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ABSTRACT

The role of structural and dynamical disorder in semiconductors is a topic of fundamental relevance because of its contribution to the spec-
tral line shape of the photoluminescence, and it plays a major role in ruling the carrier transport properties at the band edge. In this regard,
a class of semiconductors, i.e., halide perovskites, deeply investigated in the last decade, shows a peculiar degree of disorder, which has only
been recently under investigation. The interest to study disorder in halide perovskites is related to the large set of innovative applications of
this class of materials, spanning from energy harvesting to high brilliance incoherent and coherent light emitters. In this perspective, we
show that quantitative information on the disorder in halide perovskites can be extracted by deep analysis of the photoluminescence in dif-
ferent experimental conditions. Our study, conducted on a large set of samples of a metal halide perovskite, CsPbBr3, prepared with various
synthesis/deposition methods, clarifies the relative weight of the static and dynamic contributions. A comparison with theoretical predictions
is provided, gaining insights into the exciton/carrier-phonon interaction in metal halide perovskites.

© 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/10.1063/5.0076712

|. INTRODUCTION hybrid organic-inorganic perovskites, being the main problem the

Since the seminal work of Protesescu et al,' the inorganic
cesium lead halide perovskites (CsPbX;, X = Cl, Br, I) and their
alloys have been considered emerging materials for optoelectronic
and photovoltaic applications.” Their large color gamut ranging
from deep blue to deep red is extremely appealing for many appli-
cations; indeed, CsPbl; has a red emission (1.7 €V), CsPbBr; has a
green emission (2.3 eV), CsPbCl; has a blue emission (3 eV), and
by varying the halogen composition, the entire UV-visible spectral
range can be covered. Moreover, inorganic halide perovskites offer
a superior stability under operation with respect to the analogous

material decomposition in the presence of moisture and after long
exposition to light. Even though inorganic perovskites show a
much better stability and reduced aging with respect to the hybrid
ones, further improvements are required to guarantee the aging
time comparable to the most common semiconductors. Despite
these perovskites are considered “defect tolerant,”” ™ their defects
are related not only to the presence of elements different from the
constituent ones but also to structural disorders like vacancies,
deviation from stoichiometry, domains formation, and lattice dis-
tortion, possibly combined with local strain. In fact, in perovskites,
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especially in the inorganic ones, an additional distinction is needed
between static structural disorder (i.e., vacancies, deviation from
stoichiometry) and dynamic disorder arising from the lattice vibra-
tions; it is worth noting that even though domains and lattice dis-
tortions are not completely static, they are not considered to
provide a dynamic contribution to disorder. The dynamic disorder,
intimately related to the structural instability of these
perovskites’ ™" around room temperature, has been the object of
several investigations, both experimental''™"” and theoretical,"*"'°
and, even if several aspects are still debated (i.e., the presence of a
dynamical Rashba effect'’™""), it certainly affects the carrier
dynamics and the overall properties, as recently reported in two-
dimensional lead halide perovskites.”’ As far as the carrier dynam-
ics and the radiative efficiency are concerned, the disorder, inde-
pendently from its nature, manifests itself mainly in two striking
ways: a reduction of the carrier lifetime and mobility, with the con-
sequent emission quenching, and a spectral broadening of the pho-
toluminescence (PL) spectrum. While deep traps and
recombination centers, arising from static disorder, affect only the
lifetimes, the shallow states related to static and/or dynamic disor-
der influence both the carrier dynamics and the spectral shape.
With the exception of a few single nanocrystals of outstanding
quality that exhibit very long carrier lifetimes and mobility”' and/
or very narrow PL linewidths,”>** at low temperatures, most of the
samples show lifetimes of the order of a few hundreds of ps and PL
linewidths of few meVs.”* Typically, the PL due to the exciton radi-
ative recombination consists of the main peak and two tails, at
higher and lower energy with respect to it. The low energy contri-
bution is commonly reported as the Urbach tail (UT); its slope as
well as the width of the main PL peak depends on the degree and
nature of the disorder. Most of the studies of the Urbach tail in
halide perovskites mainly addressed the close relation between UT
and the overall performance of the material for photovoltaic appli-
cations.”° In this perspective, we aim to provide a more general
picture of the characteristics of the Urbach tail in inorganic halide
perovskites and its relationship with the nature of the disorder. In
particular, we analyze several samples of CsPbBr; grown with dif-
ferent techniques, namely bulk crystals, spin-coated (SC) thin films,
and layers of nanometric thickness grown by radio-frequency (RF)
magnetron sputtering (MS). By means of time-integrated (TT) and
ps time-resolved (TR) PL measurements, as a function of the tem-
perature and the excitation power, we elucidate the role of both
dynamic and static disorders in the exciton/carrier recombination
dynamics and in the spectral characteristics of CsPbBrj3, as well we
highlight the role of strain in determining the bandgap energy.

