Materials Today Energy 7 (2018) 199—207

Contents lists available at ScienceDirect . .
materialstoday
ENERGY

Materials Today Energy

journal homepage: www.journals.elsevier.com/materials-today-energy/ oy

Exciton and lattice dynamics in low-temperature processable CsPbBr3 @CmssMark

thin-films

Christoph Wolf ¢, Tae-Woo Lee ™~

@ Department of Materials Science and Engineering, Pohang University of Science and Technology (POSTECH), Pohang, Gyungbuk 37673, Republic of Korea
b Department of Materials Science and Engineering, Research Institute of Advanced Materials, Seoul National University, 1 Gwanak-ro, Gwanak-gu, Seoul

08826, Republic of Korea

ARTICLE INFO

ABSTRACT

Article history:

Received 21 June 2017
Received in revised form

14 August 2017

Accepted 10 September 2017
Available online 8 October 2017

Keywords:

Electron—phonon coupling
Lead-halide perovskite

Exciton binding energy
Temperature-dependent spectroscopy

Lead-halide based perovskite semiconductors have recently attracted significant attention owing to their
rapidly increasing efficiency in solar cells and light-emitting devices. Organic—inorganic lead halide
perovskites have gained popularity due to their low-temperature solution processability, low electronic
defect density and low structural and thermal disorder. Nonetheless, their single crystals suffer from
lower carrier mobility (~10—100 cm? V' s~!) than those in inorganic semiconductors and slow radiative
recombination rates, with average lifetimes exceeding one ps. Recently, CsPbBrs3, an all-inorganic lead-
bromide perovskite also attracted great attention due to its high thermal stability and fast radiative
recombination. Therefore, it is required to explore the exciton and lattice dynamics of solution processed
CsPbBr3 thin films. Here, we show that CsPbBrs exhibits an electron—phonon coupling strength
(~70 meV) comparable with its organic—inorganic hybrid perovskite counterpart CH3;NH3PbBrs;
(~60 meV). The main source of electron—phonon coupling was identified to be the longitudinal-optical
phonon mode of the Pb—Br lattice vibration at ~20 meV. Carrier recombination studies by temperature-
dependent steady-state and time-resolved photoluminescence revealed that recombination occurred
from lattice-bound carriers at room-temperature and in inert atmosphere. Carrier lifetimes are short and
show a distinct temperature-dependence. All findings are supported by first-principles calculations in

the framework of density-functional theory.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Lead-halide (PbBr,, PbCly, Pbly)-based perovskite structures
with the generic formula APbX3 (A = organic or inorganic cation,
X = halide) have attracted a great attention due to rapid increase of
electro-optical performance especially in solar cells and LEDs [1,2].
Early studies already indicated that the PbXg octahedra dominates
the optical properties with the band extrema being hybridized
states of lead and halide orbitals [3].

An intriguing property is the low-temperature, solution pro-
cessability of all commonly used APbX3 perovskites which allows
processing at temperatures generally considered compatible with
flexible substrates and printing processes, thought to overcome
limitations of generally expensive high-temperature, high vacuum
processing currently employed in the semiconductor industry. The
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so far most studied variant of APbX3 contain an organic methyl-
ammonium (MA, CH3sNH3) or formamidimium (FA, HC(NH>)) cation
on the A-site and the halide is either iodine for solar cell applica-
tions [2,4] or chlorine and bromine for light-emitting diodes [5,6]
owing to the strong band-gap dependence of the compound
which gradually decreases along the halide group Cl > Br > I
(3 eV >23eV > 16 eV) [7], almost irrespective of the A-cation.
Combinations of the halide are known to span the whole visible
spectrum, which has been explored for light-emitting applications
as well [8]. Binding energy of the electron—hole pair or exciton is
reported in the range of 2—60 meV and a decrease of the binding
energy with temperature has been reported by some groups [9,10].

Currently two stringent limitations of organic—inorganic hybrid
materials have emerged: The first is the limited carrier mobility in
both, highly crystalline and polycrystalline samples [11]. The
discrepancy between long carrier lifetimes and low carrier mobil-
ities can be rationalized by strong coupling of the charge carriers to
the lattice [12—14]. The second is the long carrier lifetime, driving
high efficiency solar-cells but drastically limit efficient radiative
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recombination in light-emitting diodes (LED). A recent report has
linked these long lifetimes to the motion of anisotropic MA and FA
cations, but the effect is absent in isotropic cesium (Cs)-based pe-
rovskites [15]. Calculation has revealed that in CsPbl; slow hole
cooling due to coupling to the Pb—I vibrations is the origin of slow
recombination dynamics and should thereby be practically inde-
pendent of the A-site cation [16]. It has, however, recently been
reported that the polar structure of these A-site occupants might
play a role in the formation of excitons and subsequent dissociation
into charge carriers [17].

