAPbBr3 single
crystals by recording the reflectance, steady-state, and tran-
sient PL spectra of submicron volumes across the crystal [11].
The good agreement with the data obtained on the submicron
volumes in MAPbBr; may indicate a structural perfection of
our crystals. A noticeable difference of E, = 12meV from
values estimated by other methods may be due to the fact that
in the hydrogen model the exciton binding energy depends on
the effective mass of the carriers and the dielectric constant
of the crystal. In trihalide perovskites, typical values of the
effective mass of the carriers are 0.2m, which leads to small
variations of the exciton reduced mass within 0.09-0.13my
[4,13,37] and cannot give a large spread of E,. However,
there is a significant difference between the static and optical
dielectric constants in hybrid perovskites [30,31,35,38] which
is absent in inorganic semiconductors. An arbitrary choice of
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FIG. 4. FWHM of the L, and L, peaks in MAPbBr; single
crystals as a function of temperature (balls). Solid lines: fitted
curves defined as W (T ) = Wy+/coth(fiwy/2kpT ) with Wy = 49 meV,
hwy = 2.8 meV for the L, peak, and Wy = 83 meV, liwy = 3.7 meV
for the L, peak. Inset 1: PL intensity for the L; and L, peaks
(triangles), straight lines are fitted by the equation /(T") = I,/(1 +
Cexp(—E,/kpgT) with E, = 12.5meV for the L; peak, and E, =
11.2 meV for the L, peak. Inset 2 shows the temperature dependence
of the L, and L, peak positions (squares).

the dielectric constant values used in the calculations results in
a large scattering of Ej. In addition, the observation of a giant
dielectric constant in a MAPbBr3; perovskite [30,31] indicates
an exciton binding energy lower than a few tens of meV.
The defined by us the value of €, = 11.52 is an intermediate
value between extreme points (between the static and optical
dielectric constants). Our measurements of laser intensity-
dependent photoluminescence near the optical band edge give
a more accurate value for the exciton binding energy, since
only one parameter, the exciton reduced mass, was taken from
another experiment.

B. Wide yellow-light PL emission (L band)

The observed broad yellow-light PL. band (L band) was
decomposed into two Gaussian peaks, which we named L; =
2.166eV and L, = 2.132¢eV lines (see inset in Fig. 1). The
intensities of these peaks decreased with increasing temper-
ature from 6 K to 140 K with the activation energies of
12.5 meV and 11.2 meV for L; and L, peaks, respectively
(inset in Fig. 4). The full width of the L; or L, peak (Fig. 4)
significantly exceeded the exciton linewidth, which can be
caused by strong electron-phonon coupling and the presence
of lattice defects. The appearance of a broad PL band involv-
ing deep defects can be illustrated as follows. For a deep
acceptor, the hole wave function is localized at one of the
bonds and its asymmetric location would cause the atoms
to shift from their ideal sites. After recombination of the
bound hole with a free electron or electron at a spatially
separated donor, the atoms would move to their original sites
because all the bonds are restored and equivalent. Atomic
relaxation causes lattice vibrations, i.e., emission phonons.
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In different recombination processes, the number of emitted
phonons is different, resulting in a broad PL band [39]. The
temperature dependence of the broadening of the defect PL
bands in terms of a configuration coordinate diagram can be
written as W(T') = Wy+/coth(hiwg/2kgT ), where W is a full
width at half maximum (FWHM), and kg is the Boltzmann
constant [39,40]. If w, = w; = wy, where w, and w, are the
phonon frequencies for the excited and ground states, respec-
tively, then Wy = fiwg~/81n 28 ~ 2.355hwo/S, where S is the
Huang-Rhys factor. Thus, from the temperature-dependent
broadening of the L; and L, bands, the vibrational frequen-
cies hwy and the Huang-Rhys factor S can be determined.
The Huang-Rhys factor essentially quantifies the number of
phonons emitted during the optical transition and determines
the Franck-Condon shift dpc = Shwy. For the L; peak, the
best fit was obtained with values of Wy = 49 meV and 7wy =
2.8meV, and for the L, peak with values of Wy = 83 meV
and hwy = 3.7meV (Fig. 4). The Franck-Condon shift and
the Huang-Rhys factor for the L; band are dpc = 157 meV
and S = 56, and for the L, band are drc = 333 meV and
S = 90. The values of the phonon frequencies obtained in the
perovskite MAPbBr; turned out to be quite small (2.8 meV
and 3.7 meV) at large values of the S factor. Similar val-
ues of S = 42 with phonon energies of 7 meV have already
been reported in other wide-gap semiconductors, the inor-
ganic halide perovskites AsM,I9 (A=Cs, Rb; M=Bi, Sb) [41].
The authors interpreted these data as a manifestation of strong
electron-phonon coupling and self-trapped excitons in the
defect perovskites. Raman spectra of the organic-inorganic
perovskite CN3NH;PbBr; have revealed small values of the
phonon frequencies of 4-6 meV due to lattice vibrations
[42]. Therefore, the factor § = 56 and the phonon energy
of 2.8 meV that we have determined for the L; band in
the organic-inorganic perovskite MAPbBr; seem to be quite
reasonable.

