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Abstract

Double perovskite crystals such as Cs2AgBiBr6
are expected to overcome the limitation of clas-
sic hybrid organic-inorganic perovskite crystals
related to the presence of lead and the lack
of structural stability. Perovskites are ionic
crystals in which the carriers are expected to
strongly couple to lattice vibrations. In this
work we demonstrate that the photolumines-
cence (PL) emission in Cs2AgBiBr6 is strongly
influenced by the strong electron-phonon cou-
pling. Combining photoluminescence excita-
tion (PLE) and Raman spectroscopy we show
that the PL emission is related to a color cen-
ter rather than a band-to-band transition. The
broadening and the Stokes shift of the PL emis-
sion from Cs2AgBiBr6 is well explained using a
Franck-Condon model with a Huang-Rhys fac-
tor of S = 11.7 indicating a strong electron-

phonon interaction in this material.

Introduction

Lead-halide perovskite crystals have emerged
as promising materials for photovoltaic applica-
tions. After less than a decade of development
perovskite solar cells already exceed 20% power
conversion efficiency,1–3 with the latest records
above 23%,3 establishing solution-processable
technology as a viable alternative or exten-
sion to silicon solar cells.4,5 This tremendous
progress in perovskite-based photovoltaics is re-
lated to the unique combination of large opti-
cal absorption coefficient, long carrier lifetime
and diffusion length, and low effective masses of
carriers in these materials.6–10 With their sim-
ple and cheap fabrication technology the lead-
halide perovskites seems to be ideal candidates
for photovoltaic and other light emitting appli-
cations.11–13

Despite their superior properties, the lead-
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halide perovskites have drawbacks which hinder
the deployment of this technology on a large
scale. Lead-halide perovskites tend to degrade
when exposed to moisture, heat, or prolonged
illumination in air.14 Even in the most stable
compounds the practical lifetime of solar cells
is limited to weeks rather than years.15 In ad-
dition, the presence of Pb in solar cells is envi-
ronmentally undesirable, with the formation of
PbI2 during the degradation of perovskites.16,17

It is expected that the intrinsic limitations
of lead-halide perovskites can be overcome by
the heterovalent substitution of Pb2+ by pairs
of cations with formal oxidation states +1 and
+3 forming so-called “double perovskite” with
general formula AI

2 BIBIIIX6.
17–20 Here A is a

cation, for example Cs+, filling space between
halide (X= Cl, Br, I) octahedral cages. The
+1 and +3 cations alternate along the x, y
and z axes in neighbouring halide cages. There
are numerous combinations of 1+ and 3+ ions
with a suitable electron configuration such as
Cu+, Ag+, Bi3+, Sb3+, and In3+. Band struc-
ture calculations show that many of these com-
pounds have a band gap in the range promising
for solar cell applications.21 Some of the possi-
ble compounds have already been synthesized
corroborating theoretical predictions.22–26 For
example silver-bismuth double perovskites are
highly stable21,24 indirect band gap semicon-
ductors with the absorption edge in the range of
1.8-2.2 eV (Cs2AgBiBr6)

24,25,27 and 2.2-2.8 eV
(Cs2AgBiCl6).

21,24,25 Moreover, recent studies
have shown that these materials are very well
situated for the detection of high energy radia-
tion28,29 and white light emitters.30

Metal halide perovskites are ionic crystals
built from closed-shell rare-gas-like ions so that
a strong interaction of the carriers with the lat-
tice vibrations is expected.31–33 The importance
of electron-phonon coupling has already been
demonstrated for a variety of perovskite semi-
conductors.10,34–40 However, for double per-
ovskites most studies have focused on struc-
tural, band gap and stability properties. The
electron-phonon coupling has only received at-
tention very recently30,35,40,41 even though this
interaction is crucial for understanding the elec-
trical and optical properties of perovskite crys-

tals.
In this work we show that the photolumi-

nescence (PL) emission in Cs2AgBiBr6 is dom-
inated by a strong electron-phonon interac-
tion. Using a combination of PL, Raman
and photoluminescence excitation (PLE) we
reveal that the PL emission is related to a
color center rather than a band-to-band tran-
sition. The resonant excitation of this center
results in a strong enhancement of PL emis-
sion demonstrating the importance of the non-
radiative recombination path related to the in-
direct bandgap. Crucially, we show that the
significant PL broadening together with the
large Stokes shift between emission (PL) and
absorption (PLE) can be well explained using
a configurational coordinate diagram (Franck-
Condon model) indicating a strong electron-
phonon coupling characterized by a relatively
large Huang-Rhys factor ' 12.