Il. EXPERIMENTAL

A large set of CsPbBr; samples were prepared and investi-
gated: a macro-crystal (hereafter indicated as bulk) sample, with a
mm size along each axis, was grown by the antisolvent vapor-
assisted crystallization (AVC),”” and methanol was used as antisol-
vent. As reported in Ref. 28, the macro-crystal shows the presence
of a few differently oriented crystalline domains detected in the
XRD pattern. Given the size of the excitation spot (~1072 mm?),
which is smaller than the domain size, we can consider the
response of the sample as that of a single crystal. Microcrystal
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ensembles were realized by spin-coating, on a soda lime glass
(SLG) or silicon (Si) substrate, a CsPbBrs solution prepared by dis-
solving equal molar quantity of the precursors (CsBr and PbBr;) in
dimethyl sulfoxide.” The solution was stirred overnight to obtain a
clear liquid. After the spinning, the samples were dried and
annealed at 120°C for 10 min. Thin films of CsPbBr; were also
realized by radio-frequency magnetron sputtering with the proce-
dure described in Ref. 30; several samples were investigated with
thickness in the range 50-500 nm deposited on different substrates:
here, we will present results on SLG and Si.

A full morphological and structural characterization of the dif-
ferent samples was done using several techniques [scanning elec-
tron microscopy (SEM), x-ray photoelectron spectroscopy (XPS),
x-ray diffraction, and SNOM topography] and it can be found in
Refs. 28, 30, and 31: it is only worth mentioning that the typical
size of crystals in spin-coated and magnetosputtered samples
ranges between few tens of nm to 1 um, being the main difference
between the two kinds of samples the homogeneity and compact-
ness of the film. Moreover, all investigated samples do not show
evident material decomposition/aging over months, keeping them
in controlled dry ambient.

Photoluminescence experiments were realized with excitation/
detection at macro-scale (macro-photoluminescence hereafter indi-
cated as MPL) and micro-scale (microphotoluminescence hereafter
indicated as uPL). Typically, in the MPL configuration, the excita-
tion spot was 10™* cm? while it was 1-2 um? in the uPL setup. All
MPL experiments were performed in a quasi-backscattering geome-
try, keeping the samples in a closed cycle cryostat and varying the
temperature in the range 10-300 K. Microphotoluminescence
experiments were realized by using a home-made confocal micro-
scope equipped with a Mitutoyo 100x objective (378-806-3,
NA = 0.7) or a Mitutoyo 50x objective (378-818-4, NA = 0.42),
providing a spatial resolution of about 500 nm or 1um depending
on the objective. Samples were kept in a low-vibration Janis ST-500
cryostat, which was mounted on a Physik Instrumente x-y transla-
tion stage for scanning the sample surface. The spectral resolution
was <ImeV in both MPL and uPL experiments. A frequency-
doubled mode-locked ps Ti-Sapphire laser, operating at 81.3 MHz
repetition rate with 1.2 ps long pulses, was used for TR-PL experi-
ments; in this case, the maximum excitation intensity was about
10 W/cm?, corresponding to an estimated excitation density of
about 2 x 10'® cm™2 carriers per pulse. TR-PL measurements were
carried out only in the macro-scale configuration using a synchro-
scan streak camera (time resolution 5 ps) after spectral dispersion
of the detected signal through a 25 cm monochromator, equipped
with a 300 gr/mm (blaze 500 nm, spectral resolution 2 meV). It is
worth mentioning that no change in the spectral features, in partic-
ular, on the Urbach tail, the focus of this work as discussed in
Secs. III A and III B, was found afters tens of temperature cycles
between 300 and 10 K.

lll. RESULTS
A.CW PL

In Fig. 1, we report, in a log scale, the PL spectra of a CsPbBr3;
spin-coated film on SLG as a function of the temperature T under
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FIG. 1. PL spectra as a function of T for a CsPbBr; spin-coated film on a soda-
lime glass substrate.