The high values of the Huang-Rhys factor (S > 10) usu-
ally indicate strong electron-phonon coupling and a deep
defect level. Based on the configuration coordinate diagram
for deep defects, the position of the zero-phonon line should
be at Ezp;, = 2.323 eV for the L, peak, and Ezp; = 2.465eV
for the L, peak, since Ezp; = Ep; + dpc. These values
of Ezp; exceed the bandgap energy E, = 2.264eV in the
MAPDBTr3; crystal, leading to a negative value of the binding
energy of the defect (Ebd of — E, — Ezp1). Therefore, we as-
sume that the assignment of PL emission bands at energies L;
and L, to deep centers is not suitable. If we assume that the
energies L and L, are caused by band-to-shallow defect tran-
sitions, then the position of the PL peaks of such transitions
must satisfy the expression Ep;, = E; — drc — A, where A is
the transition energy of the defect counted from the conduc-
tion band minimum (or valence band maximum). In this case,
we get the negative values: A = —0.059 eV for the L; band
and A = —0.201 eV for the L, band, which is incorrect. We
have observed similar PL features (two broad PL bands with
energy below the free exciton line and phonon energy around
4 meV) in methylammonium lead iodide (MAPDI3) single
crystals at low temperatures [43]. We identified the broad PL
emissions in MAPDI; single crystals as donor-acceptor pair
recombination and self-trapped exciton recombination. It is
natural to assume that MAPbI; and MAPbBr; crystals share
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FIG. 5. (a) Laser power density dependence of the E, L, and L,
peak positions (a) and intensities (b) in MAPbBr; single crystals,
T =6K.

the same low-temperature PL features, since they differ only
in the halogen.

To further investigate the origin of the PL bands at L; =
2.166eV and L, = 2.132¢eV, we use the laser power depen-
dent PL. The dependencies of the peak position and integral
intensity of the PL bands at T = 6 K are shown in Fig. 5.
Increasing the laser power induces a different blue shift of the
spectral position of the L; and L, bands: the L, line shows
a stronger blue shift (slope is 22.86 meV /decade) compared
to the L; line (slope is 16.21 meV /decade) [Fig. 5(a)]. The
dependence of the PL intensity / of the E, L;, and L, bands
on the excitation laser power can be described as I ~ P*,
where k is a coefficient that can be determined from the
gradient of a straight line fitted to a log(/) — log(P) scale
[Fig. 5(b)]. For excitation laser light exceeding the gap en-
ergy, the coefficient k is generally 1 < k < 2 for the free-
and bound-exciton emission, and k is less than one for free-
to-bound and donor-acceptor pair (DAP) recombination [25].
Based on our experimental values of k = 0.97 for the L; peak,
k = 1.08 for the E peak, and k = 1.13 for the L, peak, we
conclude that the E and L, peaks are due to free and bound
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exciton emission, respectively, and the L; band is caused by
DAP recombination, since we previously excluded the free-to-
bound transition in the model of the configuration coordinate
diagram.

