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P H Y S I C S

Strong self-trapping by deformation potential  
limits photovoltaic performance in bismuth  
double perovskite
Bo Wu1,2,3*†, Weihua Ning4†, Qiang Xu2, Manukumara Manjappa2,5, Minjun Feng2, Senyun Ye2, 
Jianhui Fu2, Stener Lie6, Tingting Yin2, Feng Wang4, Teck Wee Goh2, Padinhare Cholakkal Harikesh6, 
Yong Kang Eugene Tay2, Ze Xiang Shen2,5,7, Fuqiang Huang3, Ranjan Singh2, Guofu Zhou1,8*, 
Feng Gao4*, Tze Chien Sum2*

Bismuth-based double perovskite Cs2AgBiBr6 is regarded as a potential candidate for low-toxicity, high-stability 
perovskite solar cells. However, its performance is far from satisfactory. Albeit being an indirect bandgap semiconductor, 
we observe bright emission with large bimolecular recombination coefficient (reaching 4.5 ± 0.1 × 10−11 cm3 s−1) 
and low charge carrier mobility (around 0.05 cm2 s−1 V−1). Besides intermediate Fröhlich couplings present in both 
Pb-based perovskites and Cs2AgBiBr6, we uncover evidence of strong deformation potential by acoustic phonons 
in the latter through transient reflection, time-resolved terahertz measurements, and density functional theory 
calculations. The Fröhlich and deformation potentials synergistically lead to ultrafast self-trapping of free carriers 
forming polarons highly localized on a few units of the lattice within a few picoseconds, which also breaks down 
the electronic band picture, leading to efficient radiative recombination. The strong self-trapping in Cs2AgBiBr6 
could impose intrinsic limitations for its application in photovoltaics.

INTRODUCTION
The advent of solution-processed halide perovskites promises low-
cost and high-efficiency optoelectronics applications. Leading the 
pack is lead halide perovskite solar cells with efficiencies exceeding 
25% (1, 2). However, there are concerns over toxicity and stability 
issues of lead halide perovskites. Research focus has recently shifted 
to bismuth-based perovskites where both problems in lead perovskites 
can be simultaneously addressed (3–6). Among them, halide double 
perovskites A2B′B″X6 (e.g., Cs2AgBiBr6) have received the most at-
tention because of their three-dimensional structure rather than the 
typical AaB″

bXc (A, monovalent cation; B′, monovalent metal ion; 
B″, trivalent metal ion; X, halide anion; a, b, and c, integrals follow-
ing the relation a + 3b = c) structure with reduced dimensionality 
that limits exciton dissociation and charge carrier transport (4, 5, 7). 
Although Cs2AgBiBr6 has shown favorable optoelectronic proper-
ties such as long carrier lifetime (4, 5, 8–10) and has successfully 
been used in some optoelectronic applications such as x-ray photo-
detection (11–14), the performance of Cs2AgBiBr6 solar cells remain 
disappointing, with power conversion efficiencies (PCEs) of merely 

1 to 2.5% reported to date (15–19). The cause of such poor perfor-
mance has been under intense debate. For example, strong electron- 
phonon coupling was experimentally observed (20, 21), but the strength 
of the Fröhlich coupling (typical for ionic/polar semiconductors) is 
only comparable to that of lead perovskites (20). Savory et al. (22) 
found that the angular momentum mismatch of the frontier atomic 
orbitals may lead to flat bands and large carrier effective mass, while, 
in other reports, the effective carrier mass is believed to be small 
enough for favorable charge transport (5, 8, 23). Deep defect levels 
such as BiAg antisites and bromine vacancies may become strong 
nonradiative loss channels (9, 24); however, they can be carefully 
tuned to be as low as 109 cm−3 under ideal growth conditions (11, 24). 
To further optimize their performance and evaluate their potential 
for solar cell applications, it is imperative to resolve the dispute and 
establish whether the low performance is the consequence of pro-
cessing conditions or due to intrinsic limitations.

Here, we attempt to rationalize the underlying mechanisms that 
limit the photovoltaic performance through a detailed spectroscopic 
study of the photoexcitation, recombination, transport, and scatter-
ing processes in high-quality Cs2AgBiBr6 single crystals (SCs) and 
polycrystalline (PC) films, supported by density functional theory 
(DFT) calculations. Despite Cs2AgBiBr6 being an indirect bandgap 
semiconductor, we observe strong band-to-band emission with a 
maximum quantum yield >2% and bimolecular recombination 
coefficient of around 4.5 ± 0.1 × 10−11 cm3 s−1 at room temperature, 
which is only an order lower than typical direct bandgap semicon-
ductors. In contrast to lead halide perovskites whose photoluminescence 
(PL) linewidths are proportional to the phonon occupation num-
ber, the temperature dependence of the PL linewidth for the double 
perovskite scales with   √ 

_
 T   , which is consistent with the prediction of 

electron-lattice interaction in the strong coupling regime. Concom-
itantly, the intrinsic carrier mobility for SCs is merely 0.05 cm2 s−1, 
suggesting a localization effect by the strong electron-phonon coupling. 
Both strong coherent optical and acoustic phonon oscillations are 
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fast damped and are coupled to the electronic dynamics, signifying 
an ultrafast formation of polarons and reduction of the carrier mo-
bility within a few picoseconds, as revealed by transient reflection 
spectroscopy (TRS) and time-resolved terahertz spectroscopy (TRTS). 
With the aid of DFT calculations, we found that the theoretical 
Fröhlich coupling strength is in the intermediate regime, compara-
ble to lead halide perovskites. However, the deformation potentials 
by acoustic phonons for both electrons and holes in Cs2AgBiBr6 are 
larger than 10 eV, much stronger compared to their lead counter-
parts, which may assist the ultrafast and strong self-trapping of the 
charge carriers. From the above experimental and theoretical re-
sults, we propose that after the coupling of the charge carriers with 
the optical phonons, a range of acoustic phonon modes may further 
interact strongly with the charge carriers, which localizes the charge 
carriers within a few lattice units. The strong self-trapping causes 
the charge carriers to lose coherence and move by hopping from 
site to site. The electronic band picture breaks down because of the 
localization effect and is replaced by local polaronic picture, which 
circumvents the strict transition rules for bare electrons. Our find-
ings suggest that the double perovskite has its intrinsic limitations 
in photovoltaic performance due to the strong self-trapping effects, 
which may also be applicable to other Bi-based and Sb-based semi-
conductors.

