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The formation of Frohlich polarons in metal halide perovskites, arising from the charge carrier—longitudinal optical
(LO) phonon coupling, has been proposed to explain their exceptional properties, but the effective identification of polarons
in these materials is still a challenging task. Herein, we theoretically present the infrared optical absorption of Frohlich
polarons based on the Huang—Rhys model. We find that multiphonon overtones appear as the energy of the incident photons
matches the multiple LO phonons, wherein the average phonon number of a polaron can be directly evaluated by the order
of the strongest overtone. These multiphonon structures sensitively depend on the scale of electronic distribution in the
ground state and the dimensionality of the perovskite materials, revealing the effective modulation of competing processes
between polaron formation and carrier cooling. Moreover, the order of the strongest overtone shifts to higher ones with
temperature, providing a potential proof that the carrier mobility is affected by LO phonon scattering. The present model
not only suggests a direct way to verify Frohlich polarons but also enriches our understanding of the properties of polarons

in metal halide perovskites.

Keywords: metal halide perovskites, polaron, Huang—Rhys factor

PACS: 71.38.-k

1. Introduction

The formation of Frohlich polarons (or large polarons)
originates from the coupling between a macroscopic electronic
field induced by the polar optical phonon modes in a solid and
a charge carrier. Such polarons are also called special carri-
ers dressed by the ‘phonon cloud’ (the induced nuclear po-
larization), reflected by the average phonon number.!!3! This
type of polaron has aroused much interest in relation to metal
halide perovskites (MHPs) because it has been used to unlock

471 guch as

key puzzles regarding their exceptional properties,
their moderate carrier mobility, large carrier diffusion length,
long carrier lifetime and high defect tolerance. Therefore, the
identification of this type of polaron in MHPs has become a
crucial problem in both experimental and theoretical studies.
In the past few years, the formation of Frohlich polarons
in perovskite materials has been probed in spectral measure-
ments: following the polaron formation dynamics in time-
resolved optical Kerr effect spectroscopy,®! ultrafast terahertz
(THz) spectroscopy!®! as well as time-resolved two-photon
photoemission and transient reflectance spectroscopies;'' ex-
amining Pb-I structural dynamics in time-domain Raman
spectroscopy;!'!! and studying the electronic structure in
angle-resolved photoelectron spectroscopy.!'?) On the other
hand, large polarons can be also investigated by other mea-

surements such as the mobility of charge carrier scaling with
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temperature in transport!!3 and Hall effect measurements. ['4]

From a theoretical perspective, large polarons forming pre-
dominantly from the distortion or deformation of the crys-
tal structure with first-principles calculations have also been

[15-171 Despite the experimental and theoreti-

widely studied.
cal evidence confirming the formation of large polarons in per-
ovskite materials, detailed knowledge and direct distinction of
the ‘phonon cloud’ of a polaron, which is the crucial ingredient
determining the nature of the polaron, are not well understood
to date.

In this paper, we theoretically study the infrared opti-
cal absorption of Frohlich polarons in three-dimensional (3D)
and two-dimensional (2D) MHP materials stemming from the
strong electron—longitudinal optical (LO) phonon mode cou-
pling. We find that the ‘phonon cloud’ of a polaron can be
directly reflected by the multiple LO phonon structure of the
optical absorption spectra, in which the average phonon num-
bers described very well by the dimensionless Huang—Rhys
(HR) factor are directly linked to the order of the strongest ab-
sorption peak. Moreover, the strongest absorption peak shifts
to the higher order with decreasing electronic distribution ra-
dius in the ground state, indicating that the range of the elec-
tronic distribution plays an important role in determining the
electron—LO phonon coupling. Meanwhile, the temperature
dependence of the polaron absorption processes is also dis-

cussed.
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2. Theoretical method