These findings motivate to replace the polar, anisotropic, organic
A-site cation with the non-polar isotropic Cs. The resulting CsPbBr3
does not significantly differ from the organic—inorganic hybrid
perovskites (MA or FAPbBr3) in terms of band-gap [18], but the
distinctively different screening behavior of the excited carriers [15],
strongly favors fast radiative recombination in CsPbBr3. The material
is further known to be processable at low-temperatures around
300K [19,20]. In addition, the completely inorganic compound has a
higher temperature stability compared to the organic—inorganic
hybrids and high-purity single crystals can be grown by conven-
tional methods at high temperatures (700 °C) [21]. LED device
fabrication is at an early stage but simple one-layer devices incor-
porating CsPbBr3 as emitter material already rival previously re-
ported devices based on MAPbBr3 with record luminescence values
of 176,000 cd m~2 and peak external quantum efficiencies of ~6%
[6,22,23].

Here, we aim to detail the physics underlying photon absorp-
tion and emission and the interaction of carrier and lattice in so-
lution processed CsPbBr; by temperature-dependent UV/VIS
absorption and photoluminescence (PL) spectroscopy and density-
functional (DFT) calculation. Temperature-dependent PL data
allowed the identification of two PL quenching channels, one being
assigned to the facile thermal ionization of excitons due to their
small exciton binding energy (40 meV) in good agreement with
DFT calculation and literature and the other suspected to be a
halide vacancy defect state. We analyzed the electron—phonon
coupling from temperature dependent PL broadening, which
stems from a longitudinal-optical (LO) phonon mode of 20 meV,
found in the Raman spectrum and by density functional pertur-
bation calculation. From absorption data we are able to determine
the band-gap shift, which is shown to follow a blue-shift with
increasing temperature. The Urbach disorder energy extracted
from the exponential onset of absorption reveals low structural
disorder and dominantly thermal disorder which, again, can be
attributed to the same LO phonon mode. The total disorder at
room-temperature is less than 40 meV. The Frohlich coupling
constant for an LO-coupled polaron is a ~ 1.1, comparable to many
polar inorganic semiconductors. The electron—phonon coupling
constant obtained from PL broadening of CsPbBr3 is ~70 meV,
comparable to that of their organic—inorganic hybrid counterpart
CH3NH3PbBr3 (60 meV). Analysis of the photoluminescence life-
time using stretched exponentials revealed short lifetimes and a
high order parameter B=0.7 at low temperatures, indicative of
efficient, excitonic recombination. The order parameter shows a
distinct temperature dependence which can be linked to the in-
fluence of thermal disorder on the recombination of carriers.
Overall CsPbBrs shows comparable electron—phonon coupling,
and more efficient carrier-recombination than MAPbBr3 whilst
maintaining solution-processability with low electronic disorder.

2. Results and discussion
This section is organized as follows: Section 2.1 through 2.3 will

present experimental findings of temperature dependent PL and
absorption spectroscopy and their analysis. Section 2.4 will show

ab-initio calculations on CsPbBr3 and discuss the agreement be-
tween experiment and calculation. In Section 2.5 we analyzed
CsPbBr3 in the frame-work of the Froehlich polaron model.

2.1. Photoluminescence spectroscopy

The choice of fabrication condition for low-temperature, solu-
tion processed samples is especially crucial in the field of hybrid
perovskites. Dimethyl sulfoxide (DMSO) is an excellent solvent for
the precursor materials but its interaction with the perovskite
materials are not entirely clear [24]. The high boiling point of DMSO
(lit. 189 °C) makes it hard to remove by conventional techniques
without damaging the sample. We fabricated perovskite samples
from single-source precursors and applied a wide range of
annealing temperatures between 90 °C and 210 °C. The tempera-
ture dependent steady state PL data is shown in Fig. 1.