RESULTS
Basic properties and device performance
Cs2AgBiBr6 has a cubic  Fm  ̄  3 m  double perovskite superstructure, 
with Ag and Bi located at alternate perovskite octahedra units 
(Fig. 1A) (5). We prepared high-quality Cs2AgBiBr6 SCs following 
our previous reports (4, 19, 25). Figure 1B is the x-ray diffraction 

(XRD) pattern of the powdered SC, which is in agreement with the-
oretical calculations and indicates a high phase purity. The PC films 
were fabricated by spin-coating SC solutions onto quartz substrates. 
The scanning electron microscopy (SEM) image shows that the PC 
film is pinhole-free and smooth with a large grain size of around 
240 nm (Fig. 1C). Hall measurements show a background electron 
density of the order of 1013 to 1014 cm−3 for the PC films, suggesting 
a weak n-type semiconductor in contrast to a previous theoretical 
prediction. This is further supported by ultraviolet photoelectron 
spectroscopy characterization of the energy levels (figs. S1 and S2) 
(9). The absorption spectrum of the PC film shows a strong exciton-
ic feature at the red side of a continuum band with absorption coef-
ficients of around 104 to 105 cm−1 (Fig. 1D). This is attributed to the 
direct electronic and associated excitonic transitions above the indi-
rect bandgap, e.g., at X point (26). SC exhibits a slight blue shift of 
the excitonic and continuum absorption, which is possibly due to 
different microstrains or lattice disorder–induced band energy shift 
(27). The absorption from indirect transitions is not obvious in the 
PC film because of their weak transition strength. With diffuse re-
flectance spectroscopy, we can clearly observe an absorption band 
at the red side of the strong direct absorption bands due to much 
longer light penetration depths in the SCs (Fig. 1D). We propose 
that it mainly arises from the indirect transition, as the extracted 
indirect bandgap (Egi) of around 2.18 eV through Tauc plot is con-
sistent with previously reported theoretical and experimental results 
(fig. S3) (4, 5). However, band tail and defect absorption cannot be 
fully excluded.

Cs2AgBiBr6 perovskite solar cells were fabricated using high- 
quality PC films in a planar structure with the indium tin oxide 
(ITO)/compact TiO2/Cs2AgBiBr6/Spiro-MeOTAD/Au configura-
tion following our previous report (19). The best-performing 

Fig. 1. Basic properties of Cs2AgBiBr6 and solar cell performance. (A) Crystal structure of Cs2AgBiBr6. (B) XRD pattern of powdered Cs2AgBiBr6 SC. Inset: An image of 
Cs2AgBiBr6 SCs of several millimeters. a.u., arbitrary units. (C) SEM image of Cs2AgBiBr6 PC film. Inset: Zoom-in SEM image. (D) Absorption (Abs) and emission spectra of 
Cs2AgBiBr6 PC film and SC. UV-vis, ultraviolet-visible; DR, diffuse reflectance. (E) J-V and (F) IPCE curves of a typical Cs2AgBiBr6 solar cell with ITO/compact TiO2/Cs2AgBiBr6/
Spiro-MeOTAD/Au planar structure. EQE, external quantum efficiency.



Wu et al., Sci. Adv. 2021; 7 : eabd3160     17 February 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 11

solar cells have PCEs of around 1.13 and 1.24% with forward scan 
and backward scan, respectively (Fig. 1E). The VOC, JSC, and fill factor 
(FF) are 1.06(1.05) V, 1.46(1.54) mA cm−2, and 0.73 (0.77) with 
forward (backward) scans, respectively. The incident photon-to-elec-
tron conversion efficiency (IPCE) curve is shown in Fig. 1F with a 
maximum efficiency of only 30 to 35% at direct absorption region 
and <1% at indirect absorption region. These values are generally 
comparable with other reports (15–19). With carrier diffusion lengths 
of around 100 nm in our PC films measured using the time-resolved 
PL (TRPL) quenching method (19), we speculate, to some extent, 
that the performance may be hampered because of interfacial prob-
lems, which can be alleviated by using mesoscopic structure or other 
charge- transporting layers. However, the carrier diffusion lengths 
do not permit enough indirect absorption, and therefore, there is 
strong limitation of the solar cell performance. Next, we mainly focus 
on spectroscopic characterizations of Cs2AgBiBr6 SCs, which have 
much fewer defects and can therefore divulge the intrinsic photo-
physics of the double perovskite system.

Bright band-to-band emission and low carrier mobility
Radiative transitions at indirect band edges are forbidden, which 
require absorbing or emitting phonons to compensate the k-space 
momentum mismatch (Fig. 2A). Therefore, PL quantum yields 
(PLQYs) for indirect bandgap materials are typically several orders 
lower than their direct counterparts, e.g., 10−6 for Si and 10−5 to 10−6 
for bulk MoS2 (28, 29). This limits their potential for light-emitting 
applications. However, we observed PL in both Cs2AgBiBr6 SCs and 
PC films, which is “bright” compared to typical indirect semicon-
ductors. The broad PL spectra are centered at around 650 to 660 nm 
(~1.90 eV), with a Stokes shift of around 280 meV and full width at 
half maximum (FWHM) of around 420 and 320 meV for the PC 

films and SCs, respectively (Fig. 1D). The origin of the PL in Cs2AgBiBr6 
has been under debate with defect/extrinsic color center, band-to-
band indirect transition, and self-trapped exciton (STE) emission 
being proposed (4, 10, 19, 21). We will show evidence below that the 
PL originates from free carrier emission at the band edge at low 
excitation density but is dressed by the lattice deformation, i.e., the 
polaronic band-to-band transition, which circumvents the forbidden 
rule for bare electronic transitions with k = 0 by strong local lattice 
deformation. Before providing evidence on the polaron formation, 
below, we still refer to free carrier instead of polaron. Figure 2B 
presents the fluence-dependent initial PL intensity (PL|t = 0) upon 
above indirect bandgap excitation (530 nm). The initial PL intensity 
(PL|t = 0) just after photoexcitation provides an indication of the 
emission species within the crystal (30). The fluence has been con-
verted to average carrier density within the effective excitation 
length (~ 4 m). When the excitation density N < 1016 cm−3, the 
initial PL intensity scales quadratically (power law factor  = 1.94) 
with carrier density, implying free electron-hole recombination. 
The free carrier emission dominates from 1016 cm−3 to as low as 
1014 cm−3, which is in the low detection limit of our PL setup. We 
did not observe any emission by the doped carriers, which is mono-
molecular and below the free carrier emission threshold. This 
corresponds to a doped carrier density much lower than 1014 cm−3, 
consistent with the Hall measurement results (<1013 cm−3). At high 
carrier density regime after N > 1016 cm−3, the power law factor 
drops to  = 1.26, showing the coexistence of both free carrier and 
exciton emission, as we observed previously for PC films (19). 
This is a consequence of the thermal equilibrium between the 
photoexcited bound excitons and unbound electron-hole plasma 
(free carriers) after the excitations cool to the indirect band edges ac-
cording to Saha’s equation:   n e,h  2   /  n  EX   =  (   EX    k  B   T / 2  ℏ   2 )   3/2   e   − E  b  / k  B  T  , 