As depicted in Fig. 1, the absorption of light by polarons
can be described as follows: when the incident photon energy
ho matches the energy of the multiple LO phonons ph@ o,
the polaron system will undergo transitions from the ground
state |¥) = |yis)| Xiny,) With energy E; towards a series of ex-
cited states ['¥y) = |Wis)|Xfn,) With energy Ey = E; + phayro.
|wis) is the ground state of the polaron and | Kt ) (| Zng)) is
the initial (final) lattice wave function, where nﬁl (ng) is the
occupation number for phonons with the wave vector q. Note
that the optical absorption discussed here is one-polaron be-
havior rather than that of a many-polaron gas. As is typical
of multiphonon transition process, it is excellently described
by the HR model."®-?!1 By means of this well-known model,
the probability of optical absorption for light with frequency

® can be expressed as!?>24]

4m2e*ho
Flho) = ) ———
(ho) ;3m2h28c

x 8(Ef —E; — ho), (1

|<1Vls|’l° |Wls>‘2’<anq‘%in’L]>|2

where e is the charge carrier, 7@ is the photon energy, m is
the effective mass of the polaron, € is the permittivity, c is the
velocity of light and 7 represents the position variables for po-
laron. Here the spatial average (|r;s- Eo|*) = |rif|*| Eo|*/3
and the relation i@ = £c|Eo|*/(8) for the electronic dipole

approximation have been used.*!

3hwr,o o
2hwr,o o
hwro
O
hw

-
.

Polaron

Fig. 1. Schematic diagram of optical absorption of the polaron, where
ho is the incident photon energy and i@y o is the longitudinal optical
(LO) phonon energy.

For the ground state of polaron, a Gaussian wave function
is considered: [26]

r2
wii(r) = Cpexp (— 403) )

where the normalization constant C = [1/(v/2mag)]?/? for
A=3DandC; = 1/(v27map) for A =2D (A =3Dand A = 2D
represent the 3D and 2D materials, respectively). Figure S1
in the supplemental materials shows the corresponding crys-
tal structure for 3D and 2D MHPs, where the 2D MHP has
distinct quantum confinement on the z-axis. ag represents the

radius of electronic distribution in the ground state. Upon sub-
stitution of Eq. (2), Eq. (1) will be simplified as

FH(ho) = Y. Raatho| (xpng| L, )|
f
x §(Ef — E; — ho). 3)

Rap = 32me?/(3mPhec) and Rop = 273e? /(3m*h2ec) are
the optical constants. The overlap between the initial | Xin, )
and the final |y, ) lattice vibrations produced by the lattice
displacement occurs during the transition process, which is
responsible for the multiple phonon structure, linked to the
electron—phonon coupling. Substituting the expression for the
2, shown in the

square of the overlap integral |{¥n, | Xin, )
supplemental materials, into Eq. (3), we finally convert the op-
tical absorption spectra of polarons involving the participation
of p phonons at finite temperature into

_ 1 p/2
nT+) exp[—S* (277 +1)]

le(zsx\/ﬁT(ﬁT +1))

(ho — Ptho)z] _

F*(ho) = %Aaéha)(

“

X exp [— 262
LO phonons are mainly taken into account because they cou-
ple with the charge carriers in the Frohlich mechanism as the
main source of lattice distortion for MHP materials not only in
theory but also in experiments. 2730 7 = 1/(e/®Lo/ksT _ 1)
is the phonon number occupation function where kg and @y o
are the Boltzmann constant and LO phonon energy, respec-
tively, and /,, is the pth-order imaginary argument Bessel func-
tion with the phonon number p. ¢ represents the line-width of
the phonon overtone. The strength of electron—phonon cou-
pling has been characterized using the HR factor $*, which
plays a nontrivial role in determining multiphonon processes.
In the Frohlich mechanism, 2631321 the HR factor can be cal-
culated by

s* =Y t:(q) <2m*hwm ) v

q

2
[k e mvimar )

where (3p(q) = 4w /(Vg?) and fop(q) = 2mar/(Aq). The
detailed derivations for the HR factor, charge carrier—LO
phonon coupling, the corresponding definition and expres-
sion of parameters are shown in the supplemental materi-
als. In the numerical calculation processes, we choose typical
MHPs CH3NH;3Pbl; (MAPbI3), CH3NH3PbBrs (MAPbBI3)
and CH3NH;3PbCl; (MAPbCI3) as examples to discuss the
optical absorption processes of the polaron. The line-width
of the phonon overtone is usually around a few meV,[?!
and throughout this paper the line-width ¢ = 3 meV is as-
sumed. The adopted values of other parameters for the three
types of materials are shown in Table 1, and are measured
by temperature-dependent photoluminescence and far-infrared

spectroscopy. 3334
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Table 1. The adopted parameters for the theoretical calculations (my =
9.1 x 1073! kg is the free electron mass).