The PL data at the lowest annealing temperature (90 °C) clearly
showed thermally stimulated PL in an intermediate temperature
range which can be attributed to a trapping—detrapping mecha-
nism [25]. For Ta > 130 °C that behavior gradually vanished and the
PL decay behavior stabilized. X-ray diffraction patterns collected for
all annealing temperatures (Fig. S1 in the supporting information)
indicate that thermal annealing is not necessary to fully react
CsBr + PbBry — CsPbBr3 in stoichiometric precursors and we
attribute the change in PL emission to the removal of residual
solvents and possibly recrystallization. We chose 170 °C annealing
temperature which results in stable emission behavior It is
remarkable that this low processing temperature lead to PL prop-
erties that are comparable to high-temperature, vacuum processed
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Fig. 1. (a) Integrated PL intensity as a function of temperature for samples annealed at
the indicated temperature. (b) Gaussian width of the PL emission as function of

temperature. The width is clearly less sensitive to annealing temperature than the
amplitude indicating that emission stems from the same recombination mechanism.
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CsPbBr3 [21]. Features known to stem from amorphous CsPbBr3
were absent in our samples [19], and the film showed good and
homogeneous coverage and PL emission (Fig. S2).

Using 170 °C annealed samples, we perform temperature-
dependent time-integrated PL spectroscopy in the range between
77 K and 300 K. Fig. 2 shows the resulting temperature-dependent
PL data. The spectra are well fitted by a single Gaussian (R? > 0.99)
and free of side-peaks. The integrated PL intensity closely follows a
two-term Arrhenius equation (Equation (1)).

_ lo
A exp(%;) +A, exp(;ﬂ—Ef) +1

I(T) (1)

where the temperature dependence of the integrated peak in-
tensity, I(T) is expressed as a fitting constant Ip, and two expo-
nential terms where the pre-factor A; can be interpreted as the
density of a PL quenching mechanism with associated activation
energy E;. The fitting results are A; = 2545, E; =40+5 meV,
A;=10'9, E, = 500+250 meV. We note that A,, E, cannot be pre-
cisely determined in the available temperature range. The
phenomenological nature of the Arrhenius fitting function does not
allow to identify the underlying cause of each quenching channel
directly [26]. We assign the first decay energy to thermal dissoci-
ation of excitons with literature values of the exciton binding en-
ergy in the range of E, =40 — 60 meV [27], which we confirm by
first principles calculation (see Section 2.4).

The second deactivation channel is most likely an ionized defect,
owing to the relatively high activation energy and considering that
halide ions are known to be very mobile in these perovskite materials
[28—31]. At low temperatures, PL quenching is accurately described
by exciton dissociation, and close to room temperature, recombina-
tion from free carriers becomes gradually more susceptible to de-
fects. This is further evidenced by the strong influence of reactive
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oxygen atmosphere at room temperature, dramatically boosting the
PLyield (details in supporting note S1) [32].

The blue-shift of the emission peak with temperature is
commonly observed in APbX3 perovskites and supported by first-
principles calculations and experiments [3,33,34]. We can confirm
the blue-shift of band-gap by DFT calculation (Fig. S4). The resulting
band-widening with increased lattice parameter agrees with our
data qualitatively at temperatures below 200 K. The S-shape of the
PL peak shift (Fig. 2¢) indicates thermal expansion dominating at low
temperature is followed by pinning of the emission energy center. In
accordance with previous literature results for MAPbBr3; and CsPbBr;
[35,36], this effect can be attributed to renormalization of the band-
gap due to interaction of carriers with the lattice (electron—phonon
coupling). Considering thermal expansion and electron—phonon
coupling, the temperature dependence of the band-gap can be
described by (Equation (2)) [23,37].

2
Ec(T) = Ey + AT — 1+——F—|, 2
( ) 0+ a( +exp<%)—]) ( )

where E.(T) is the temperature dependent PL peak center with a
constant energy Ej, the thermal expansion term AT and a
Bose—Einstein factor describing the lattice-coupling of magnitude a
and temperature ©, related to the average phonon energy
Epp, = kg®. The fit results in Eg =2.45+0.1 eV, A = (2.6+0.2)x
104 eVK !, a=0.14+0.03 and the Einstein-temperature of
® =740 K. The corresponding energy (kg® =60 meV) is higher than
the highest phonon mode in CsPbBr3, which leads us to believe the
pinning effect should be attributed to the ionization of defects,
which would adapt a similar functional form and cannot be dis-
cerned from this experiment alone. The zero-temperature peak
position is given by Eg — a = 2.45 — 0.14 = 2.30 eV. Our results are
in excellent agreement with measurements performed on the
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Fig. 2. (a) Temperature dependent PL spectra. (b) Integrated PL intensity as a function of temperature. The solid line is a fit of a two-term Arrhenius equation (Equation (1)). (c) Blue-
shift of the emission center with Equation (2) as fitting function. (d) The broadening of PL in terms of Gaussian width (Equation (3)).
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temperature dependent PL of quantum dots of the same material
[35].