For donor-acceptor pair transition, the peak energy is given
by [44-46]

Epp = E; — (Ea + Ep) + (% /er), (1

where E4 and Ep are the acceptor and donor ground-state
energies, respectively, r is the acceptor-donor pair distance,
and € is the low frequency dielectric constant. The term
(e?/er) takes into account the Coulomb attraction between
the charged impurities in the final state. As laser excitation
increases, the peak position due to DAP recombination is
shifted to higher energy and is related to the saturation of
recombination of more distant pairs and with decreasing the
term (E4 + Ep). In [45] an analytical expression is derived for
the dependence of the peak energy of the DAP recombination
emission on the excitation intensity J:

hym — hyeo)? 2(hys — hys
Jop By —hys)” <_(VB y))’ @
hyg + hyeo — 2y, hym — hyso

where D, hyp, and hy are the fitting parameters, and hy,,
is the measured photon energy. We used the experimental
data for the L; peak presented in Fig. 5(a) to calculate the
parameters appearing in Eq. (2). Figure 6 shows a best-fit
curve with the parameters D = 1.6 - 100, hygp = 2.335¢eV,
and hy., = 2.053eV. The D parameter includes an arbitrary
proportionality factor, and this value is unimportant, more
significant are the parameters hy,, = E, — (E4 + Ep) and
Ep = hyp — hy. From the magnitudes of hy,, and hyp, we
can estimate (E4 + Ep) = E; — hy, taking E, = 2.264 ¢V,
which gives (Eq + Ep) = 0.211eV and Eg = 0.282¢V.
Now, assuming that one of the impurities produces
a shallow hydrogen energy level and the other a much
deeper one, we have Ep= e?/eRg, where Rp is the
parameter that determines the overlap of the wave function
of the donor and acceptor neutral states [45,46]. With

Ep =0.282eV and € =11.52 we obtain the value of
Rg =4.43 A. A simple hydrogen model for the shallow
acceptor (or donor) level gives E4 = (13.6/62)(m* /mg) and
Rp/Ry = e(mo/m*), where m*/my is the relative effective
mass at the acceptor and Ry = 0.53 A is the Bohr radius for
hydrogen. These equations give E4 = (13.6/€)(Ry/Rp),
and inserting € =11.52 and Rz =443 A (present
work) we have E, = 141 meV, since we have found that
(Eq4 + Ep) = 0.211eV then Ep = 70meV. Using Eq. (2) and
(€*/er) = Epp1 — Eg + (Ea + Ep) = 0.113 €V, we obtain the
acceptor-donor pair distance of r = 11 A. A similar value of
10 A for the average distance between donor and acceptor has
been determined in perovskite single crystals FAg MAq ¢Pbls
for the two vacancies (I-MA vacancy pair) forming a Schottky
defect (anion and cation vacancies occurring together) within
aunit cell [47]. Density functional theory calculations showed
that the dominant defects with low formation energy in
CH;NH3PbBrj; perovskites create only shallow levels, and the
Fermi levels are always pinned by the intrinsic point defects
such as Vg, (donor) and Vp, (acceptor) [48]. The distance
between such a donor and acceptor forming a Schottky defect
can be about 11 A in MAPbBr; perovskites, since in the
low-temperature orthorhombic phase the lattice parameters
are equal: a=7.9335 A, b=11.8301 A, and c=8.5747 A [21].
In MAPbDI; single crystals, we have attributed the broad PL
line at 1.52 eV to DAP recombination with ionization energies
of E4 = 120 meV (lead vacancy Vsz’ )and Ep = 12meV (MA
interstitial MA;") [43]. The value of E4 = 120meV for the
lead vacancy in MAPbI; agrees well with the present result
of E4 = 141 meV in MAPbBr;. We suggest that in MAPbBr3
perovskites the DAP transition (L; band) is caused by the
native defects—lead and bromine vacancies. Note that in
organic-inorganic lead halide perovskites, halide vacancies
are among the most common point defects [49,50].