Fig. 2. The PL characteristics of Cs2AgBiBr6 SC and PC films. (A) Schematic of the phonon-assisted transitions at the indirect band edge for a typical indirect semicon-
ductor. VB, valence band; CB, conduction band; Egd, direct band gap; Egi, indirect band gap. (B) Carrier density–dependent initial PL intensity of Cs2AgBiBr6 SC with 530-nm 
excitation. (C) The PLQYs of Cs2AgBiBr6 SC and PC film. The SC was excited using 532-nm (blue) and 473-nm (green) lasers at room temperature (RT). The PC film was 
excited using a 473-nm laser. (D) Fluence- dependent PL decays of Cs2AgBiBr6 SC upon 530-nm laser excitation. (E) Excitation energy–dependent PL kinetics of Cs2AgBiBr6 
SC. Lines: Fitted curves with the model in the main text. (F) Temperature-dependent PL linewidth of Cs2AgBiBr6 SC. Dashed line, fitting with the conventional model for 
weak coupling; solid line, fitting with the model proposed by Toyozawa (39) for strong coupling.
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where ne,h and nEX are the densities of electron-hole plasma and 
excitons, respectively, and EX and Eb are the effective reduced mass 
and the binding energy of the excitons (30). Note that we did not 
observe any change of the PL spectral profile with varying excitation 
densities. This is consistent with the fact that both bound excitons 
and the plasma of unbound electrons and holes emit at the exciton 
resonance according to a full many-body treatment in a strongly 
interacting many-body system (31). By fitting the fluence-dependent 
initial PL intensity curve, taking into account only the thermal equi-
librium between the free carriers and excitons, we extract an exciton 
binding energy of around 94 meV, which is close to the theoretical 
value of 104 meV (8). Hence, we expect free carriers to be the dom-
inant excited species (fraction larger than 70%) for an excitation 
density below 1016 cm−3 (fig. S4).

Figure 2C presents the PLQYs of typical Cs2AgBiBr6 SC and PC 
film. At room temperature, both the SC and PC film undergo an 
initial monotonous PLQY increase with increasing photoexcitation 
density until reaching a plateau. This is in congruence with the 
dominance of emission from free carriers at low excitation density 
to excitons at high excitation density. By further increasing the photo-
excitation density, the PLQYs start to drop because of multiparticle 
nonradiative recombination such as Auger recombination and 
exciton-exciton annihilation. With 473-nm excitation, the maximum 
PLQY for SC at room temperature is around 0.8%, which is further 
elevated to around 2% with a 532-nm laser that excites more of the 
bulk. Note that the PLQY of SC is probably underestimated because 
of the unavoidable reabsorption effect. The PC film with negligible 
reabsorption shows a maximum PLQY of around 0.4% at room 
temperature, a value lower than SC owing to faster nonradiative 
recombination at grain boundaries or inside the grains, which also 
excludes the possible origin of defect emission. As we decrease the 
temperature, the PLQY gradually increases and approaches unity at 
77 K, which may be attributed to defect deactivation and exciton 
formation at low temperature.

The high PLQYs imply that the radiative recombination at room 
temperature for electrons and holes is in competition with the 
trap-assisted nonradiative recombination. Figure 2D presents the PL 
decay dynamics for Cs2AgBiBr6 SC that is highly dependent on the 
photoexcitation density, which is another important signature of 
band-to-band emission, as the defect or exciton emission rate is 
typically independent of the excitation density in the low regime. 
Here, we used a weak absorbing 530-nm laser as the excitation source 
to mainly excite the bulk part and to minimize carrier diffusion effect. 
In this scenario, the carrier dynamics follows the expression in a 
thin film: dn/dt = −k1n − k2n2 and IPL(t) ~ k2n2, where k1 and k2 are 
the first-order recombination rate via deep defect levels and the 
second-order e-h (bimolecular) recombination coefficient, respec-
tively. Recombination via doped carriers is neglected in the presence 
of much lower doped carrier density (<1013 cm−3) compared to that 
of the photoexcited carriers (>1014 cm−3). We obtained k1 of around 
2.8 ± 0.1 × 10−4 ns−1, corresponding to a bulk reccombination lifetime 
of 3.6 ± 0.1 s via Shockley-Read-Hall recombination processes. 
The bulk carrier lifetime is the highest reported for Cs2AgBiBr6 so 
far, which again confirms the high quality of our SCs (4, 10). The 
electron-hole recombination coefficient (k2) reaches 4.5 ± 0.1 × 
10−11 cm3 s−1 and does not vary much when fitted with only the 
experimental curves at low excitation density. The value is around 
an order lower than conventional direct bandgap materials (e.g., InP, 
1 × 10−9 and GaAs, 7 × 10−10) but three to four orders higher than 

most indirect semiconductors (e.g., Si, 2 × 10−15 and GaP, 5 × 10−14) 
(32). The relatively large k2 for an indirect gap material can well explain 
the bright band-to-band emission with high PLQY in Cs2AgBiBr6.

We further measured the diffusion and recombination properties 
of the double perovskite SC using the excitation energy–dependent 
TRPL. The PL dynamics of the SC at room temperature shows strong 
dependence on the excitation energies (Fig. 2E). Upon 530-nm ex-
citation, the PL decays slowly in a monoexponential fashion. With 
the increase of the excitation energies (515, 500, 400, and 350 nm), 
the PL decays become faster and show biexponential decay behavior. 
Such notable change of the PL kinetics upon different excitation 
energies is related to the excitation light penetration depth, which 
leads to different volume ratios of the surface and bulk parts being 
excited. The set of PL decay kinetics is globally analyzed using a 
well-proven one-dimensional diffusion model for extracting surface 
recombination velocity (SRV) and carrier diffusion properties (33)

                 

 n(x, t ) ≅    n  0   ─ 2   exp(−  k  1   t ) exp (   −    x   2  ─ 4Dt   )   × 

       [  W (  α  √ 
_

 Dt   −   x ─ 
2  √ 

_
 Dt  
   )   −   S + αD ─ S − αD   W (  α  √ 

_
 Dt   +   x ─ 

2  √ 
_

 Dt  
   )  +     

   2S ─ S − αD   W (  S  √ 
_

   t ─ D     +   x ─ 
2  √ 

_
 Dt  
   )   ]   