Methods

Experiment

The investigated sample was a ' 1 × 1 × 1
mm3 single crystal obtained from the dissolved
poly-crystalline powder (' 1g) in ' 10 mL of 9-
M HBr. The solution was cooled down from
110 ◦C at a rate of 0.5 ◦C/hour. An extended
description of the crystal synthesis and struc-
tural characterization can be found in ref.42

Sample were mounted in a helium cryostat.
Optical access to the samples was provided
through a quartz window. The PL, Raman
spectra and PLE measurements were performed
in the backscattering configuration. PL and
PLE was excited provided by femtosecond pulse
(150 fs) mode-locked Ti:sapphire laser or fre-
quency doubled output of an optical paramet-
ric oscillator, synchronously pumped by the
Ti:sapphire laser. The excitation beam was fo-
cused on the sample by a 20 cm focal length
lens. The emitted PL was collected through
the same lens and redirected to a spectrometer
equipped with a liquid nitrogen cooled charge-
coupled device camera. The reflectivity spec-
trum was measured exciting with a tungsten
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Figure 1: (a) Low temperature (T = 5 K) photoluminescence spectrum (PL in red) and integrated
PL intensity as a function of the energy of the exciting photons (PLE spectrum in blue) together
with the reflectance spectrum (R in black). (b) photoacoustic signal (PAS) as a function of the
excitation energy (equivalent to absorption) measured at 300 K. (c) Schematic showing the band
structure of (Cs2AgBiBr6) with possible transitions and carrier relaxation pathways. The black
dashed line indicates the position of color centers. The blue and red bars represent absorption and
emission bands of the color center which are broadened and shifted from the energy of equilibrium
state of color center (dashed line) due to the strong electron-phonon coupling (see text).

halogen lamp. Raman scattering measurements
were performed at T = 5 K with the use of
cw 532 nm laser. The laser beam power was
0.2 mW. The excitation beam was focused on
the sample by a ×50 microscope objective with
a numerical aperture of 0.55. Photoacoustic
spectra were measured in the microphone sens-
ing configuration. A tunable light source con-
sisting of a 250 W tungsten halogen lamp and
a 0.32 m focal length monochromator was used
to illuminate the sample mounted inside a non-
resonant photoacoustic cell. The incident beam
was modulated with a mechanical chopper at a
frequency of 40 Hz, passed through a quartz
transmission window, and focused to a spot of
2 mm x 1 mm in size. Acoustic waves arising in-
side the air-tight cell were detected with an elec-
tret condenser microphone producing a voltage
signal further demodulated with a lock-in am-
plifier (Stanford Research Systems SR830).

Theory

All calculations were performed using DFT
as implemented in the Crystal17 code.43,44

The system was fully relaxed (atomic posi-
tions and lattice vectors) using PBE func-
tional45 with van der Waals correction as pro-
posed by Grimme46 and the effective core po-
tential basis sets to account for relativistic ef-
fects. Optimization was performed using 36 k-
point mesh in the irreducible Brillouin zone fol-
lowing the Monkhorst-Pack approach. Raman
spectra were calculated from the dielectric ten-
sor with the Coupled Perturbed Hartree-Fock
(CPHF) method, as implemented in Crystal17
code. Two models were used to represent the
Cs2AgBiBr6 crystal structure, the cubic form
(Fm3̄m, #225) and the tetragonal form (I4/m,
#87) in order to understand the changes in Ra-
man shifts with respect to the lattice vectors.
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Results and Discussion