CW excitation at 405 nm (3.062 V), well over the bandgap energy,
with an excitation density of <10 W/cm®.

As expected, the PL spectra, dominated by the exciton emis-
sion, exhibit a central peak and exponential tails. At low tempera-
ture, the PL peak has a central Gaussian shape with a shoulder on
the low energy side, more or less pronounced depending on the
sample, due to localized or bound exciton emission. Such Gaussian
shape denotes the presence of disorder and the PL broadens with
an increase in the temperature. The other two relevant features
concern the presence of two nearly exponential tails, one in the
high energy side and the other in the low energy side of the PL
spectrum. The tail on the high energy side, whose slope changes
with T, is often observed in the PL: it comes from the thermal dis-
tribution of the excitons and free carriers population. The contribu-
tion of the excitons in the high energy tail should be absent in a
perfect semiconductor, and it originates from processes (i.e., disor-
der, impurity scattering, localization) that, breaking the wavevector
K selection rule, allows radiative recombination of excitons with
K # 0. The shape of the excitonic tail depends on several factors:
the exciton density of states (DOS),”” the K-vector indeterminacy,
due to disorder, and the temperature that determines the popula-
tion of the high energy states. In a non-degenerate condition, as in
our experimental condition (low excitation density), the exciton
population has a Boltzmann distribution giving rise to the slope of
the high energy exponential tail that can be used to evaluate the
temperature of the excitons. Assuming a complete relaxation of the
K selection rule, in 2D systems, with a step-like density of states
(DOS), this slope directly provides the temperature of the exciton
gas. In 3D systems, with a DOS having a square root dependence
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FIG. 2. Low temperature PL spectrum of different CsPbBry samples: bulk
sample (red curve), spin-coated thin film (blue curve), and 500 nm thick film
obtained by RF-MS on silicon (green curve). The dashed lines are fits of the
high energy tail and the effective temperatures are reported.

on the energy, the slope gives an effective temperature T, no more
than 10% higher than real excitonic temperature. In Fig. 2, we
compare the PL spectra, normalized at the peak intensity, at low T
for differently prepared samples. The PL of the bulk sample is
dominated by the bound exciton emission at around 2.298 eV,
while the free exciton emission is at 2.323 eV.”” The bound exciton
emission disappears with an increase in T. The sputtered and the
spin coated films have a similar PL peak at 2.309 eV. All of them
exhibit similar spectra with a high energy exponential tail, which
corresponds to an exciton temperature Ty higher than the lattice
temperature T;.

The higher exciton temperature with respect to the lattice is
commonly and already found”*>**** at low T and gradually the two
temperatures get equal at higher T. The mismatch between the
lattice (T1) and exciton (Ty) temperature indicates the incomplete
thermalization between the exciton gas and the phonon reservoir
in the time scale of the exciton lifetime.’® The low energy tail of PL
in Fig. 2 is nearly bi-exponential at low T and rising T gradually
becomes mono-exponential; this rather relevant tail in PL is related
to the Urbach Tail (UT), so correlated to disorder, and it is the
focus of our work.

First information on the nature of disorder can be obtained by
the behavior of the PL spectra with varying excitation densities.

In Fig. 3, we show the change in the spectra of a spin coated
sample at a lattice temperature of 10 K varying the incident power
over four orders of magnitude (30 nW-1mW). At the lowest
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FIG. 3. Low temperature PL spectra of a spin-coated CsPbBr; sample on a Si
substrate as a function of the excitation power. The step in the power follows the
sequence 1-3-10.

power, the PL is dominated by defects and the excitonic contribu-
tion is rather scarce. Increasing the excitation density, the emission
arising from defects saturates and the excitonic contribution to PL
becomes progressively dominant; at the same time, the low energy

—Macro PL
——MPL-P1
—uPL-P2
—uPL-P3

PL Intensity (arbitrary units)

22 2.24 2.28

Energy (eV)
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tail experiences an analogous growth and acquires an exponential
constant slope, thus evidencing a close correlation with the exciton
emission.