   
(1)

where x is the distance to the front surface along the incident direc-
tion, n is the carrier concentration, n0 is the carrier concentration at 
x = 0 and t = 0, k1 is the first-order recombination rate as discussed 
above, D is the carrier diffusion coefficient that is averaged over those 
of the electrons and holes, S is the SRV,  is the excitation light 
absorption coefficient, and W(x) = exp(x2)erfc(x). As we kept to a 
low excitation density on the order of 1014 to 1015 cm−3 to ensure 
k2n < <k1, the band edge electron-hole recombination term can be 
omitted in the fitting. The PL dynamics is then obtained using 
 I(t ) ~  ∫ 

x=0
  

L
    k  2   n  (x, t)   2  dx . We used a big excitation spot of ~1 mm during 

measurement, which is three orders larger than the carrier diffusion 
length in the excitation plane, and therefore, the carrier kinetics 
along the incident direction can be well described using the one- 
dimensional model. In addition, we also considered a depth of 100 m 
beneath the surface for modeling to ensure that almost all the 
photogenerated carriers can be monitored. We obtained an SRV of 
350 ± 20 cm s−1, which is comparable to the values reported for 
semiconductors with “good” surface, e.g., InP (~102 cm s−1) (34) and 
halide perovskites (MAPbBr3, MAPbI3, and CsSnI3; ~103 cm s−1) 
(33, 35). However, do note that the low SRV still causes a substantial 
drop in the carrier lifetime at the surface due to the slow Cs2AgBiBr6 
SC bulk recombination rate that is easily increased by orders with 
recombination via surface imperfections such as dangling bonds, 
disorder, and impurities. This also explains why the carrier lifetime 
in PC films markedly decreases to tens of nanoseconds (fig. S1), 
which is a potential limitation for PC thin-film photovoltaic perform-
ance. Although the SC shows a very long bulk carrier lifetime 
promising for photovoltaic applications, we obtained a very low 
average carrier diffusion coefficient D = 1.2 ± 0.1 × 10−3 cm2 s−1, 
rendering an effective carrier mobility of around 0.05 cm2 s−1 V−1 at 
room temperature. This value is orders lower than conventional 
inorganic photovoltaic materials and is only comparable to those 
organic photovoltaic materials (e.g., Si, 500 to 1450 cm2 s−1 V−1; 
GaAs, 400 to 8000 cm2 s−1 V−1; MAPbI3, 24 to 105 cm2 s−1 V−1; and 
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P3HT, ~10−3 cm2 s−1 V−1) (36, 37). The value is even a few times 
lower than that of PC film with crystal size around 240 nm using the 
Hall measurement (~0.14 cm2 s−1 V−1; fig. S1) or TRPL quenching 
method (~0.37 cm2 s−1 V−1) previously reported (19). Furthermore, 
the PC films with increased grain size also exhibit a decrease in Hall 
mobility despite the increase of the PL lifetime due to fewer grain 
boundaries (fig. S5). This implies that the carrier mobility is not 
limited by impurities and defects; otherwise, the mobility should 
decrease with reduced crystal size and carrier lifetime. Instead, it 
should be strongly limited by the intrinsic electron-lattice properties. 
According to   =   e _ m   , where e is the elementary charge, m is the 
carrier effective mass, and  is the carrier scattering time, such low 
intrinsic carrier mobility either means a very large charge carrier 
effective mass and/or strong phonon scattering in Cs2AgBiBr6 SC. 
From DFT calculations, the bare effective masses for electrons and 
holes are 0.43 m0 and 0.38 m0, respectively, agreeing well with other 
reports (8, 9). These small values of the bare effective masses imply 
that there must be strong electron-phonon coupling in the system 
to increase the charge carrier effective mass and/or the scattering 
rate. Strong lattice deformation coupled to the photoexcitation may 
lead to the formation of polarons at low excitation density (<1016 cm−3) 
and STE at high excitation density (>1017 cm−3), which strongly lo-
calizes the charge carriers. As mentioned above, the charge carriers 
dressed by the local heavy phonon clouds break down the electronic 
band structure. The localized opposite charges can recombine with 
each other once they are within the Coulombic capturing radius, 
which significantly increase the electron-hole recombination coeffi-
cient by a few orders compared to typical inorganic semiconductors.

The electron-phonon coupling mechanisms can be established 
by investigating the temperature-dependent PL bandwidth broad-
ening. In the temperature range studied (10 to 300 K), the PL spec-
tra exhibit Gaussian line shapes rather than Lorentz line shape (fig. 
S6). In Fig. 2F, we find that the PL bandwidth at high temperature 
cannot be well fitted by the typical expression: (T) = 0 + acT + 
LOn(T), where 0 is the inhomogeneous broadening arising from 
disorder and lattice imperfections. ac and LO are the coupling con-
stants of the carriers with acoustic and longitudinal optical (LO) 
phonons, respectively, and n(T) is the occupation number of the LO 
phonon involved in the coupling. We note that the above expression 
is only valid for electron-lattice interaction in the weak coupling 
regime, when the product of the phonon field fluctuation amplitude 
 and the fluctuation correlation time c is smaller than ℏ (38). 
Toyozawa (39) theoretically demonstrated that in the strong-coupling 
regime, the linewidth reflects the statistical distribution of the fluc-
tuation potentials of the phonon field and, therefore, the emission 
spectrum will show a Gaussian profile with the linewidth propor-
tional to the square of the temperature   √ 

_
 T   . The temperature-dependent 

PL linewidth can thus be well described by (38)

    
(T ) =    0   +  √ 

_
   A  2   +   O  2    

    
=    0   +  √ 

_______________________________

    S  A    E  A   coth (      E  A   ─ 2  k  B   T   )   +  S  O    E  O     1 ─ 
 e    E  O  / k  B  T  − 1

    
 ,   

  (2)

where A and O arise from the scattering by acoustic and optical 
phonons, respectively. We have added a 0 term accounting for the 
large band energy variation by static lattice disorder in Cs2AgBiBr6. 
SA and SO are the coupling strengths for the acoustic and optical 
phonons, respectively. EA is the average acoustic phonon energy, and 

EO is the optical phonon energy, which we set at a fixed value EO = 
22 meV corresponding to the strongest Raman peak and is attributed 
to the A1g stretching mode of (BiBr6)3− octahedron (fig. S7) (21). 
The fitting is greatly improved compared to the weak coupling 
model. Although the fitted SA and EA bear large uncertainties due to 
limited data points and too many variables in the low-temperature 
regime, the Gaussian emission line and the   √ 

_
 T    increase of the line-

width provide solid evidence of the strong coupling between the 
electrons and the lattice. The broad PL width at room temperature 
(320 meV) indicates the presence of a strong phonon field fluctua-
tion that dresses the charge carriers.

