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% Check for updates The success of the lead halide perovskites in diverse optoelectronics

has motivated considerable interest in their fundamental photocarrier
dynamics. Here we report the discovery of photocarrier-induced
persistent structural polarization and local ferroelectricity in lead

halide perovskites. Photoconductance studies of thin-film single-crystal
CsPbBr; at10 K reveal long-lasting persistent photoconductance with
anultralong photocarrier lifetime beyond 10° s. X-ray diffraction studies
reveal that photocarrier-induced structural polarizationis present up to
acritical freezing temperature. Photocapacitance studies at cryogenic
temperatures further demonstrate a systematic local phase transition from
linear dielectric to paraelectric and relaxor ferroelectric under increasing
illumination. Our theoretical investigations highlight the critical role of
photocarrier-phonon coupling and large polaron formation in driving

the local relaxor ferroelectric phase transition. Our findings show that

this photocarrier-induced persistent structural polarization enables the
formation of ferroelectric nanodomains at low temperature, which suppress
carrier recombination and offer the possibility of exploring intriguing
carrier-phononinterplay and the rich polaron photophysics.

Soft-lattice lead halide perovskites (LHPs) exhibit remarkable
photocarrier properties, such as low carrier recombination rates,
high carrier mobilities and long charge diffusion lengths'?, in
addition to many other intriguing phenomena that include slow
hot carrier cooling’, quantum interference* and giant spin-orbit
coupling®. Along with low-cost solution processability and
unusual defect tolerance’®, these extraordinary characteristics
make LHPs an attractive material system for optoelectronics

and spintronics as well as an exciting material platform for fundamental
studies.

However, despite the tremendous success in proof-of-concept
devicesincluding photovoltaics and light-emitting diodes*', the fun-
damental origins of these properties are not entirely clear. Among
many theories proposed for their carrier recombination and trans-
port properties, the concept of large polarons' is of particular inter-
est. In this picture, the excess electrons or holes in such soft-lattice
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Fig.1|Difference between conventional and ferroelectric large polarons.

a, Left:a conventional large polaron in which the dipole moment in a unit cell
(blue arrow) in the presence of an extra charge (green sphere) decays rapidly
withincreasing distance from the charge. Right: schematic potential profile for
the conventional large polaron, which deceases rapidly with distance away from
the charge. b, Left: aferroelectric large polaron in which the dipole moments
ina polar nanodomain are uniformly affected by the charge. Right: schematic
potential profile for the ferroelectric large polaron, showing alinear decrease
with distance away from the charge, with amuch wider and deeper potential well
thanin the conventional large polaron. The shaded area highlights the region of
dipole formation, and the red lines represent the recombination paths, with solid
and dashed lines representing large and small probability events, respectively.
The potential well for the electron polaron is deeper and narrower compared
with the hole polaron. Only hole polarons are plotted as examples in the

left-side schematics.

»

materialsinducelocal lattice distortions that extend over multiple unit
cells, forming large polarons (Fig. 1a, left)>""'2. The formation of large
polaronsunder photoexcitation physically separates the electrons and
holes (Fig.1a, right), leading to along carrier lifetime and an enhanced
photovoltaic performance. Indeed, several pioneering studies have
revealed signatures of large polaron formationin LHPs fromthe inter-
pretation of hot carrier lifetimes>", mobility/density characteristics*",
large hole effective masses' and polaron-induced strain fields”.