Parameter MAPbDI; MAPDBr3 MAPDLCl;
LO phonon energy (iw o) 11.5meVE3 153 mev3l 27.9 mevB4
Coupling constant (c) 172834 1.69134 2.17834
Effective mass (m*) 0.104moB4 0.117mpBY 0.2mg 134
Polaron radius (Rp) 51 AB4 43 AB4 27 A4

3. Results and discussion

The HR factor was originally proposed by Huang and

18] it denotes the

Rhys for F-centers in ionic crystals in 1950;!
average phonon numbers around F-centers, reflecting the mag-
nitude of lattice distortion arising from the strong coupling
between electronic states and lattice vibrations (phonons).
Herein, the HR factor is invoked to describe the ‘phonon
cloud’ of the polaron with relaxation energy S*hipo. The
dependence of the HR factor on the electronic distribution ra-
dius in the ground state in different dimensionalities is shown
in Figs. 2(a) and 2(b) for MAPbI3 and MAPbBr3, respec-
tively. One can see that the HR factor increases from 3D to
2D, stemming from that both the reduced dielectric screen-
ing and increased degree of quantum confinement are held re-
sponsible for the enhancement of electron—phonon coupling.
On the other hand, the HR factor exhibits a negative corre-
lation with ag. But the HR factor varies smoothly as ay ex-
ceeds 0.6Ry (Ry being the polaron radius). This indicates
that outside this region the localization feature of electrons
has little effect on electron—phonon coupling. Numerous re-
searchers have calculated the formation energy of large po-
larons. The obtained values range are 12 meV for 3D MAPbI3
and 1642 meV for 3D MAPDBr3 in a tight-binding model
fitted from the first-principles calculation and temperature-
dependent absorption spectroscopy,>3¢! respectively. These
numerical values are in good agreement with the relaxation
energy S3Phwp o ~ 13.8 meV for 3D MAPbI; and S*Phay o ~
18.2 meV for 3D MAPbBr3 at ay > 0.6R(, implying that
the formation energy can be well described by the relax-
ation energy. As for 2D perovskite species, although there
is little direct information about polarons in the experiments,
the discoveries of 2D exciton polarons and self-trapped exci-

[37-40] The numeri-

tons reveal significant polaronic character.
cal values of HR factors for 2D perovskites in Fig. 2 are ex-
pected to provide insight for the identification of these quasi-
particles. The calculation of relaxation energy can indirectly
evaluate the carrier lifetime (carrier lifetime is proportional to
the strength of charge carrier—phonon coupling!*!!) and thus
provide a reference for the selection of more suitable materials
for photovoltaic devices.*?! Similar results are also obtained
for MAPbCl; in Fig. S2. In addition, it has been shown that
the HR factor in MAPDbBr3 is smallest in these three types of
MHP. This is ascribed to the fact that distortion of the Pb—Br
bond is more difficult than that of the Pb—I and Pb—ClI bonds

determined by the bond length, which is reflected by the cou-
pling parameter ¢ listed in Table 1. We note that the effective
phonon modes and relaxation energy could be obtained from

5,143 gaining the more accurate

first-principles calculation
evaluations for the HR factor. Our results will also provide an

important theoretical reference for these calculations.

8
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Fig. 2. Huang-Rhys (HR) factors in CH3NH3Pbl;3 (a) and CH3NH;3PbBr3 (b)
as a function of the electronic distribution radius in the ground state for dif-
ferent dimensionalities. $?° and S°P represent HR factors in two- and three-
dimensional perovskite materials, respectively.