Ultrafast self-trapping and strong coherent phonons
We used TRS and TRTS measurements to probe the electron-phonon 
interaction dynamics in Cs2AgBiBr6 PCs and SCs. Figure 3A shows 
a pseudo color map of the transient-reflected profile over the probe 
wavelengths and time delay within the first few picoseconds upon 
500-nm laser pumping at a fluence of around 0.4 mJ cm−2. A repre-
sentative TR spectrum is shown in Fig. 3B (top), at a time delay of 
1 ps after photoexcitation. The TR spectrum was further converted 
to transient absorption (TA) spectrum using the Kramers-Kronig 
transformation (Fig. 3B, bottom). The TA spectrum shows a nega-
tive peak (A < 0) centered at the direct exciton (DE) resonance 
(around 2.85 eV) with a positive peak (A > 0) located at either side. 
Similar features have been observed for PC films (fig. S8). These 
features can be well reproduced by considering the broadening of 
the DE optical transition introduced by carrier-exciton scattering 
(fig. S8 and table S1). In addition to the broadening effect, typical 
many-body interactions of carriers and excitons also involve the 
screening of the Coulomb potential of an exciton in the presence of 
other excitons and carriers, which results in a blue-shifted exciton 
transition (40). In Fig. 3C, the DE resonance undergoes a fast red 
shift within 10 ps, which can be seen as a recovery from the initial 
blue shift due to the screening effect of the photoexcited carriers. 
The fast recovery of the blue shift implies that the screening effect is 
rapidly reduced within 10 ps. Since DE is not an occupied state, the 
transient dynamics at DE resonance corresponds to the dynamics of 
the charge carriers interacting with the DE optical transition. 
Figure 3D presents the transient dynamics near the DE resonance 
monitored at 440 nm (2.82 eV) for SC, which undergoes a rapid 
decay within 10 ps similar to the observed recovery of the blue shift. 
The ultrafast TR dynamics within tens of picoseconds in semicon-
ductors is usually attributed to fast electronic scattering and trapping 
processes. The early dynamics can be best fitted using a triexponential 
decay model with the time constants t1 = 0.25 ± 0.04 ps, t2 = 4.7 ± 0.3 ps, 
and t3 = 49 ± 2 ps. Similar time constants can be observed for the 
photoinduced absorption (PIA) at the visible and near-infrared 
(NIR) spectra region, which have been attributed to the cooled and 
hot carriers in MAPbI3, respectively (fig. S9) (41). This further con-
solidates our conclusion that the transient dynamics of the DE 
resonance reflects the carriers interacting with the DE transition. 
t3 becomes slower in the samples with lower defect density (annealed 
at 250°C) than the nonannealed ones with higher defect density and 
is therefore attributed to the trapping of carriers by permanent 
defects (fig. S10). However, the dynamics within 10 ps is almost 
invariant to the defect density and excitation concentration, which 
implies that t1 and t2 are intrinsic parameters for Cs2AgBiBr6 (fig. 
S10). We attribute t1 to the hot carrier relaxation via LO phonons and 
formation of Fröhlich polaron, as it correlates well with a period of 
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typical LO phonon vibrations and is consistent with the rise time of 
the PIA in the visible region (fig. S9). The hot carriers interact with the 
excitons by providing a strong local electric field, which is screened 
by the movement of the lattice ions after they relax via carrier-phonon 
scattering, and therefore, the DE kinetics show a decay when they 
cool down (41). The intrinsic time constant t2 is more than one 
order larger than a period of the typical LO phonons in the double 
perovskite. Given that t1 approximately corresponds to a period of 
the dominant LO phonon, t2 is translated to a phonon energy of 
~1 meV, which falls into the acoustic branch. The estimated phonon 
energy is also consistent with the oscillation frequency at low tem-
perature as discussed later. Therefore, we attribute it to the electron- 
acoustic phonon coupling and the ultrafast self-trapping of the 
carriers by these acoustic phonons. Such electron-phonon interac-
tions with a fast (subpicosecond) and a slow (a few picoseconds) 
component seem to be a ubiquitous feature in the electronic dynamics 
of bismuth-based semiconductors [i.e., as reported for Bi2Te3, Bi2Se3, 
BiI3, etc. (42–44)]. The self-trapping of the carriers by phonons screens 
the Coulomb interaction and protects the carriers from scattering 
(45). Intervalley scattering involving acoustic phonons could be an-
other possible reason for t2; however, we will show later that it is not 
congruent with the large drop of the photoconductivity.

Further evidence of the ultrafast carrier self-trapping is demon-
strated with TRTS measurements on Cs2AgBiBr6 PC films deposited 
on z-cut quartz substrates (Fig. 3E). The terahertz transmission upon 
optical pumping is related to the photoconductivity of a material 
and therefore insensitive to charge-neutral excitons. While the t1 
cannot be resolved because of the limited time resolution (~ 1 ps), t2 
(4.8 ± 0.4 ps) and t3 (60 to 80 ps) match well with those observed in 
TRS measurements. We confirm that t2 is not due to the intervalley 

scattering. Otherwise, it should correspond to the rise rather than 
the decay of the photoconductivity in TRTS measurements due to a 
much flatter direct band edge (X point) than the indirect edge at L 
and, therefore, an increase of the carrier mobility after the intervalley 
scattering (5, 22). Note that the similar time constants shown in both 
TRS and TRTS measurements implies that we are mainly monitor-
ing the carrier (polaron) dynamics in both measurements, although 
excitons (STEs) are also present at high excitation density. This is a 
reasonable speculation, as the carriers are expected to provide a 
much stronger polarization than the charge-neutral excitons and 
therefore predominate in the TRS response. The coupling of the 
charge carriers with acoustic phonons causes a fast drop of 78% of 
the initial photoconductivity upon excitation at 1.0 mJ cm−2, high-
lighting the significance of self-trapping in charge carrier mobility. 
The photoconductivity merely reaches ~6% of its initial amplitude 
within 200 ps, which is in notable contrast to a large fraction of long- 
lived component (~50%) in TRS measurement shown in Fig. 3D. 
We show that the long-lived component has a lifetime that corre-
sponds well with the PL (fig. S11). This means that the long-lived 
species responsible for the photovoltaic performance is highly local-
ized after the trapping processes, which explains the low carrier mo-
bility of 0.05 to 0.14 cm2 s−1 V−1 measured above using TRPL or 
Hall methods. The extracted carrier mobility in TRTS measurement 
taking account of the Saha’s equilibrium is merely 0.4 cm2 s−1 V−1 at 
200-ps delay, dropping from the initial 6.8 cm2 s−1 V−1 upon exci-
tation at 1.0 mJ cm−2 (corresponding to carrier density of ~1017 cm−3), 
which further confirms the low mobility in the system by the local-
ization effect.