The contribution of ferroelectricity to the charge carrier recom-
bination in LHPs has also been proposed'®™®, where electrons and
holes travel in distinct paths along ferroelectric domains, reducing
the recombination probability, although the exact origin remains to
be fully resolved” 2. It has also been suggested that polaron formation
and the associated lattice distortions may lead to a net accumulation
of charge dipole momentum and the construction of a ferroelectric
domainwitharobust uniform polarization within the domain, regard-
less of the distance from the charge centre, forming ‘ferroelectriclarge
polarons’ (Fig. 1b, left)**?*, Such ferroelectric polarization could result
in the electron and hole polarization domains with much wider and
deeper potential wells (Fig. 1b, right)"'**?, further reducing the prob-
ability of charge recombination®?*, leading to an even longer carrier
lifetime. However, adirect evaluation of ferroelectric behaviourin LHPs
andits correlation with charge carrier recombination® or photocarrier
transport properties has been elusive, partly due to the complication
from considerable ionic movement or irreversible photochemical
processes at room temperature or during thermal cycling studies. A
systematic photocarrier transport study at cryogenic temperatures
canlargely avoid such complications, but has been challenging due to
the difficulties in making reliable contacts that can survive cryogenic
transport or thermal cycling studies.

Here we use a highly robust van der Waals contact approach
to conduct systematic photocarrier transport studies at cryogenic
temperatures and report the discovery of a long-lasting persistent
photoconductance in thin-film CsPbBr; with a persistent photocar-
rier density of 10¥-10' cm™ and a lifetime of 1.0 x 10° s at low tem-
perature (<20 K). Our X-ray diffraction studies directly confirm the
photocarrier-induced structural distortion, which is persistent at
cryogenic temperature but vanishes upon warming beyond a critical
freezing temperature (-100 K). Photocapacitance studies confirm a
local phase transition from linear dielectric to paraelectric and relaxor

ferroelectricupon photoillumination. Theoretical investigations fur-
ther highlight the important role of photocarrier-driven structural
distortiontothe observed local relaxor ferroelectric phase. Together,
our study providesrobust evidence of photocarrier-induced structural
polarization and ferroelectriclarge polarons in CsPbBr;, which are per-
sistent below a critical freezing temperature without continued pho-
toexcitation and vanish upon warming and removal of the persistent
photocarriers.

Persistent photoconductance

The CsPbBr; thin film was grown on a muscovite substrate using a
home-built chemical vapour deposition system. All devices used in
this study were fabricated through a van der Waals integration process
to avoid undesired material degradation of the delicate perovskites
and ensure robust contact that can survive measurements at cryogenic
temperatures*”. We first conducted electrical transport studies based
onastandard Hall bar device (see Methods for details). In general, the
transportis dominated by holes. Before illumination, the CsPbBr; film
shows a rather low conductance (G) of -3.1x107°S at 10 K (Fig. 2a,b).
Upon a photoilluminationat18.8 mW cm?, the conductance instantly
increases by four orders of magnitude to 3.0 x 107 Sas aresult of pho-
tocarrier generation. After turning off the light illumination, the con-
ductance exhibits arapid decrease but does not go back to the original
conductance under the dark condition, and instead shows a persistent
photoconductance much higher than that measured before illumina-
tion, without any apparent sign of decay for over 7.0 x 10* s. The instant
reductioninthe photoconductance immediately after termination of
theillumination is attributed to the commonly observed recombina-
tion of free photocarriers (with alifetime in the range of microseconds
to milliseconds), and the remanent persistent photoconductance is
the focus of our current study. Such a persistent photoconductance
indicatesthe presence of very long-lasting photocarriers. Exponential
fitting of the decay profile of the persistent photoconductance reveals
a persistent photocarrier lifetime 7 of up to 1.0 x 10° s at 10 K (Fig. 2c,
blue; see also Methods for details). Withincreasing temperature T, the
persistent photoconductance decreases much more quickly, leading
toarapidly decreasing persistent photocarrier lifetime (for example,
7.8 x10%*sat 200 K; see Fig. 2¢,d and Supplementary Fig. 1).