Provided that all the samples exhibit a certain degree of disor-
der, it is important to determine the extent of their spatial inhomo-
geneity, determined by the static component of the disorder. With
this respect, uPL at low T can provide a distinction between disor-
der acting on a macroscale, i.e., over lengths exceeding a microme-
ter, or on a submicrometer scale. In Fig. 4, a comparison at 10K is
shown between the PL of the bulk sample (a) and a spin-coated
film on SLG (b) detected with the macro-PL setup compared with
a set of measurements in different points of the samples detected
by the confocal uPL setup.

For the bulk sample, it comes out that the bound exciton
emission at around 2.3 eV and the free exciton emission at 2.32 eV
show a very similar broadening irrespective of the spatial scale of
the detection setup, indicating that this broadening originates from
a disorder on a submicrometer length scale. Moreover, the static
disorder is responsible for the different weight in PL of the free
exciton line with respect to the bound exciton emission in different
sample regions as shown in Fig. 4(a). Most likely, this emission
arises from excitons bound to vacancies™” and, as expected, it
disappears with an increase in the lattice temperature. Therefore,
the observed changes in its intensity are not surprising as we
change the detection spot. In the case of the spin-coated sample
[Fig. 4(b)], slight differences are found concerning the exciton
energy with no major change in the PL line shape, evidence again
of a disorder on a spatial scale less than one um. The graph in log
scale helps in showing the very same characteristics of the low
energy tail, irrespective of the detection (macro-PL/uPL).

In the presence of a relevant contribution of static disorder,
we expect to detect changes in the low energy tail, depending on
the excited spot in the sample. On the contrary, as shown in Fig. 4,

——Macro PL
— uPL-P1
— uPL-P2
—uPL-P3

2.2 2.24 2.28 2.32
Energy (eV)

PL Intensity (arbitrary units)

FIG. 4. Comparison between 1PL (1 um spot) and macro-PL spectra (100 um spot) at a lattice temperature of 10 K for the bulk sample (a) and for a spin-coated sample

on SLG (b). P1, P2, and P3 are different points of the samples.
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FIG. 5. (a) Time resolved PL spectra at T, = 10K of a 70 nm thick film deposited on SLG by means of RF-MS. (b) PL decays at two energies in the Urbach tail and at

the exciton energy. (c) Absorption extracted from (a) as discussed in the text.

the absence of major modifications of the low energy exponential
component of the PL is a result supporting the negligible contribu-
tion of the static disorder in the Urbach tail.

B.TR PL

More information on the kind of disorder, static and dynamic,
at the origin of the Urbach tail can be obtained by time resolved
(TR) PL. In fact, in CW PL measurements, static and dynamic dis-
order give rise to very similar features. Instead, TR PL spectra,
giving direct access to the population dynamics of the states con-
tributing to the radiative emission, can elucidate the different
nature of disorder. In particular, on a picosecond time scale, an
exponential tail due to dynamic disorder, closely related to the
exciton-phonon interaction, is expected to follow the exciton
dynamics without relevant changes in the spectral shape. On the
contrary, the carrier thermalization inside an exponential tail of
real states, originating from static disorder, typically occurs on the
scale of several tens of ps giving rise to different time evolutions
inside the PL band. In fact, the exciton and carrier localization typi-
cally produces a characteristic spectral diffusion’””® and a marked
variation of the dynamics inside the PL band, as also observed in
the PL rise time/decay time at different energies inside the PL
spectrum.”®

In Fig. 5(a), normalized TR PL spectra are shown for a 70 nm
thick sample prepared by RF magnetron sputtering on SLG. In the
high energy side, an exponential tail clearly appears with a slope
decreasing with time delay as a consequence of the exciton gas
cooling whose temperature gradually approaches that of the lattice,
as extensively discussed in Ref. 28. The complete thermalization of
the excitons shows up with a constant slope of the high energy PL
exponential tail. Concerning the time evolution of the low energy
side of the PL, we underline the absence of an internal dynamics
and a decrease of the exponential slope during the excitons cooling
until their temperature gets stabilized. Therefore, the same dynam-
ics, as shown in Fig. 5(b) for different energies, i.e., the exciton and
two energies in the low energy side, characterizes the Urbach tail

and the exciton emission, and this is the signature of the intrinsic
nature of the Urbach tail, arising from a dynamic disorder.