Figure 1 (a) shows the PL (red), PLE
(blue) and reflectance (black line) spectra of
Cs2AgBiBr6 single crystal taken at T = 5 K.
The PL emission, centered around 2 eV is
strongly broadened, with a full width half
maximum (FWHM) of ' 190 meV. The PLE
spectrum shows that the intensity of the PL
emission strongly depends on the energy of the
exciting photons. For excitation below 2.4 eV
the PL emission is almost completely quenched.
For excitation above 2.4 eV the PL signal in-
creases rapidly reaching a maximum at around
2.5 eV before decreasing slowly at higher ener-
gies. A sharp decrease of PLE signal is observed
around 2.8 eV corresponding to the direct band
gap exciton which is clearly visible as a res-
onance in the reflectance spectrum (see black
lines in Fig. 1 (a)).42 This behaviour is unusual
for band-to-band transitions where the PLE
signal normally shows a monotonic increase47

simply following the increasing density of states
of the bands before eventually saturating for
strong enough absorption. The complex depen-
dence of PLE signal is in contrast to photoa-
coustic (PA) spectrum (equivalent to absorp-
tion) presented in Fig.1 (b). The photoacoustic
signal onset is around 2.1 eV (Tauc plot anal-
ysis presented in supporting information gives
a bandgap energy of 2.12 eV) and monotonic
increase can be observed before saturation of
PA signal at around 2.6 eV. Similarly reported
absorption spectra exhibit monotonic increase
from around 2.1 eV up to direct bandgap tran-
sition around 2.8 eV18,27,48,49 (see also fig. S1 in
supporting information). Moreover the onset
of PLE is at hundreds of meV higher than the
reported bandgap for Cs2AgBiBr6.

24,25,27,48

The non-monotonic behaviour of the PLE sig-
nal indicates that the observed PL emission is
not related to a band-to-band transition, but
its origin can be attributed to a color center,
which can be effectively (directly) excited by
2.5 eV photons. The density of color centers
and their photon absorption cross-section can-
not be very high, since they are not seen in
the absorption spectrum. Excitation above or
below 2.5 eV energy results in a quenching of

the PL signal since the emitting states are no
longer populated/excited effectively. This can
be understood as a competition between recom-
bination pathways; in the case of off-resonant
excitation, photocreated carriers can either be
trapped by the color centers or they can relax
to the minimum of the indirect band gap, as
shown schematically in Fig. 1(c). The signif-
icant drop of PL signal for excitation different
than 2.5 eV suggests that the carriers created in
the band states mostly relax to the minimum of
the bands corresponding to indirect band gap
where they recombine non-radiatively. Further
evidence of competition between band states
and emissive color-center states can be seen
from the sharp dip in the PLE spectrum at
2.8 eV, which correspond to the direct-gap ex-
citonic absorption. Despite expected signifi-
cant increase in absorption for excitonic tran-
sition at 2.8 eV (visible in reflectance and ab-
sorption spectrum presented in SI), the PL sig-
nal decreases. One of the possible explanations
might be related to the neutral character of the
exciton, which inhibits trapping by the color-
center/trap states. The excitons are formed di-
rectly only in the case of resonant excitation at
2.8 eV, while the higher energy excitation re-
sults in the creation of free electrons and holes,
a small fraction of which, can relax to the color-
center states, before they have time to form ex-
citons or relax to the band minima, which might
explain increase of the PLE signal above 2.8 eV.
This scenario of carrier relaxation and recombi-
nation is in agreement with the recent studies
of PL and transient absorption dynamics, which
show that majority of the carriers relax to the
indirect band gap states and later recombine
non-radiatively.49,50

In ionic crystals color centers are usually
strongly coupled to the crystal lattice vibra-
tions.31 The occupation of such a center causes
a local lattice deformation leading to an energy
offset between the ground (unoccupied) and ex-
cited (occupied) states of the color center. Ra-
diative recombination can then occur accompa-
nied by the emission of multiple phonons.31,51

This leads to a broadening of the absorption
and emission bands, which are energetically
separated as shown schematically in Fig. 1 (c)).
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Figure 2: Low temperature (5 K) Raman
spectrum of Cs2AgBiBr6. The experimental
peaks are represented by solid lines while the
Lorentzian fits are represented by shaded area.
The dashed lines indicate the energy of vibra-
tion calculated using DFT. (b)-(d) schema of
the lattice vibration visible in Raman spectrum.