The PL emission at 2.132 eV (L, peak) was observed
in the low-temperature orthorhombic phase up to 130 K.
Laser power dependence of the intensity for the L, peak is
well approximated by the expression I ~ P* with k = 1.13
[Fig. 5(b)], therefore, we believe that the L, peak is due
to excitons bound to defects or impurities. Large values of
Franck-Condon shift (dpc = 333 meV) and Huang-Rhys fac-
tor (S = 90) for the L, band indicate a strong electron-phonon
coupling, which often leads to the formation of self-trapped
excitons (STE). A significant blue shift of the L, line with
increasing laser power [Fig. 5(a)] may be related to the lo-
calization of excitons in traps with several energy levels. As
the laser intensity is increased, the higher energy levels of the
trap are filled, and the emission line shifts to higher energies.
Another feature of the L, emission is significant temperature-
induced redshift (63 meV in the temperature range 6—60 K,
see inset in Fig. 4). It is probably related to the thermal
activation of self-trapped excitons and subsequent trapping to
lower energy states. The thermal quenching of the L, band
was fitted with an activation energy 11.2 meV (inset in Fig. 4),
and this value corresponds to the self-trapped depth Egrp,
which is defined as the energy difference between the bottom
of the free exciton band and the STE state. The magnitude
of 11.2 meV is equal to 130 K, which is why the L, band
is observed up to 130 K, with further temperature increase
as the STE state disappears. In MAPbI; single crystals, we
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found that interstitial iodine Il.l’ is likely to be an active trap
source with a self-trapped depth Esrg of 15 meV [43]. In
bromide perovskites, the interstitial bromine with the charge
state +1 (Br,.”) is stable and close to the valence band maxi-
mum [51,52]. Since in MAPbBr3 crystals E, = 2.264 eV and
L, peak energy 2.132 eV is close to band edge, then STE
recombination can be caused by interstitial defect Br[.H'.

IV. CONCLUSION

In summary, we have performed in detail near-band-edge
study of the temperature and laser power dependent pho-
toluminescence in the orthorhombic phase of single crystal
MAPbBBr;. We found a sharp PL peak at 2.25 eV and a
broad yellow-light emission band centered at about 2.16 eV,
which shifted to the blue range with increasing of laser power
density. We attributed the peak at 2.25 eV to free exciton
recombination, and the broad emission band at 2.16 eV to
donor-acceptor pair recombination and self-trapped exciton
recombination. The FWHMs of the DAP and STE bands
significantly exceeded the exciton linewidth, indicating strong
electron-phonon coupling and the presence of lattice defects.
Based on the configuration coordinate diagram, we deter-
mined the Franck-Condon shift and the Huang-Rhys factor
as drc = 157 meV and S = 56 for the DAP band, and drc =
333meV and S = 90 for the STE band. From the approxi-
mation of the experimental dependence of the peak energy of
the DAP recombination on the laser excitation intensity, we

obtained the values of the donor and acceptor ionization en-
ergies (E4 + Ep) = 0.211 meV, and the acceptor-donor pair
distance r = 11 A. We assume that in MAPbBr; perovskites
the DAP transition is caused by the native defects—lead
and bromine vacancies forming a Schottky defect, STE
recombination—by an interstitial defect Bri“’. The small self-
trapped depth Esygp of 11.2 meV, estimated from thermal
quenching of the STE band, explains why the STE transition is
observed only in the low-temperature orthorhombic phase. At
high laser power intensity (up to 1920 mW /cm?), we detected
the resolved hydrogen-like Wannier-Mott transitions in the
PL spectra with a small exciton binding energy of 12 meV.
Applying the hydrogenlike model, we estimated the bulk Bohr
radius of the ground-state exciton to be 5.22 nm and the
dielectric constant to be 11.52. The lower value of exciton
binding energy obtained in MAPbBr3; perovskites compared
to other data emphasizes their beneficial properties for pho-
tovoltaics due to the more efficient charge separation, and the
identification of yellow-light photoluminescence emission can
be useful in the design of optoelectronic devices.
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