IV. DISCUSSION

As previously shown, the investigated samples show spatial
inhomogeneity which, in the case of the bulk sample shown in
Fig. 4, mainly affects the relative contribution of the free exciton
and bound exciton emission and does not produce any relevant
change in the free exciton linewidth and in the low energy tail. In
the spin coated and sputtered samples, the PL detected at a macro-
scale with respect to that at a micro-scale shows only a few meVs
(nearly 2 meV) increase in the line broadening with no change in
the shape. Then, in all the samples, at low temperature we observe
a limited randomness of the free exciton energy on a macro-scale,
the main broadening occurring on sub-micrometer scale as a result
of a static disorder.

Moreover, we have shown that in both CW and TR experi-
ments the excitons and carriers population get thermalized in a
few ps. The presence of a thermalized distribution at a temperature
Tef, higher than the lattice one at low T and gradually approaching
this latter rising T, allows to extract the absorption a(E) from PL
spectra given the relation’”*’

In(E) = Ba(E)e ™7, 1)

where o(E) is the absorption coefficient and T,y is the effective
temperature of the excitons/carriers population as extracted
from the high energy tail of the PL spectrum. Given the low
excitation density used in our experiment <10'® cm~3, we are in
a non-degenerate case and we can therefore assume a Boltzmann
distribution. We want to remark that in several cases the direct
measurement of the absorption coefficient and, in particular, its
spectral dispersion is a difficult task, for nanometric thin films
or for thick samples, and when the substrate is an absorbing
material unless to resort to techniques as etching. Therefore, the
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FIG. 6. (a) Absorption in log scale as extracted from PL spectra of Fig. 2 and (b) PL spectra of Fig. 2 in linear scale (dashed lines) and absorption (continuous lines) in

linear scale.

use of the PL spectrum is a very efficient way to retrieve a(E),
having a high sensitivity so to cover an extended dynamic range
as shown below.

According to Eq. (1) a(E) extracted from the spectra of Fig. 2
is shown in Fig. 6. Using a log scale representation [Fig. 6(a)], we
can appreciate the extended UT over ten orders of magnitude,
while in linear scale [Fig. 6(b)] the free exciton resonance is visible
and the Stokes Shift (SS) of the PL (dashed lines) with respect to
the absorption can be observed.

As previously discussed, the hypothesis of thermal equilibrium
has to be verified for TR experiments. If we exclude the first few
picoseconds needed to the exciton gas to reach a quasi-equilibrium
thermal distribution, characterized by a temperature T , typically
higher than T;,”® we can extract the absorption considering a fully
thermalized regime. In Fig. 5(c), we show the absorption as
extracted from the spectra of Fig. 5(a) at different time delays: in
the considered time interval, the effective excitonic temperature
changes from 81K (delay +14 ps) to 51 K (delay >300 ps). Quite
remarkable is the presence of the exponential tail covering more
than ten orders of magnitude and whose slope follows the decrease
of T, denoting the strong correlation between such slope and the
exciton dynamics. This is a clear evidence of the intrinsic nature of
the Urbach tail, related to the dynamic disorder due to the
exciton-phonon interaction, being negligible the contribution of
the static disorder.

In Fig. 7, the absorption of the spin coated sample on soda
lime glass is determined at different temperatures as extracted from
PL spectra of Fig. 1.