The observed ' 500 meV Stokes shift between
emission (PL) and absorption (PLE) together
with the significant broadening of the PL emis-
sion are the smoking gun signature of a strong
electron-phonon coupling in Cs2AgBiBr6.

The strength of the electron-phonon interac-
tion is characterized by the Huang-Rhys fac-
tor S which is the average number of phonons
emitted by the color center after photon absorp-
tion or emission. The phonon energy can be
extracted from the Raman spectrum presented
in Fig. 2. The low temperate Raman spec-
trum is dominated by the peak at 180 cm−1 and
two less intense peaks can be seen at 139 cm−1

and 74 cm−1. We identify the origin of each

peak comparing it with the predictions of DFT
calculations (see supplementary information for
DFT details) marked by the vertical dashed
lines. The peak around 180 cm−1 is the A1g

LO phonon mode related to symmetric stretch-
ing vibration of Br atoms around Bi atoms in
the octahedron and the two lower peaks are vi-
bration with symmetries of Eg (at around 139
cm−1) and T2g (at around 74 cm−1). The Eg

mode is related to the asymmetric stretching vi-
brations of Br around Bi atoms. The T2g mode
is a correlated motion of Cs atoms with the scis-
soring of Br atoms (see . Fig. 2).

The calculated energies of the modes are
slightly lower than measured experimentally,
which might be related to disorder in Ag and Bi
cation arrangement or a non fully relaxed crys-
tal structure (the ionic radius of Ag is larger
than that of Bi, therefore bonding distortions
arise due to the large mismatch of the two sub-
lattices35). The dependence of simulated Ra-
man peaks on the lattice vectors is shown in
Supporting Information (Fig. S4). The weak
peak visible at around 350 cm−1 is usually at-
tributed to the second order of the A1g mode,35

not observed in the DFT simulations.
According to a conventional Franck-Condon

model the absorption and emission spectrum
are composed of a series of transitions sepa-
rated by the phonon energy Eph. The intensity
of each transition is proportional to the overlap
of the harmonic oscillator states in the ground
and excited states of the color center (see Fig.3).
At low temperature only the ground vibrational
state is occupied and the intensity of each tran-
sition is proportional to:

I(n) ∼ e−SSn

n!
. (1)

This predicts that the emission is a mirror im-
age of the absorption spectrum. As the Huang-
Rhys S factor the absorption and emission spec-
trum change from being dominated by the 0
phonon line to multiple phonon excitation and
emission. This is shown in Fig. 3 (b)-(d)
where we calculate the emission and absorp-
tion for different values of S and line widths of
the individual phonon transitions (FWHM of
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Figure 3: (a) Schematic showing the Franck-Condon model (configurational coordinate diagram).
Red and blue parabole represent the harmonic potential felt by the color center in the ground and
excited states. The shaded area represents spatial probability distribution of the harmonic oscillator
eigen states. The arrows show transitions with 0 (light gray) 1 (black) and 2 (dark gray) phonons
involved. (b) – (d) evolution of the absorption (blue) and emission spectra (red) as a function of
the Huang-Rhys factor. The solid lines are spectra modelled with 1 meV FWHM of each phonon
assisted transition while the lighter colored shaded areas are calculated with 10 meV FWHM. (e)
Results of the Franck-Condon model fitting (shaded area) to the PL and PLE spectra. We assume
10 meV broadening of each phonon transition and 22.4 meV phonon energy.