The overall Gy, increases with the illumination power den-
sity, whereas the persistent photoconductance starts to saturate at
18.8 mW cm™ (Fig. 2e,f). At 10 K, the intrinsic carrier (hole) density
under the original dark conditions is <9.3 x 10'> cm™; by contrast, that
under a steady-state illumination of 18.8 mW cm™is 4.6 x 10 cm™
and the remanent carrier density under the persistent photocon-
ductance condition (that is, dark after 18.8 mW cm illumination)
is 8.2 x 10" cm™ (Supplementary Table 1). In this regard, ~20% of the
steady-state carriers are the result of those withamuch longer lifetime.
Thesaturation of persistent carriers at a density of 8.2 x 10" cm > sug-
gests a minimum separation of ~30 nm is needed for the persistent
carriers, and below this distance, their wavefunctions start to overlap
and recombination occurs.

Photocarrier-induced persistent structural
polarization

We note that conventional trapping states could be a trivial explana-
tion for the apparently long-lived photocarriers. To this end, we meas-
ured the trap density using the space-charge-limited current (or SCLC)
model at 10 K (Supplementary Fig. 2), which gave a trap density of
1.0 x 10" cm, nearly two orders of magnitude lower than the observed
persistent photoconductance carrier density (8.2 x 10° cm ). Thus, the
conventional trap states are present at too low a density to be responsi-
bleforthe notable persistent photoconductance observedinour study.
We also note thation movement could be a possible contributor. Earlier
studies of theionic conductivity in LHPs gave an activationenergy £,,,,
of >150 meV (refs. **°), which is much greater than the temperature
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Fig.2|Thelong-lived photocarriers. a,b, Long-lasting persistent
photoconductance that shows no apparent sign of decay during the
measurement timescale (a), and expanded version of the initial 2,000 s, with
the arrows highlighting the light-on and light-off events (b). The blue and

grey shaded areas correspond to the light-on and -off regions, respectively. c,
Persistent photoconductance at 200 K compared with thatat10 K, where the
conductance G is normalized by the conductance under illumination Gi,.. The
persistent photocarrier lifetime 7at 10 Kand 200K is 1.0 x 10° sand 7.8 x 10%s,

respectively. The dashed lines show fits to the photoconductance decay at

each temperature. d, Temperature dependence of the persistent photocarrier
lifetime 7. The illumination power used here is 18.8 mW cm™. e, lllumination-
dependent persistent photoconductance. The illumination was turned on and
offinsteps at 20 minintervals, and the illumination power values in the plot have
units of mW cm™ f, Conductance under illumination (G,g,, red) and persistent
photoconduce (G, black) measured at the end of each time interval plotted as a
function of the illumination power density.

regime of our study. Ingeneral, theionmovementis completely frozen
out below 200 K (ref.*). Inaddition, thermal cycling studies show that
the persistent photoconductance effect decreases with increasing
temperature and vanishes completely when the system warms beyond
acritical temperature (75-150 K) (Supplementary Fig. 3), indicating
that persistent photoconductance is not the result of any irreversible
structural change or photochemical modifications.

Since neither conventional traps, ionic movement nor photo-
chemical doping can satisfactorily explain our observed persistent
photoconductance, we invoked a ferroelectric large polaron picture
(Fig. 1b)****. To this end, we carried out X-ray diffraction structural
analysis under different X-ray illumination intensities at low tempera-
ture (15K). It has been shown previously that X-ray illumination can
generate charge carriers in LHPs**%, Thus, a systematic variation of
the X-ray intensity can have a similar effect as photoillumination in
producing variable photocarrier density (Methods). Overall, the X-ray
diffraction patterns show the (00/) family planes of CsPbBr; (Fig. 3a).
Interestingly, a close examination of the (002) peak reveals a notable
peak broadening withincreasing X-ray intensity (Fig. 3b). The full-width
at half-maximum (FWHM) increases monotonically with the X-ray
power density (Fig. 3c), directly confirming the photocarrier-induced
lattice distortion. Moreover, we noticed that the broadening of the
X-ray diffraction peak is more dominated by the higher angle side with
a smaller lattice spacing (Fig. 3b), consistent with previous theories
about the hole-polaron-dominated scenario®>*in which the formation
of hole polarons leads to shrinking of the lattice spacing. The more
dominantrole of hole polaronsis also consistent with hole-dominated
transport characteristics**>*,