From the exponential tail covering several orders of magni-
tude, we extract the value of the Urbach energy Ey. In addition,
provided that in disordered systems the PL peak energy, due to the
Stokes shift, does not give directly the exciton energy Ej, we have
estimated this latter in an approximated way. Without recurring
to a rather complicated PL fit, we have evaluated, for each

temperature, E,* as the energy of the intercept, on a log scale, of
the line determined by the almost horizontal DOS and the line
determined by the exponential tail, as shown in Fig. 7(b). Provided
that the shift of E,* with respect to the exciton energy E; is inde-
pendent of T, i.e,, from Ey, there is no loss in generality assuming
E, =Ep* as long as we are interested to its variation with T. In
Fig. 8, the Urbach energy Ey and E,, are reported as a function of
the lattice temperature for the whole set of investigated samples.

While the Urbach energy Ey increases monotonously with Ty,
and almost linearly at high T, the dependence of E; on Tj, changes
around 100-150K, showing a marked flattening as commonly
reported in the literature. This latter behavior, which turns out to be
sample dependent, highlights that other processes, in addition to
the intrinsic ones due to the exciton-phonon interaction, play a role
in determining the temperature dependence of the bandgap energy.

Similar results are found for all the investigated samples; in
Fig. 9, the relationship between the value of the energy E;, and the
Urbach energy Ey is reported for each temperature.

All samples show similar behavior in the temperature range
10-270 K; in particular, apart from the bulk, the same dependence
of E, on Ey, almost linear, is found at low T, below T); &~ 110 K.
Instead, above T, the relation between E, and Ey deviates from
linearity in a sample-dependent way. Quite remarkable is also the
fact that similar values of the Urbach energy, as the ones here
found, are reported in the literature for halide perovskites nano-
crystals and quantum dots,”>*"** suggesting that the origin of the
tail in this class of materials does not involve relevant contribution
from the crystal surfaces.

To understand the experimental findings, we have to consider
that the exciton/carrier-phonon interaction is responsible for
the bandgap shift with T, as a consequence of the T-dependent
phonon occupation number 7, and it also accounts for the increase
in the Urbach tail slope due to its growing fluctuation with T.
Having both processes the same dependence on #, Cody and other
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FIG. 7. Absorption as a function of T: (a) low T range and (b) high T range.

researchers’”"* stated an almost linear dependence of E, on Ey if

the same phonons are involved, which in our case explains the
results of Fig. 9 below Ty. For temperature T > Ty, we find a
behavior that cannot be reproduced by a competition between
phonon modes as already invoked in Ref. 45, and it is rather
sample dependent. It has to be noted that the lattice thermal
expansion accounts only in part to the bandgap energy shift. In
fact, on the basis of the few experimental data at room tempera-
ture concerning the volumetric expansion coefficient o , the bulk
modulus B,"® and the pressure coefficient of the bandgap,”” we

can estimate a value of d’iﬁ’ = 5.84 x 1072 meV/K at room T. Even

20 T T T T o T
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3
E 10t i
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L
51 ]
. (@)
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considering the variation of o with T, in the framework of the
Einstein-Debye model with a phonon energy of 12 meV, the esti-
mated change in the bandgap energy is around 14 meV in the
range 10-300 K (with a negligible dependence on the phonon
energy) not accounting for the results of Fig. 8(b). Moreover,
above 50 K, the energy shift of the bandgap due to the lattice
expansion results linear, again very different from the data of
Fig. 8(b). Therefore, the experimental findings of Figs. 8(b) and 9
can be ascribed to an extrinsic mechanism like a release of the
strain in the bulk of the crystal or at the interface between the
film and the substrate.
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FIG. 8. (a) Ey vs T, for the whole set of investigated samples. The solid lines are fits as discussed in the text. (b) Ep vs T, for the whole set of investigated samples.
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range below/above 110 K.

The experimental data of Fig. 8(a) can be reproduced accord-
ing to the expression reported by Cody et al.,*’

_ hwpn [(14X) 1
B exp(hw py /kpT) — 1 ’

Ey (2)

O 2

where Fiwpy, is the average phonon energy, oo is the steepness
parameter, and X is the static disorder contribution normalized to
zero-point fluctuations. The solid lines in Fig. 8(a) are two different
fits with the same X value of 0.01, and two different values of the
average phonon energy, and steepness parameter; the black (red)
line corresponds to fiw,, =9 (13) meV, in agreement with the
phonon energies in CsPbBr;*>*’ and oy = 1.3(1.8) x 1073,
respectively. The other experimental data can be fitted with values
of Aiw,, and o) intermediates between them and the same value
for X.