1 meV (blue-red) and 10 meV (lighter colored
shaded area)). Typically, for strong electron-
phonon coupling the broadening of the phonon-
assisted transitions results in smooth broad
emission and absorption bands without any
phonon structure.31 The size of the Stokes shift
is also controlled by the value of S, and for
smooth bands (individual transitions not re-
solved) its value is somewhere between (2S −
1)Eph and 2SEph.51 In perovskite crystals the
carrier scattering is dominated by longitudinal
optical (LO) phonons35 which correspond to an
energy of ∼ 22.4 meV (180 cm−1 in the Ra-
man spectrum) for the Cs2AgBiBr6. Assum-
ing Eph = 22.4 meV the PL and dominant PLE
onset are very well reproduced using a Huang-
Rhys factor of S = 11.7 (see Fig.3) and a 0-
phonon line energy of 2.25 eV. Crucially, the
Huang-Rhys factor S is the only fitting parame-
ter and reproduces exactly the Stokes shift and
the broadening of the PL lending strong sup-
port to the coupled color center model. Obvi-
ously the PLE spectrum is not reproduced with

such a good agreement as PL since it is affected
by the transfer of free carriers (excited in band-
to-band transitions) to color centers, neverthe-
less the dominant feature is well reproduced.

The exact nature of the color centre re-
mains an open question. It can be either in-
trinsic, related to the self trapping of carri-
ers or excitons, alternatively it may be trap
or defect related,31,40,52,53 any of which can
strongly deform the lattice after carrier trap-
ping. The defects themselves can be intrinsic
through the presence of defects such as Ag va-
cancies or AgBi anti-site defects which are cal-
culated to act as shallow acceptors54 causing
Cs2AgBiBr6 single crystals to become p-type,
as has been concluded from photoemission mea-
surements.49 Very recently it was shown that in
the case of Cs2AgInCl6 a strong PL emission is
related to intrinsic hole self trapping at the Ag
atom, however in the case of Cs2AgBiBr6 it has
been suggested that the behaviour is defect re-
lated.49,50 Our measurements suggest that de-
fects may be a more likely explanation. The sig-
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nificant difference between the absorption and
the PLE spectra, in particular the very sharp
onset at 2.4 eV, suggests that direct excitation
to the emissive state is occurring consistently
with a Frank-Condon model with strong carrier
trapping. By contrast the significantly differ-
ent absorption spectrum is thought to be domi-
nated by the indirect band gap leading to com-
petition between radiative and non-radiative
processes. Further evidence of this can be seen
from the sharp dip in the PLE spectrum at 2.8
eV which arises due to competition with the
direct gap exciton which does not give rise to
any color centre emission but corresponds to
the dispersive feature in the reflectivity shown
in Fig. 1.42 The marked difference of the PLE
signal compared to the absorption spectrum fa-
vors an extrinsic origin of the color center, as
we would expect that carrier self-trapping will
occur regardless of the photo-excitation energy,
and after thermalization, the photo-created car-
riers will undergo self-localization. The defect
related origin is also in agreement with recent
studies of carrier dynamics41,49,50 which suggest
that PL is mediated through defect states.

It is worth noting that the Cs2AgInCl6
30 is

significantly more polar than Cs2AgInBr6 due
to the larger electronegativity differences be-
tween the Ag/In and Cl atoms (Cl−Ag=1.23,
Cl−In=1.38) compared to Ag/Bi and Br
(Br−Ag =1.03, Br−Bi=0.94) which will en-
hance its probability of self-trapping. This
is also consistent with the significantly larger
Huang-Rhys factor of 37 observed for the Chlo-
ride compared with our value of 11.7 for the
Bromide.30 A similar difference in behaviour
has been reported for other metal halides such
as AgBr1−xClx, where a swap over from self
trapping to free excitonic behaviour has been
observed as the Cl is replaced by Br.31,32

Conclusions

In conclusion, we have shown that the opti-
cal properties of Cs2AgBiBr6 are dominated by
the strong coupling between the photoexcited
carriers and phonons. The difference in the
PLE and absorption spectrum demonstrates

that the PL emission in this material originates
from color centers rather than band-to-band
recombination. The significant broadening of
the PL together with the Stokes shift between
PL and PLE peaks can be explained by a
Franck-Condon model indicative of a strong
local lattice deformation upon excitation of the
color center states which is characterized by
a relatively large Huang-Rhys factor of about
12. The significant variation of the PLE signal
results from competitive pathways for carrier
recombination, radiative recombination related
to direct color center and, non-radiative re-
combination of the carriers which relax to the
bottom of indirect band gap, combined also
with direct gap excitonic absorption.