To reveal the dominant interaction between lattice and carrier
we analyze the thermal PL line-width (full width at half maximum,
FWHM) broadening. The temperature-dependence of the PL is
generally described by (Equation (3)) [38].

I(T) = To + vpuT + W + Limp €Xp (;TE?) 3)

where T'(T), Ty, T'j0,Timp are the temperature-dependent PL
FWHM, the intrinsic line-width at absolute temperature 0 K, the
coupling strength (the average energy times number of phonons) of
the LO phonon, and the broadening arising from impurities with
ionization energy Ep, respectively. The acoustic phonon coupling is
neglected here (yp,~0) but has been reported for the related
FAPDBr3 to lead to broadening <18 meV at room temperature [12].
In our experimentally temperature range limited to temperatures
below 300 K scattering from ionized impurities does not seem to
contribute to the broadening and we set I';y, = 0.

The average energy E;p =#hw attributed to broadening is
Ejp = 2045 meV, 'y = 23+1 meV, I';p = 73+2 meV. The phonon
energy is in agreement with literature data for CsPbBr3; grown by
Bridgman method [39], (165 cm ™!, PbBrg vibration) we find indeed
amode close to 20 meV (161 cm~ ') by Raman spectroscopy (Fig. S5)
of our solution processed samples which we can attribute to the LO
phonon mode by calculation of the vibrational spectrum.

2.2. Temperature-dependent, time-resolved PL spectroscopy

Performing temperature-dependent PL lifetime spectroscopy
by time-correlated single photon counting (TCSPC) reveals
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relatively short PL lifetimes and a monotonous temperature
dependence below 220 K. A wide variety of fitting functions have
been employed in literature to extract PL lifetimes but with
increasing complexity, multi-exponential decay components are
hard to analyze with respect to the underlying physics. Consid-
ering the disordered nature of our polycrystalline films a discrete
distribution of carrier lifetimes as dictated by a multi-exponential
fit seems unlike and we use a stretched exponential (Kohlrausch
function) to describe our TCSPC data instead [40,41]. The reliability

g
function of the stretched exponential I(t) = exp ( — (%) ) is used

to fit the TCSPC data. The underlying assumption is that the carrier
lifetime has a continuous distribution with characteristic time t;
and width, which is described by the stretching parameter
0 <@ <1, where 1 is a perfectly ordered single decay channel
(corresponding to single-exponential, perfectly excitonic decay)
and the lifetime distribution gets broader as B decreases. The

average lifetime is then T:%f(l/ﬁ), where T is the gamma

function. We find two separate regimes for the lifetime data
separated by 220 K. Below 220 K t; = 0.446 ns and ( continuously
decreases with temperature which shows a temperature-
dependent  behavior  $(T)=0.73/(1 + 6 x exp(—58 meV/T)).
Above 220 K t; = 0.19 ns and g further decreases to about 0.47 at
RT. Temperature-dependent TCSPC data and the temperature
dependence of § is shown in Fig. 3. At low temperature (80 K) the
short average lifetime and high § value indicate efficient radiative
recombination with excitonic character. The continuous decrease
of ¢ with increasing temperature leads to the emergence of slow
recombination rates (see Figs. S6 and S7) and correspondingly
longer average lifetimes. We note that the whilst the monotonous
increase of average lifetime below and above 220 K can be
explained by the increase of thermal disorder of the system

(b)

10° 0.8 T T 1
Pa t,=0.193 ns|
0.7 ! .
0.6 .
. rE=5817 meV
051+ '
t,=0.446 ns !
0.4+ —
16 0.3 PR T T PR
0 100 200 300
T (K)

Fig. 3. Results of the PL lifetime measurements. (a) PL intensity as function of time and temperature with an overlay of average PL lifetime (bullets correspond to upper x-axis with

values of T = %f(%) ); with increasing temperature the average lifetime continuously increases up to 220 K where a sudden change in PL decay behavior occurs. The data between

80 K and 220 K are fitted with a fixed lifetime component of t; = 0.446 ns, above 220 K the data required a change of lifetime component to t; = 0.193 ns. The fit quality for 300 K
data is poor (X2 ~ 2.2) and is only shown for the sake of completeness. (b) The corresponding values of the stretching parameter B following an Arrhenius behavior indicated by the

solid line with a characteristic energy of ~58 meV.
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[42,43], the abrupt change of the radiative lifetime t; at 220 K
remains elusive at this stage and calls for further investigation in
future works.