On the basis of these theoretical values for the HR fac-
tor, the optical absorption spectra of polarons for MAPbI3
and MAPDBr3; are plotted in Fig. 3 for different electronic
distribution radii in the ground state, at 7 = 77 K. We first
give a detailed discussion of the spectra for MAPbI;. In
Fig. 3(a), energy resonance absorption will occur when the
energy of the incident photon matches that of the multiple
LO phonons, showing multiphonon overtones in the infrared
(long-wavelength) region of the spectra, where the strongest
overtone corresponds to the most probable state of a polaron.
The intensities of the overtones follow an asymmetric Gaus-
sian distribution, in agreement with previous experimental

[9:46] Comparison with the HR factors in Fig. 2

measurements.
shows that the order of the strongest overtone pmax satisfies
the condition of pmax ~ S°P 4 0.7, such as §3P ~ 2.42 corre-
sponding to pmax = 3 at agp = 0.4Ry, but the condition shifts
t0 Pmax ~ S?P + 1 for the 2D perovskites, such as 2P ~ 3.81
corresponding to pmax = 5 at agp = 0.4Ry, which is consistent
with our previous results.[*”*8 According to our simulation,
the curves S°P 4+ 0.7 and $?P + 1 are fitted well with ppax
for 3D and 2D MHPs, as shown in Fig. S7. This means that
the average phonon number of polarons can be estimated di-
rectly from the absorption spectra. This significant outcome
can be used to explain the overtones along with a linear de-
cay from the first to the higher orders in multiphonon Raman
scattering and THz time-dominant spectroscopy for CsPbBr;
(83P = 0.39).139 The pronounced redshift behaviors for the

position of the spectral weight with the increase in electron
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localization are shown, specifically manifested in Fig. 3(a)
as: (1) the number of the observable overtones reduces from
seven at ap = 0.4Ry to five at ag = 0.8Rp; (2) the most prob-
able state transits from the third order at ay = 0.4R( to the
second order at ap = 0.8Ry. These phenomena are direct re-
flections of the variation in electron—phonon coupling (HR
factor) linked to charge carrier localization, showing the po-
laron to be more stable or more easily taken off the phonon
dressing. Similar trends are also obtained for MAPbBr3; (in
Figs. 3(b) and 3(d)) and MAPbCI3 (in Fig. S3). Recently,
several experiments have proved that large polaron formation
drastically suppresses the cooling of hot carriers. 049511 For

L T
30 0.0 28, 57 85 114 142 17.0 19.9 22.7 25.6 284
5 ]
£ 20 ‘ (a) 3D CH3NH;PblI,
P
-
=
~ 107
z
=
=1
g0
E
0.8
0.
Q .6
0/;? 0
0 hew (meV)
25 1 00 20 41 6.1 82 10.212.2 143 16.3 184 204
201
A A (© 20 cHNEPLI
151

Intensity (arb. units)
—
<

10 60 80
hw (meV)

.5
0.4 20

instance, an envelope of a Cs4PbBrg lattice shell was provided
over CsPbBr3 nanocrystals.>!l The enhanced strength of the
electron—phonon coupling in such shell material facilitates the
formation of polarons with a large relaxation energy, and thus
depresses the carrier cooling process. It is, therefore, con-
cluded that if more phonon overtones appear in the infrared
optical absorption measurements of perovskite materials, the
polaron effect will be more pronounced, which could serve as
a criterion for judging whether these perovskites materials are
suitable for potential applications in photovoltaic (preferring a
strong polaron effect) or photoelectronic (demanding fast car-
rier cooling) devices.

0.0 2.7 53 8.0 10.6 13.3 15.9 18.6 21.2 23.9 26.5
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°
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=
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Z
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Fig. 3. Multiple LO phonon infrared optical absorption spectra in 3D CH3NH3Pbl; (a), 3D CH3NH3PbBr3 (b), 2D CH3NH3Pbl; (¢) and 2D
CH;3NH;3PbBr3 (d) for different electronic distribution radii in the ground state, at 7 = 77 K.