Such notable peak broadening is persistent at low temperature:
it does not go back to that seen under the low-power condition after
illumination at a high X-ray power density (Fig.3d). Onthe other hand,

temperature-dependent studies show that such a persistent structural
change developed at low temperature vanishes upon warming, with an
apparent transition region around 75-150 K or so (Fig. 3e,f), which is
highly correlated with the disappearance of the persistent photocon-
ductance in this temperature regime (Supplementary Fig. 3). Similar
behaviourisalso seeninthe CsPbBr;(001) peak (Supplementary Fig.4)
but notinthe diffraction peaks of the mica substrate (Supplementary
Fig.5), indicating that the peak broadening or structural distortion is
unique to CsPbBr;.

We note that the photochemical doping or photoactivation of
conventional trapsin LHPs may also lead to possible structural change.
Such changeis usually limited to the atomic or individual lattice level.
Considering thata photocarrier density of 10" cm™ (in our X-ray excita-
tion range; see also Methods) corresponds to a charge separation of
100 nm, if the structural change s limited toindividual lattice or small
polarons (<1 nm), the overall volume that may show any structural
change is expected to be «0.001%, which is not typically detectable
via X-ray diffractionstudies. The fact that we observed anotable struc-
tural change at such alow carrier density (10 cm™) clearly indicates a
long-range polarization effect (of the order of 10 nm or larger, that is,
large polarons). In addition, the structural change induced by photo-
chemically generated impurities or defect statesis normally expected
to be irreversible, whereas that induced by polaron states could lead
to highly reversible lattice distortion once the carriers are removed.
Together, this persistent and reversible structural change, which is
directly correlated with the generation of persistent photocarriers at
low temperature and vanishes above a certain critical freezing tem-
perature, strongly supports the formation of persistent polaron states
(thatis, ferroelectriclarge polarons) inwhich the collectively polarized
nanodomains physically separate the electrons and holes, producing
apotential barrier against charge recombination.
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Fig.3|Photocarrier-induced structural distortion. a, X-ray diffraction
pattern of the CsPbBr; thin film shows only (00/) family planes. Peaks from the
monoclinic phase of the muscovite substrate are marked with an asterisk. The
measurements were conducted under an X-ray power density of 1.2 uyW cm™
at15K. b, Normalized X-ray diffraction data obtained around the CsPbBr,

(002) peak with different X-ray power densities at 15 K, showing the apparent
broadening towards the higher diffraction angle with anincreasing X-ray power
density and indicating more local lattice distortion with increasing charge
carrier generation. ¢, FWHM plotted as a function of the X-ray power density for
the CsPbBr, (002) peak. d, Persistent X-ray diffraction (002) peak broadening

observedin CsPbBr;at15 K. e, Temperature-dependent CsPbBr; (002) peak
measured under an X-ray power density of 0.04 uW cm2after high-flux
irradiation at1.2 pW cm2show persistent peak broadening at low temperature,
which starts to narrow upon warming beyond 75-150 K or so. f, FWHM of the
CsPbBr; (002) peak plotted as a function of temperature. The shaded area
highlights the regions where the broadening decreases, corresponding to the
thermally activated region in the transport studies. We note that the decrease in
FWHM upon heating is not simply because the slight diffraction angle shifts to
asmaller value (that s, thermal expansion). Such a shift would resultina much
smaller FWHM difference.