2.3. Temperature-dependent absorption spectroscopy

The results of temperature-dependent absorption data are
shown in Fig. 4. Absorption data is frequently analyzed in the
framework of Elliott's theory of absorption which allows to sepa-
rate the excitonic and band-to-band continuum contribution to
the absorption spectrum [44,45]. We extract band-gap shift Eg,
exciton binding energy Eg (shown in Fig. S7) and the width of the
exciton absorption line I'. Further, the onset of absorption data
carries information about the disorder, commonly called Urbach-
Energy (Ey) [46]. To extract the disorder energy the onset of the
absorption data on a logarithmic scale is fitted linearly and the
inverse of the slope is the Urbach (disorder) energy. The Urbach
energy is related to the steepness parameter ¢(T) = kgT/Ey that is
linked to the phonon energy hw by the Dow—Redfield model
(Equation (4)) [47].

—ZkBTtanh< he ) (4)

G(T) =90 hw ZI(BT

A least-squares fit of Equation (4) to the data reveals an average
phonon energy 7w = 25+8 meV. gg = 0.77+0.01 is a temperature
independent constant (usually of order unity) and kgT the thermal
energy at temperature T. We explicitly note that all absorption data
on the logarithmic scale intersect in a common point (the Urbach
focus) of 2.28 eV (Fig. S8), which is a prerequisite for the applica-
bility of this model [48]. The Urbach energy can be partitioned into
a temperature independent, structural disorder and a thermal
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contribution. A wide variety of models exist with a large degree of
freedom [49], but we opt for a simple model introduced by Cody
(Equation (5)) [50].

kgT |1+P N
wn =5 ) ”

where P,N denote the structural disorder and thermally excited
disorder contribution, respectively. The temperature ® is theoret-
ically proportional to the Debye temperature, but agreement is
known to be sometimes poor due to the underlying assumption of
this model making ® temperature independent [51]. In our data
fitting results in P=0 and N =1, which indicates low structural and
dominant thermal disorder. The characteristic temperature is
® = 300+80 K. This results in an absolute value of disorder energy
at room temperature of E; =36 meV, comparable to previous re-
sults in related hybrid-perovskites [52,53]. The temperature-trend
of the band-gap is in good agreement with thermal expansion of
the lattice up to 200 K but shows renormalization most likely due to
strong electron—phonon coupling. The results of fitting Equation
(2) to the absorption data is shown in Table 1. The broadening of the
absorption peak basically follows the same mechanism as for PL
and yields similar numbers when treated with Equation (3) as
shown in Table 1. The exciton binding energy is in the expected
range for bromide-based perovskites and lies around 60 meV over
the whole temperature range (see supporting Fig. S7). We have
previously shown the variation of binding energy extraction from
deconvolution and spread of values in literature [53].

A single energy of E;g = 20+5 meV can be used to fit broadening
in PL and absorption data (see Table 1) leading us to believe the
Pb—Br LO phonon mode is dominating the charge—lattice interac-
tion in this material.
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Fig. 4. (a) Temperature dependent absorption data and schematic deconvolution in exciton and band-contribution. (b) The Urbach disorder energy from the onset of absorption
(left axis) and steepness parameter (right axis). The solid fits are Equations (4) and (5). (c) The temperature-dependence of the band-gap as extracted from deconvolution. It displays
evidence of thermal lattice expansion and electron—phonon renormalization of the gap at elevated temperature (Equation (2)). (d) Broadening of the exciton peak and a broadening

function as described by Equation (3).
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2.4. Ab-initio calculations on CsPbBr3