The experimental results previously shown bring clear evi-
dence that in CsPbBr; the Urbach tail has an intrinsic origin,
related to the exciton-phonon interaction, and that the contribu-
tion of the static disorder is quite small. Being the values of the
Urbach energy reported in the literature*® for other types of
halide perovskites comparable to the ones here discussed, we
believe that the intrinsic nature of the Urbach tail is a common
characteristic of this class of materials. Different models have been
proposed for the dependence of Eyy on temperature in semiconduc-
tors. An exciton self-trapping has been considered in the presence
of a strong exciton-phonon interaction as in Ref. 50. The fluctua-
tions of the band edge due to thermal phonons have been

PERSPECTIVE scitation.org/journalljap

addressed as the origin of the Urbach tail in Ref. 44. Finally, the
electric field at the micro-scale due to phonon thermal excitation
has been discussed in Ref. 51. In all these theoretical frameworks,
the dependence of Ey on T is the same as in Ref. 43 and Eq. (2)
making the identification of a specific mechanism very hard.

In conclusion, the experimental data collected in a variety of
samples differing for growth condition and morphology evidence a
common trend as far as the temperature dependence of the
bandgap and the disorder are concerned. All the samples exhibit a
more or less relevant effect due to the strain when moving toward
room temperature that unavoidably will give rise to an increase in
the spatial inhomogeneity. Nevertheless, the effects on the Urbach
exponential tail seem to be negligible as this one turns out to be
determined by the intrinsic mechanism rather than the static disor-
der that, at low T, gives rise, below Ej, to an exponential density of
states with a steep slope around 0.2 meV.

Given the impressive advances in optoelectronics based on
halide perovskites in the last decade, it is of interest to comment if
the UT can represent a limitation to the performance of a device.
In fact, if the UT comes from intragap states that eventually affect
the transport mechanism and the carrier recombination, the
impact on a device efficiency is undoubt. Instead, on the basis of
the results here discussed and literature data, we can conclude that
in halide perovskites the presence of the Urbach tail will not repre-
sent a limit to the performance of a solar cell or a light emitting
device, which are presently the most interesting devices under
study. In fact, investigations on the correlation between the UT and
the photovoltaic conversion efficiency”>”” and recent results’>*
bring to the conclusion that, on one side the intrinsic origin of UT
can explain the large values of the open circuit voltage in solar
cells, and, on the other side, the limitation in power conversion effi-
ciency comes from the high content of defects at the interfaces
between the active layer and the charge transport layer (CTL), so
requiring a proper engineering of such interfaces.”””* Again, in
halide-perovskites LEDs, the overall performance has been
improved by material engineering’’ (controlling the grain size,
optimizing the injection of carriers, etc.); presently, the major
problem seems to rely on the light extraction efficiency due to the
large refractive index mismatch so that photonic structures have
been recently used to improve the external efficiency.”

V. CONCLUSIONS

We have presented a study on the nature of the Urbach tail in
an inorganic halide perovskite, CsPbBr;, but, provided that also
hybrid halide perovskites show a similar behavior as reported in
the literature, we are confident that our analysis can be extended to
the whole class of these semiconductors. The experimental findings
on a large set of samples, prepared with different synthesis/deposi-
tion methods, indicate a very similar behavior independent of the
sample morphology (bulk, thin nanocrystalline films), thickness,
substrate, and growth/deposition technique. Our results indicate
that the Urbach tail has an origin ascribable to the dynamic disor-
der, induced by the lattice vibrations, which in a limited tempera-
ture range is linearly correlated to the bandgap variation and the
exciton energy E;,. While the dependence of Ey on T nicely follows
the phonon population, the discrepancy observed for Ej, from the
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expected intrinsic contribution, being strongly sample-dependent,
has to be ascribed to an extrinsic phenomenology possibly related
to strain release between grains in macro-crystal samples and
between substrate and film in spin-coated and sputtered samples.
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