Photocarrier-induced local polar phase

We further carried out photocapacitance measurementsinafrequency
range from 1kHz to 1 MHz to study the dielectric and ferroelectric
properties. The device used for such studies consisted of a peeled
CsPbBr; perovskite thin film sandwiched between two Au electrodes
(Fig. 4a). The relative dielectric constant (¢’) measured under dark
conditions remained nearly constant from 300 to 4 K and decreased
with increasing excitation frequency (Fig. 4b). The &’ value under
dark conditions is around 20-26 and is largely consistent with those
reported previously***. However, when using a relatively low illumina-
tionof 0.1mW cm, the temperature-dependent £’ exhibits anotable
peak, withavalue of 68 at 63 Kunder an excitation frequency of1 MHz
(Fig. 4c). This behaviour resembles typical ferroelectric materials, in
whichadielectric peak develops at the ferroelectric transition tempera-
ture®. Our measurements at different excitation frequencies show that
the dielectric constant peak shifts towards alower temperature with
adecreasing measurement frequency. The frequency dependence of
these ¢’-Tcurvesisastrongindicator of the relaxor ferroelectric phase,
whichisdistinct fromanormalferroelectric materialin which the peak
position of the - T curve does not vary with excitation frequency®, as
is usually observed in hybrid LHPs***,

Such a dispersion of the dielectric constant is the signature of a
broad distribution of relaxation times with a characteristic relaxation
time 7, (defined by the excitation frequency fin %{) and is expected
to obey the Végel-Fulcher relationship***: K

1 AEye
.= 2= Tco €XP (m) ()

wheret,,isthemicroscopicattempt time and AE,, is the average energy
barrier, which canbe viewed as the average energy for the charge dipole
depolarization.Inaddition, T, is the temperature at which ¢’ reaches its
maximumvalue and T is the freezing temperature, towards which the
freezing phenomenon takes place in the material when the temperature
decreases. Indeed, the plot of 7. as a function of T, can be well fitted
using equation (1) (Fig. 4d), giving a freezing temperature T; of 22K
and an average energy barrier AE,; of 13 meV.

Next, we systematically investigated the illumination-power-
dependent ¢’, extracting AE,; and T for differentillumination intensi-
ties (Supplementary Figs. 6 and 7). Both AE,; and T show a monotonic
increase with the illumination power density (Fig. 4e), highlighting that
withmore photocarriers, morelocal distortions are triggered, leading
to a more robust relaxor phase. The capacitance-electric field (C-E)
curve measured in the dark at 5 K shows no response to the external
electric field (Fig. 4f, black), and the polarization-electric field (P-E)
curveshows a perfectlinear relationship with the electric field (Fig. 4g,
black), whichis consistent with the expected behaviour of linear dielec-
tric materials. By contrast, under 0.01 mW cm™ light illumination, a
peak was observed inthe C-E profile but with little hysteresis between
the forward and backward scans (Fig. 4f, red). The corresponding P-E
curve shows the highest slope near zero electric field with a reduced
slope at higher field (Fig. 4g, red). Such behaviour is consistent with
the picture of paraelectric materials, where the electric dipoles exist
but have not yet started to form any domain. When the illumination
intensity is increased further to >0.1 mW cm, clear hysteresis emerges
in the C-F and P-E data (Fig. 4f,g, respectively, and Supplementary
Fig.8a,b, respectively).
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Fig. 4| Emergence of local relaxor ferroelectric behaviour under
illumination. a, The schematic layout (top) and false-coloured microscope
image (bottom) of a typical device for photocapacitance measurements. Scale
bar,200 pm. b, Temperature-dependent dielectric constant ¢’ measured
without illumination in the frequency range from 1kHz to 1 MHz, which shows
no apparent change with temperature. ¢, Temperature-dependent dielectric
constant &’ measured at anillumination intensity of 0.1 mW cm, showing
behaviour typical of the paraelectric to relaxor ferroelectric phase transition.
Thearrowisaguide to the eye that highlights the shift in the temperature of
the &’ peak maximum (7, with the excitation frequency. d, Relaxation time