The temperature dependences of optical absorption in
3D MAPbDI3, 3D MAPbBr3 and 3D MAPDCI3 are shown in
Figs. 4(a), 4(b) and S4, respectively. These multiphonon over-
tones can be divided into two regions: the low-order region
including the overtones in the range of 1 < p < $3P +2 and
the high-order region comprising the rest of the overtones. In
the former region, the intensities of overtones decrease mono-
tonically with temperature. On the contrary, the latter region
shows the opposite variational trends and even much higher
orders of overtones will be thermally activated. This can be
explained by more thermally activated LO phonons becoming
available with temperature, resulting in (1) the polaron states

with more phonons are prone to reach the most probable states
and (2) the orders of overtones increase. The blueshift of
the most probable states leads to a shift of the whole absorp-
tion spectrum towards a higher energy, showing the downward
trend of the relative probability in the low-order region and the
upward trend for the high-order region, as given in Fig. SS5.
More importantly, the polaron dressed by more thermally
activated LO phonons indicates that the polaron effects are
actively strengthened at higher temperature. In perovskite ma-
terials, the long carrier diffusion length does not imply a high
charge carrier mobility, (3123621 yet a detailed understanding
of its fundamental mechanisms is still outstanding. Accord-
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ing to our theoretical study, the polarons become significantly
‘heavier’ with temperature because of the blueshift of the
spectra mentioned above, which is not beneficial to trans-
port, especially at room temperature. Thus this provides a
potential explanation for the moderate carrier mobility in per-
ovskites, which supports the theoretical predictions about LO
phonon mode scattering influencing mobility. [**33] Therefore,
it may be more appropriate to elucidate the effective mobility
by the polaron model in perovskite materials.[3*36-4-361 Tn
turn, the measurements of the carrier mobility in experiments

(571 1t is additionally re-

could also track the path of polarons.
vealed that the overtones retain a stable outline even at room
temperature, implying that polaron states have a very robust
lifetime, which will benefit not only experimental observation
but also the potential exploitation of polaron properties in per-
ovskite materials. However, there is a prominent distinction
for the peaks of overtones with temperature for these three
types of material, the details of which are shown in Fig. S6.
The variation of the slope indicates that the thermodynamic
stability of polarons decreases in the sequence CI>Br>I. As
a result, the stability of polarons for MHP materials could

suggest application potential in photovoltaics. Finally, we

00 1.2 24 36 49 6.1 7.3 85 9.7

300
7ﬁw1_,o

10tho
250 6hwro

200 Shwr,
I Qﬁwl_o
4ﬁwL0

~— 150
~

3ﬁwL0

100 B hwr,of

27
50 WLO

1hwr0

100

Fig. 4. The temperature dependences of multiple LO phonon structures
for the optical absorption spectra in 3D MAPbI3 (a) and 3D MAPbBr3
(b), respectively, at agp = 0.4R.

must emphasize that: (1) these perovskite materials undergo
two structural phase transitions with temperature, which influ-
ence the strength of the electron—phonon coupling and phonon
energy;P3-601 (2) the rotation of the organic monovalent cation
and its coupling with the surrounding inorganic framework af-
fects MHP optoelectronic properties.[1:92] These effects are
not taken into account in the present paper.

4. Conclusion

In summary, we theoretically study the infrared optical
absorption spectroscopy of Frohlich polarons in metal halide
perovskites. We find that: (1) the multiphonon structure can
be used as the fingerprint of the polaron, where the average
phonon number in the ‘phonon cloud’ of the polaron is re-
flected by the order of the strongest overtone in the absorption
spectra; (2) the multiphonon structure sensitively depends on
both the dimensionality of the materials and the charge carrier
localization, elucidating how competing processes between
polaron formation and carrier cooling are controlled, enabling
more efficient design of photovoltaic and photoelectronic de-
vices; (3) the ‘phonon cloud’ around the polaron will become
larger as the temperature increases and thus affect the carrier
mobility, especially at room temperature, which is consistent
with the experimental measurements; (4) infrared optical ab-
sorption spectra for MHPs are an easy and effective method,
reflecting charge carrier—phonon coupling and ensuring that
new materials for energy innovation are designed rationally
and appropriately to specific applications.
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