Coherent phonons generated via displacive excitation of coherent 
phonon and impulsive stimulated Raman scattering mechanisms 

Fig. 3. Strong coherent phonons and ultrafast polaron formation. (A) Pseudo color map of the TR profile of Cs2AgBiBr6 SC. (B) Top: The TR spectrum of Cs2AgBiBr6 SC 
monitored at 1-ps delay upon 500-nm excitation. Bottom: The transformed TA spectrum of Cs2AgBiBr6 SC using the Kramers-Kronig relations. (C) The recovery from the 
blue shift of the TR spectra at early delay time. (D) The TR kinetics of Cs2AgBiBr6 SC probed near the DE resonance at 440 nm in TRS measurement. (E) The terahertz trans-
mission kinetics of Cs2AgBiBr6 PC in TRTS measurement. (F) Strong optical and acoustic modes coupled to the electronic dynamics probed near the isochromatic point 
(~2.83 eV). At room temperature (292 K), only the optical mode is obvious. At low temperature (78 K), the acoustic mode becomes apparent. Blue and red lines, fitted 
curves using Eq. 3; green line, extracted optical mode oscillations at 78 K; yellow line, extracted acoustic mode oscillations at 78 K.
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upon photoexcitation provide an alternative window to observe the 
kinetics of the charge carrier self-trapping. In TRS measurements, 
the electronic kinetics is accompanied by a strong terahertz oscilla-
tion with the frequency pump and probe energy independent, and the 
amplitude is most pronounced near the isochromatic point ~2.83 eV 
at room temperature (Fig. 3F and fig. S12). Fourier transform anal-
ysis shows a dominant oscillation frequency centered at around 
5.3 THz, corresponding to the A1g stretching mode of (BiBr6)3−. Hence, 
the terahertz oscillation can be attributed to coherent optical pho-
nons (COPs). The same attribution of the oscillation has been given 
in a previous report (46). We further fitted the TR data at 2.87 eV 
with the following expression (47)

   R =  A  1   exp (   −   t ─    )   +  A  2   cos(2ft + φ ) exp (   −   t ─    p     )     (3)

where the first term at the right side describes the fast electronic 
decay and the second term represents the damped oscillation. A1 
and  are the amplitude and time constant of the decay. A2, f, φ, and 
p are the amplitude, frequency, phase, and damping time constant 
of the oscillation. The COP dephases with a time constant p of 
around 0.8 ps, which lies between t1 and t2 and is therefore probably 
a result of the self-trapping by both optical and acoustic phonons. 
When we cooled the SC down to 78 K, an additional damped 
oscillation–like feature can be observed (Fig. 3F). The kinetics at 
early times can be fitted by adding a fast damped acoustic compo-
nent (f ~ 0.2 THz) to the dominant optical component. The period 
of the oscillation is congruent with the time constant t2 above, cor-
responding to the main acoustic phonon modes coupled to electrons 
in the self-trapping process. However, the coherence of the oscilla-
tion is easily disrupted by thermal fluctuations, which explains 
why the oscillations become negligible at room temperature. Similar 
temperature-dependent coherent phonons have previously been ob-
served for a chain metal halide material [Pt(en)2][Pt(en)2Br2]·(PF6)4 
displaying strong acoustic phonon self-trapping (48). Therefore, from 
these results, we confirm that both optical phonons (f ~ 5.3 THz) 
and high-energy acoustic phonons (f ~ 0.2 THz) are involved in the 
self-trapping process.

To understand the strong electron-phonon coupling mechanisms, 
we further carried out first principles DFT calculations on Cs2AgBiBr6. 
With the calculated parameters (me = 0.43 m0, mh = 0.38 m0, ∞ = 
4.96, S = 13.83, and ELO = 13.5 meV), the Fröhlich coupling con-
stants are found to be 2.68 and 2.52 for electrons and holes, respec-
tively (table S2), consistent with the results calculated by Steele et al. 
(20). These values are comparable to those for CsPbBr3 [e(h) = 2.64 
(2.76)], which corresponds to an intermediate Fröhlich coupling (49), 
rather than the proposed strong coupling by Kentsch et al. (46). The 
theoretical polaron mobilities calculated with the Feynman-Osaka 
formula are 26.9 and 33.2 cm2 s−1 V−1 for electrons and holes, 
respectively, which are also of the same order with lead halide 
perovskites (table S2) (49). These results suggest that Fröhlich cou-
pling may not play a critical role in causing the large difference in 
carrier mobility between the Bi-based double perovskite and lead 
halide perovskites. On the other hand, the deformation potential 
is markedly improved in Cs2AgBiBr6 compared to lead halide 
perovskites. We calculated the deformation potentials to be 13.7 and 
14.7 eV at the valence band maximum and conduction band minimum 
for Cs2AgBiBr6, respectively. As a comparison, the corresponding 
values for CsPbBr3 are 2.2 and 6.3 eV, respectively. The deformation 
potentials for Cs2AgBiBr6 are one order higher than most inorganic 

semiconductors calculated using the same approach (50). As a re-
sult, we derived the deformation potential scattering limited carrier 
mobilities to be 81.4 and 96.3 cm2 s−1 V−1 for Cs2AgBiBr6, which are 
close to the measured value of around 6 cm2 s−1 V−1 at high carrier 
density (>1018 cm−3) when all the traps are filled (51). Nevertheless, 
these mobilities are a few orders lower compared to the deformation 
potential scattering limited carrier mobilities of lead halide perovskites 
with values in thousands of cm2 s−1 V−1. The calculated deformation 
potentials can be verified by performing the excitation energy–
dependent coherent acoustic phonon (CAP) oscillation experiments 
(52). Different from the COP oscillations above, CAP oscillations 
(frequency on the order of gigahertz) can be generated by thermo-
elastic stress (TE) and/or deformation potential–induced stress DP 
in a centrosymmetric material. The former originates from the lattice 
thermal expansion when the photoexcited carriers have excess 
energy dissipating into the lattice. The latter deforms the lattice and 
modifies the interatomic bonding, which results in the stress. The 
amplitude of the CAP in TRS measurements is proportional to the 
sum of TE and DP (52)