2.4.1. Effective carrier masses

We calculated the band-structure of the orthorhombic unit cell
(details on the computational methods are given in the methods
section). The resulting band-structure plot along high-symmetry
lines are shown in Fig. 5. The effective masses close to the
I-point are m; =[-0.0861, —0.112, —0.112] (in units of the

electron rest-mass) for holes and m; = [0.089,0.085,0.75] for
electrons in principal directions [ky,ky, k;]. The low carrier mass
anisotropy is reflected in the similar dispersion along I' — X, "' — Y
and I' — Z in the band-structure plot. Taking the harmonic mean
results in effective masses of m;, =0.105 and m; = 0.083. This
m,m,
my+m;g
body interactions and thermal effects in effective mass theory al-
lows to estimate the binding energy of the exciton as
E, = 13.6ue 2, where ¢ is the (effective) dielectric constant [54].
Since the dielectric function varies significantly with frequency it is
common to use a value somewhere between the static and high-
frequency limit, so that e, < e <egy. Our calculations in the
framework of density functional perturbation theory (DFPT, details
in the methods section) give a high-frequency limit (ion clamped)
dielectric constant of e, =4.7. Using Cochran's law the static
dielectric constant is eg = 15.1 when considering the two highest
energy LO/TO modes (see Fig. SO for details) [55]. Measurements for
the related CsPbCl; perovskite resulted in e=3, [56] and the static
dielectric constant trend in CsPbX3 has previously been studied and
follows a gradual increase 4.07 < 4.96 < 6.32 for X = CI, Br and I,
respectively [27]. This allows to estimate the limit of exciton
binding energy in CsPbBr; to be =30 meV using a dielectric con-
stant of 4.7. This energy agrees with the energy assigned to PL
decay channel E; =40 meV. The resulting exciton radius is
rg = 0.53¢,u~ 1 =5 nm, in good agreement with experimental ob-
servations where strong confinement is observed in quantum-dots
with diameters less than 7—10 nm [27].

results in an reduced mass of p =

=~0.05. Neglecting many-

2.4.2. Phonons and electron—phonon coupling

Strong electron—LO—phonon coupling has previously been
experimentally and computationally demonstrated for hybrid lead-
halide perovskites [12,17]. In CsPbBr; the band-extrema are hy-
bridized Pb(s,p) and Br (s,p) states (see Figs. 5 and 6 (a)). We

calculated the phonon-dispersion using DFPT (Fig. 6 (c)). This
confirms the presence of an LO phonon mode at 22 meV (176 cm™})
shown in Fig. 6 (¢), in excellent agreement with the fitting results of
an LO coupling model of #w;g = 20+5 meV (Table 1) and Raman
data (Fig. S5). That phonons contribute significantly (up to 60 meV
at 300 K) to the self-energy of the charges near the valence band
maximum is evident from Fig. 6 (e). Overall the estimation of
broadening from the self-energy = of conduction and valence band
(CB, VB) as FWHM=Z x 2(Scg + Syg), with Z~0.5 at 0 K for the
related material MAPbBr3 [12]. The quasiparticle renormalization
factor shows acceptable agreement between calculation and mea-
surement at 300 K.

2.5. Frohlich coupling constant of CsPbBr3

Motivated by the strong electron phonon interaction evident
from experiment and ab-initio calculation we calculate the elec-
tron—phonon coupling constant « by applying the mesoscopic
Frohlich polaron model to CsPbBrs; [17,57]. In brief, for a large
polaron interacting with LO-phonons the coupling constant « is
given by (Equation (7)) [58].

_ e? [ myc? (l,l) )

fTC 2h0)[_o o €0

where e,c,» denote electron charge, speed of light and Planck
constant, respectively. m;, is the effective carrier mass deduced
from the band-structure calculation (Section 2.3), w;o the angular
frequency of the LO phonon mode (20 meV) and e, (4.7) and &g (15)
are the electronic and static relative dielectric constants obtained
from DFPT. This results in ae = 1.22, o, = 1.05, with e, h indicating
hole and electron, respectively. The corresponding polaron masses
are given by m*, =1+ a,,/6 +0.0236a2, = 1.2, 1.2 (in units of
the respective effective mass, e.g. the polaron gains 20% mass) [59].
These values are identical to values reported for the related mate-

rial CH3NH3Pbl; (~20% mass enhancement) [60]. The size of these
1/2

3(2 1 , Le. strongly

polarons can be estimated as Rp=3 (5 mi-
increasing as o.— 0 [61]. We note that our coupling constants are at
the limit of the large-polaron regime (generally denoted as o <2).
The resulting polaron radius using an LO energy of 20 meV and o. =