Supporting Information

Comparison of literature absorption data with
PLE spectrum, Calculated phonons disper-
sions, Simulation of Raman spectra.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgement This work was partially
supported by the Région Midi-Pyrénées un-
der contract MESR 13053031, BLAPHENE
and STRABOT projects, which received
funding from the IDEX Toulouse, Emer-
gence program, “Programme des Investisse-
ments d’Avenir” under the program ANR-
11-IDEX-0002-02, reference ANR-10-LABX-
0037-NEXT. M.B. appreciates support from
the Polish Ministry of Science and Higher Ed-
ucation within the Mobilnosc Plus program
(grant no. 1648/MOB/V/2017/0). A.K. ac-
knowledges ZIH Dresden for providing com-
putational resources. S.J.Z. also acknowledges
the support within the Etiuda 5 scholarship
from National Science Centre Poland (no.
2017/24/T/ST3/00257). We acknowledge fi-
nancial support from the UK Engineering and
Physical Sciences Research Council (EPSRC),
Grant No. EP/P033229/1, and from Univer-

7



sity college (Berman scholarship) and Balliol
college (J.T. Hamilton scholarship) at Oxford
University.

References

(1) Yang, W. S.; Park, B.-W.; Jung, E. H.;
Jeon, N. J.; Kim, Y. C.; Lee, D. U.;
Shin, S. S.; Seo, J.; Kim, E. K.;
Noh, J. H. et al. Iodide management
in formamidinium-lead-halide–based per-
ovskite layers for efficient solar cells. Sci-
ence 2017, 356, 1376–1379.

(2) Green, M. A.; Hishikawa, Y.; Dun-
lop, E. D.; Levi, D. H.; Hohl-Ebinger, J.;
Yoshita, M.; Ho-Baillie, A. W. Solar cell
efficiency tables (Version 53). Prog. Pho-
tovoltaics 2018, 27, 3–12.

(3) NREL, Best Research-Cell Efficiency
Chart. https://www.nrel.gov/pv/cell-
efficiency.html, Accessed 18.04.2019.

(4) Leijtens, T.; Bush, K. A.; Prasanna, R.;
McGehee, M. D. Opportunities and chal-
lenges for tandem solar cells using metal
halide perovskite semiconductors. Nat.
Energy 2018, 3, 828–838.

(5) Sahli, F.; Werner, J.; Kamino, B. A.;
BrF̈auninger, M.; Monnard, R.; Paviet-
Salomon, B.; Barraud, L.; Ding, L.;
Leon, J. J. D.; Sacchetto, D. et al. Fully
textured monolithic perovskite/silicon
tandem solar cells with 25.2% power
conversion efficiency. Nat. Mater. 2018,
17, 820–826.

(6) Stranks, S. D.; Eperon, G. E.;
Grancini, G.; Menelaou, C.; Alco-
cer, M. J.; Leijtens, T.; Herz, L. M.;
Petrozza, A.; Snaith, H. J. Electron-hole
diffusion lengths exceeding 1 micrometer
in an organometal trihalide perovskite
absorber. Science 2013, 342, 341–344.

(7) de Quillettes, D. W.; Vorpahl, S. M.;
Stranks, S. D.; Nagaoka, H.;
Eperon, G. E.; Ziffer, M. E.; Snaith, H. J.;

Ginger, D. S. Impact of microstructure on
local carrier lifetime in perovskite solar
cells. Science 2015, 348, 683–686.

(8) Hutter, E. M.; Gélvez-Rueda, M. C.; Os-
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Graphical TOC Entry

The emission and absorption of Cs2AgBiBr6 are dominated by the strong
carriers-phonon coupling.
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