  A ∝    TE   +    DP   = − 3BN   
E −  E  g  

 ─  C  p     − N( D  e   +  D  h  )  (4)

where B is the bulk modulus,  is the linear expansion coefficient, 
Cp is the heat capacity, De(h) are the electron (hole) deformation 
potentials, N is the photoexcitation density, Eg is the bandgap, and 
E is the excitation energy. Here, we neglected the possible contribution 
by thermoelastic stress caused by defect trapping, which is much 
slower and weaker compared to the charge carrier self-trapping in 
Cs2AgBiBr6 as discussed above. We found that Cs2AgBiBr6 SC shows 
prominent CAP oscillation with the amplitude one order larger 
than that of MAPbBr3 (Fig. 4A and fig. S13), implying the easy 
deformation of the lattice upon photoexcitation. By using the elec-
tronic signal at time zero as a reference of the photoexcitation density, 
we found that the relative amplitude of CAP shows a dependence 

Fig. 4. Strong CAP and self-trapping by deformation potential. (A) Normalized 
TR kinetics at 740 nm for Cs2AgBiBr6 SC upon different excitations (300, 400, and 
500 nm) showing different relative CAP amplitudes. (B) A linear fit of the relative 
CAP amplitudes versus excitation energy to extract the deformation potentials. 
(C) A schematic of the self-trapping of charge carriers by acoustic phonons (defor-
mation potential). The dots between adjacent perovskite octahedra represent the 
omitted lattice units for simplicity. (D) A schematic of the energy diagram for carrier 
self-trapping under the generalized coordinate.



Wu et al., Sci. Adv. 2021; 7 : eabd3160     17 February 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 11

on the excitation energy (Fig. 4B). After fitting using B = 36.6 GPa 
(53), Cp = 2.89 × 105 J m−3 K−1 (53), and  = 2.78 × 10−5 K−1 (54), we 
extracted De + Dh = 21.2 eV, which is consistent with the large de-
formation potentials predicted by the calculations.

Toyozawa (55) introduced a factor to evaluate whether the charge 
carriers are self-trapped by deformation potential in a cubic lattice, 
which is expressed by g = Ξ2m/6ℏ2Ca, where Ξ is the deformation 
potential, m is the bare electron effective mass, C is the elastic con-
stant, and a is the lattice constant. Here, we used C of around 
28.6 GPa in the direction (111) calculated by the CAP frequencies 
shown above, we obtained g = 0.87 and 0.89 for electrons and holes 
using an a = 1.12 nm. With g ~ 1, it is possible that both the elec-
trons and holes become self-trapped with a coherent length compa-
rable to the lattice dimension [schematic and energy diagram shown 
in Fig. 4 (C and D)]. At high excitation density or low temperature, 
they may be self-trapped together, forming STEs, but this is beyond 
the scope of our study. The localization length can also be deduced 
from the acoustic phonon characteristic time. Given that the self- 
trapping by acoustic phonons completes within a period of the acoustic 
vibration (i.e., a ~4.7 ps) and the sound velocity v = 2400 m/s, the 
characteristic acoustic wavelength is around 11 nm. The FWHM of 
a half cycle of the acoustic wavelength (~3.7 nm) is a measure of the 
spatial extent of the lattice deformation (48). The estimated local-
ization length corresponds to around three repeat units of double 
perovskite structure, which is in close agreement with [Pt(en)2]
[Pt(en)2Br2]·(PF6)4, showing similar self-trapping by acoustic 
phonons (48).

DISCUSSION
Self-trapping of electronic excitations is initially only considered for 
ionic/polar semiconductors where the LO phonon modes of the lat-
tice vibration provide a polarization for charge carriers through the 
long-range Coulomb interaction (Fröhlich potential). Later, the con-
cept of self-trapping is extended to short-range interactions with 
acoustic phonons through deformation potential by Toyozawa (55) 
and in molecular crystals by Holstein (56). For charge carriers trapped 
by acoustic phonons, the elastic wave of the lattice vibration deforms 
the lattice, leading to elastic potential energy around the charge 
carriers: E = D, where D is the deformation potential constant and 
 is the lattice volume dilation. When the potential energy is large 
enough, the charge carriers are trapped in the deep potential well 
and form bound states with correlation length comparable to the 
lattice constant (55). The acoustic phonons may include a range of 
q vectors to stabilize the self-trapping states, with the dominant 
phonon wavelength  = 2/q on the order of spatial extent of the 
self-trapped states (48).

In our work, the strong self-trapping in Cs2AgBiBr6 with a time 
constant of ~4.7 ps contrasts with the typical subpicosecond Fröhlich 
polaron formation time in lead halide perovskites. We attribute it to 
be the self-trapping by the deformation potential (acoustic phonons). 
The spatial extent of the lattice deformation by acoustic phonons 
(~3.7 nm) is comparable to the Fröhlich polaron size (diameter ~4 nm), 
which may not be a coincidence. It is probable that the charge 
carriers in Cs2AgBiBr6 are first localized by the optical phonons like 
what happens in lead halide perovskites forming Fröhlich polaron 
with a time constant of around 0.2 ps. After that, the strong distor-
tion of the soft lattice within the Fröhlich polaron size may trigger a 
range of acoustic phonon modes with the average phonon wave-

length  = 2/q on the order of the charge carrier spatial extent, which 
further localize the charge carriers contributing to the main loss of 
the photoconductivity. These processes can be seen as parts of the 
local lattice deformation, similar to the molecular deformation in 
organic semiconductors. Synergistic effects may occur between op-
tical and acoustic modes when localizing the charge carriers. In the 
presence of the strong self-trapping, the band structure based on the 
periodic lattice breaks down and is substituted by the local polaronic 
picture, which is the reason why the e-h recombination can circum-
vent the bare electronic transition rules. Although polaron formation 
can also screen the recombination, the positive effect by the former 
predominates, leading to the efficient radiative recombination. 
Similar to organic semiconductors, the highly localized charge carrier 
transport by hopping between lattice sites with an activation energy 
and therefore increases with increased temperature (fig. S14). The 
presence of the strong self-trapping is most probably due to the 
Peierls-like structural instability toward lattice distort i o n  o f 
the semimetal Bi (57), which tends to cause strong coherent phonon 
oscillations in bismuth and its compounds such as Bi2Te3, BiI3, etc. 
(42–44, 57). In addition, the presence of silver halide soft bonds, which 
are frequently reported to form self-trapped carriers, may further 
undermine the photovoltaic performance (55). Further work may 
focus on doping of Cs2AgBiBr6 or incorporating it into a bulk 
heterojunction system, which could be a feasible strategy to reduce 
the strong electron-phonon coupling or the low mobility problem 
while maintaining the merits of the double perovskite.