1.1 is Ry=3.5 nm, which corresponds to several PbBrg units,
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Fig. 5. Band-structure plot of the Kohn-Sham energies along the high-symmetry line of the orthorhombic unit cell (depicted) and the projection of wave-functions (projected
density of states, PDOS). The effect of spin—orbit coupling (SOC) and van der Waals (vdW) interaction on the narrowing of the direct gap is evident and leads to a roughly 40%

decrease of the bare generalized-gradient approximation (GGA) band-gap of 2.3 eV.
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Fig. 6. Results of the calculation of electronic and phonon structure of the cubic CsPbBr3 unit cell. (a) Fat-band representation of the electronic band-structure close to the gap
indicating the contribution to the band extrema stemming mainly from an hybridization of Pb(s,p) and Br(p) with negligible contribution of Cs. (b) projected density of states
(PDOS) of the electronic band-structure. (c) Phonon-dispersion along the high-symmetry lines. The LO—TO splitting at G between 15 meV and 22 meV is evident. Negative energies
correspond to soft-modes [71,72]. (d) Phonon DOS showing a high DOS of the 20 meV mode. (e) Electron self-energy due to interaction with phonons IM(S) in meV superimposed
over the electronic band-structure. Close to the transition point the magnitude of self-energy is around 40—60 meV. (f) The LO mode indicated by force-arrows showing the Pb—Br

vibration.

Table 1

Summary of the results of the fit of broadening function (Equation (3)) and temperature-dependent shift (Equation (2)) to PL and absorption (abs) data. The uncertainties noted
are standard-errors from the fit procedure alone and do not include systematic errors from the experiment.

Broadening
D(T) =To + ypuT + 1

Gap-Shift

Ec(T) = Eg + AT — a<1 +W>

Ty (meV) T';o (meV) Ero (meV) Eq (eV) A (1074 eVK™ 1) a(eV) 0 (K)
PL 23+1 73+2 2045 2.45+0.1 2.5+0.2 0.14+0.03 740480
abs 11+0.4 16+2 1842 2.64+0.2 3.1+0.2 0.26+0.1 1030+170

justifying the description large polaron. The polaron size is similar
to the exciton radius (Section 2.4.1) indicating that the excited state
is an exciton-polaron [62].

3. Conclusion

In this work, we have revealed that low-temperature solution
processed CsPbBr3; has optical properties that can rival the same
material processed in high vacuum and at much higher temper-
ature. The temperature-dependence of photoluminescence is well
described by two quenching channels, one ascribed to the thermal
dissociation of excitons with a characteristic energy of 40 meV,
the second having a much higher energy (>250 meV) and is ex-
pected to be related to a halide vacancy defect (Vg;). The domi-
nating broadening mechanism in solution-processed CsPbBrj3 is
through LO phonon coupling. The magnitude of electron—phonon
coupling deduced from PL is ~70 meV, comparable to the organ-
ic—inorganic hybrid MAPbBr; (60 meV) [12]. The LO-phonon
mode has an energy of ~20 meV which is the Pb—Br vibration

mode, present in the Raman spectrum and confirmed by DFPT
phonon calculation. Temperature dependence of the band-gap
estimated from PL emission peak position and de-convoluted
absorption spectra clearly shows initially linear blue-shift, in
good agreement with thermal expansion of the lattice below
220 K and a more complex behavior above 200 K. The Urbach
disorder energy of the low-temperature processed film is low and
amounts to less than 40 meV at RT. Low structural Urbach energy
is apparently an intrinsic property of APbX3 perovskites, in good
agreement with literature [52,63]. The dominant lattice vibration
of the disorder as indicated by the Dow—Redfield model again is
~20 meV leading to the conclusion that all disorder phenomena
presented are of the same microscopic origin. The data points to
the conclusion that excited carrier exist in the form of Frohlich
polarons with similar effective polaron masses for electrons and
holes: m,’{e = 1.2. Our findings, supported by ab-initio calcula-
tions, indicate that electron—phonon coupling is an important
factor in this material and a exciton-polaron picture of the carriers
is justified.
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4. Experimental section
4.1. Experimental procedures

Temperature dependent PL and absorption measurements were
performed on films spin-coated from single-source precursors in a
one-step fabrication process.

Equimolar portions of CsBr (Sigma Aldrich, 99.999%) and PbBr;
(Sigma Aldrich, >98%) were dissolved in DMSO (99.9%, anhydrous
Sigma Aldrich) to give a 10 wt.% solution (~0.25 M). Spin coating on
cleaned (sonication in acetone, 2-butanol and subsequent boiling in
2-butanol) glass substrates results in 65 nm thick, flat films. Thermal
annealing for 10 min at indicated temperature was performed. We
explicitly note that the high boiling-point of DMSO seems to demand
annealing temperatures that exceed 130 °C in order to exhibit the
reported results. All fabrication steps ina dry glovebox (H,0 <4 ppm).

An Oxford DN2 cryostat (sample in exchange gas) was used to
perform all temperature dependent measurements using a custom-
made Matlab control program on the Oxford instruments Mercury
ITC. After setting a target temperature the control program stabi-
lizes the temperature and equilibrates over 3 min before taking the
measurement.

A SCINCO S-3100 multichannel spectrophotometer recorded the
absorption spectra which were de-convoluted into the 1S exciton
level and the continuous band contribution by Elliott's theory, as
recently reported [45]. The procedure is automated using Matlab's
optimization routine “fmincon” (constrained optimization). In
general, the optimization can be performed unconstrained as it
shows excellence convergence within only a few steps.

For steady-state PL experiments a pulsed laser diode (LDH
405 nm controlled with a PDL 800-D, both PicoQuant GmbH,
average power <1.6 mW at 40 MHz, spot diameter on sample less
than 1 mm) was used for excitation and the PL spectra were
collected using a fiber-coupled StellarNet blue wave spectrometer.
Using lower excitation density is prohibited by the sensitivity of the
detector. For power-dependent PL spectroscopy the continuous-
wave (CW) mode of the same laser-diode is used. The laser-
power is then varied between 0.4 mW and 54 mW (determined
using a laser power-meter, Thorlabs S302C with a nominal power
range of 10~% to 2 W). The collected spectra were analyzed using
Matlab by fitting a single Gaussian to each spectrum. The reported
values for o correspond to the Gaussian width and are related to the
FWHM by FWHM = 2355 x o. Constrained fits using Matlab's
fmincon routine were used and show excellent convergence with
R? exceeding 0.99 over the whole temperature range indicating the
general Gaussian emission shape.

Time-resolved PL was measured using time-correlated single
photon counting with the same laser as above using a pulse peak-
to-peak time of 400 ns. Detection of the emitted photon is facili-
tated by a MCP-PMT (Hamamatsu R3809U-50) after selection of the
peak wavelength using a monochromator (Acton SP2150). A Pico-
Harp 300 (PicoQuant GmbH) is used for photon counting. The in-
strument response function (IRF) of our setup was measured to be
less than 0.6 ns. FluoFit (PicoQuant GmbH) was used for analysis of
the decay histograms.

4.2. Ab-initio calculations

We performed first-principles calculations in the framework of
density functional theory (DFT) as implemented in Quantum-
Espresso (QE 6.0) [64]. For band-structure calculations the ortho-
rhombic unit cell containing 20 atoms [39] was sampled with a
4 x 3 x 4 I'-centered Monkhorst—Pack (MP) [65] grid using an
energy-cutoff of 60 Rydberg and optimized norm-conserving [66]
pseudopotentials including spin—orbit-interaction (SOC) where

indicated. For Pb the d-orbitals were treated as valence. As
mentioned in previous reports SOC and dispersive Grimme van-der
Waals (vdW) correction leads to a relative narrowing of the gap
with respect to the bare generalized-gradient approximation (GGA)
gap, however is necessary to properly describe the band dispersion
[33]. For the calculation of the effective mass-tensor we use the
stencil-grid method and the effective-mass calculator [67].

Phonon calculations were performed within density functional
perturbation theory (DFPT) as implemented in QE 6.0 using the
cubic unit cell (high-temperature phase above 130 °C[39]; 5 atoms)
for computational efficiency. The relaxed lattice constant is 5.87 A
(literature: 5.874 A [68], see also Table S2 for a comparison of cubic
and orthorhombic phase). SOC was not included in these calcula-
tions. The ground-state charge-density was converged with a
6 x 6 x 6 unshifted MP grid and phonon dispersions were calcu-
lated on the same grid and then interpolated along high-symmetry
lines. LO—TO splitting was included.

For the electron—phonon coupling calculation we closely fol-
lowed a procedure previously published [12]. In brief, the band-
structure is interpolated by Wannier functions and the electron-
self energy is then calculated using the EPW package [69,70].
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