In conclusion, through studying the photophysics of bismuth- 
based double perovskite Cs2AgBiBr6, we uncover that the indirect 
bandgap semiconductor has strong band-to-band radiative recom-
bination with a   √ 

_
 T    temperature-dependent bandwidth, which is 

attributed to the electron-phonon coupling in the strong regime that 
breaks the classical electronic band picture. Ultrafast spectroscopy 
reveals that strong carrier self-trapping by acoustic phonons occurs 
with a time constant of around 4 ps, leading to a drop of more than 
70% of the initial photoconductivity after the subpicosecond 
electron-LO phonon coupling, which is consistent with a carrier 
mobility that is as low as 0.05 cm2 V−1 s−1. DFT calculations further 
reveal that the large deformation potential >10 eV by acoustic phonons 
may be the cause of the large discrepancy of carrier properties 
between the Bi-based double perovskite and lead perovskites. These 
findings cast fresh doubts on the suitability of Bi-based double 
perovskites with soft lattice as potential photovoltaic materials.

MATERIALS AND METHODS
Sample preparation and characterization
In the SC fabrication, CsBr (213 mg, 1.00 mmol), BiBr3 (225 mg, 
0.5 mmol), and AgBr (94 mg, 0.5 mmol) were dissolved in 3 ml of 
47% HBr. After reacting at 120°C for 24 hours, the Cs2AgBiBr6 SCs 
appeared with slow cooling. For PC film fabrication, the Cs2AgBiBr6 
SCs were dissolved in dimethyl sulfoxide with a temperature of 
100° to 130°C. The solution was then spin-coated onto quartz sub-
strate for spectroscopic characterizations. The as-casted films were 
then annealed at different temperatures (100°, 150°, 200°, and 250°C) 
for 5 min.

Ultraviolet-visible absorption measurements
The absorption, reflectance, and transmittance spectra were ob-
tained using an ultraviolet (UV)–visible spectrometer (SHIMADZU 
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UV-3600 UV-Vis-NIR Spectrophotometer) with an integrating 
sphere (ISR-3100).

PL, TRPL, and PLQY measurements
PL and TRPL measurements were performed using femtosecond 
excitation pulses (>50 fs) generated from a femtosecond laser system 
configured by Coherent Libra (50 fs; seed and amplifier integrated 
system) + OPerA Solo (optical parametric amplifier). The emitted 
light was collected at a backscattering angle by a spectrometer (Acton, 
SpectraPro-2500i) and charge-coupled device (CCD) (Princeton 
Instruments, PIXIS 400B) in PL measurements and by an Optronis 
OptoScope streak camera system, which has an ultimate temporal 
resolution of 6 ps in TRPL measurements. PLQY measurements 
were performed with a 473-nm continuous wave diode laser as ex-
citation source. The PL was collected by an integrating sphere and 
sent to the PL detection system (Acton, SpectraPro-2500i).

Raman measurement
The Raman measurement was performed using a 633-nm (red) line 
from a He-Ne gas laser (8 mW) as the excitation source. The laser beam 
was focused on the sample using WITec alpha300 RAS microscope 
with long working distance 20× objective (spot size of ∼2 m). The 
backscattered Raman signal was collected with an Acton spectrometer 
(1800 g/mm) and a thermoelectrically cooled Andor CCD detector.

AC Hall measurement
Hall measurements were performed on the samples, which are de-
posited on the glass substrate with four-point gold electrode con-
tacts on each corner according to van der Pauw technique (58). The 
hall system uses a rotating parallel dipole line magnet that generates 
AC field with pure harmonic, unidirectional, and strong magnetic 
field followed by Fourier spectral analysis and lock-in detection of 
the Hall signal (58).

Transient reflection/transmission spectroscopy
Transient reflection/transmission measurements were performed with 
a Helios setup (Ultrafast Systems LLC). The pump pulses were gener-
ated from a Ti-sapphire regenerative amplifier (800 nm, 50 fs, 4 mJ, and 
1 kHz; Coherent Libra) that passed through an optical parametric 
amplifier (Coherent OPerA Solo). The probe pulses were generated by 
passing a small fraction of the 800-nm pulses from the regenerative 
amplifier through a CaF2 crystal. In the transient reflection measure-
ments, the reflected probe beam was collected at a small incident angle 
(<10°) using a complementary metal-oxide semiconductor sensor.

Time-resolved terahertz spectroscopy
The TRTS measurements were carried out using an optical pump–
terahertz probe setup that is based on ZnTe nonlinear terahertz 
generation and detection. Femtosecond laser beam from an ampli-
fier laser system (800 nm, 6 mJ, 35 fs, and 1 kHz) was split into two 
parts with one being used for pumping the ZnTe crystal for terahertz 
generation detection and the other being frequency doubled (400 nm) 
using a beta barium borate (BBO) crystal for pumping the samples. 
The sample used for TRTS measurement was high-quality PC films 
deposited on z-cut quartz substrate with a thickness of around 200 nm.

DFT calculations
For the calculations of the crystal structure optimization and electron 
structures of Cs2AgBiBr6, we used the all-electron-like projector 

augmented wave method and the Perdew-Burke-Ernzerhof revised 
for solids exchange correlation potential as implemented in the 
Vienna Ab initio Simulation Package code (59). The semicore of Bi 
atoms (5d orbital), Ag atoms (4p orbital), and Cs atom (5s and 
5p orbitals) are treated as valence electrons, i.e., 15 valence electrons 
for Bi (5d106s26p3) atom, 17 valence electrons for Ag (4p64d105s) 
atom, and 9 valence electrons for Cs (5s25p66s) atom, respectively. 
The cutoff energy for the plane wave expansion of the wave func-
tions is 800 eV. The primitive cell was completely optimized, includ-
ing its lattice vectors and atomic positions. The Hellman-Feynman 
forces are less than of 1 meV/Å. The 4 × 4 × 4 Monkhorst-Pack grid 
of k-points for Brillouin zone integration of Cs2AgBiBr6 was used in 
the calculations of structure optimization. The optimized lattice pa-
rameter is 11.193 Å. The calculation method of deformation potential 
used was the Wei and Zunger’s method (50, 60). Spin-orbit coupling 
effect was taken into consideration because of the presence of heavy 
valence electrons from Bi and Ag ions. The dielectric constants and 
force constants were calculated on the basis of the density functional 
perturbation theory. We used the Phonopy code (61) to calculate the 
phonon spectrum within the harmonic approximation. A 2 × 2 × 2 
supercell was used to ensure that the boundary atoms were not af-
fected by the effects of the atomic displacement.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/8/eabd3160/DC1
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