.= (21f) versus Ty and the fit to the Vogel-Fulcher relationship, which yields
afreezing temperature (7;) of 22 Kand an energy barrier (AE,;) of 13 meV. e, The
dependence of AE, (blue) and T; (red) on the illumination power density. The
error bars are from the Vogel-Fulcher relationship fitting uncertainties. f,g, Plots
of capacitance (C) versus electric field (£) (f) and polarization (P) versus E (g)

measured atal MHz excitation frequency under differentillumination intensities
at 5K. Withincreasingillumination intensity, the system evolves from alinear
dielectric (black) to paraelectric (red) to relaxor ferroelectric (purple) phase.
The dashed (solid) lines in fshow electric field scans from negative (positive) to
positive (negative) fields. Inset: the expanded plot around zero electric field.
We note that there is some minor discontinuity at £ = 0 in the P-Eloop, which is
dueto theslight asymmetry of the top and bottom contacts. h, The very long-
lasting persistent photocapacitance at 5 K, which shows an exceptionally long
carrier lifetime rof 3.3 x 10° s, consistent with persistent photoconductance
studies. The blue and grey shaded areas correspond to the light-on and -off
regions, respectively. The dashed lines show fits to the photocapacitance decay.
i, C-E datameasured in the dark before illumination (black) and in the dark after
illumination (purple) at S K. The dashed (solid) lines show electric field scans
from negative (positive) to positive (negative) fields.

The slim P-Eloop and the relatively small remanent polarization
P (Supplementary Fig. 8c) suggest that, without applying an external
electric field, the polarization integrated over all polar nanodomains
effectively cancel each other out, leaving a very small net polariza-
tion. This is consistent with the ferroelectric large polaron picture in
Fig. 1b, in which the ideal overall polarization for each ferroelectric
large polaron should be zero in the absence of an external electric
field. We should note that the ferroelectricity observed here is not a
macroscopic phenomenon but develops as individual polarons show
ferroelectric characteristics, as also described in the recent perspec-
tive of Miyataand Zhu®. Inaddition, a temperature-dependence study
(Supplementary Fig. 8d,e) shows the disappearance of hysteresis at
elevated temperatures, which excludes the effect ofion movement on
the observed ferroelectricity because ion movementis expected to be
more pronounced at higher temperature.

Similar to the persistent photoconductance discussed in Fig. 2,
our systemalso shows persistent capacitance at5 Kwith an exception-
allylong persistent lifetime rof 3.3 x 10° s (Fig. 4h and Supplementary
Fig. 9a). The corresponding ¢’ of >50 is maintained over the entire
measurement duration after turning off the light (Supplementary
Fig.9b,c), whichis considerablylarger thanthe &’ value measured before
illumination (thatis, 20). The C-E trace measured after turning off the
light illumination shows a clear peak and hysteresis near zero field
(Fig.4i), suggesting that the relaxor ferroelectric behaviour is retained
with the persistently polarized nanodomains under dark conditions
after illumination. This feature is clearly distinct from that measured
beforeilluminationand confirms the presence of very long-lasting per-
sistent photocarriers, structural polarization and the associated ferro-
electricnanodomains. In addition, the systemreverts back to the linear
dielectric phase througha cycle of warming and re-coolingin the dark
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(uC cm™), respectively. d, Colour contour map of spin charge density and local
polarizationinthe 8 x 8 x 2 supercell projected in the x-y plane. Arrows located
on Pbsites denote the local polarizations, with alonger arrow representing a
larger polarization value. e, The corresponding colour map of the volume of unit
cellboxes defined by the eight corner Cs atoms. The green colour reflects the
pristine unit cell volume of 216 A*. We cut off the region near the top and right
boundaries to shift the middle of Pb site to the centre in order to remove results
atthe artificial boundary.

(Supplementary Fig. 8f), during which the ferroelectric large polarons
are annihilated, which indicates that the photoexcitation-induced
ferroelectricity also does not originate from irreversible chemical
segregation or photochemical doping.

Therelaxor ferroelectricity discussed hereis essentially different
from the widely studied oxide perovskites that are typically character-
ized through chemical disorder***, for example, the Ti content in the
relaxor ferroelectric system PMN-PT". Itis also different from recently
discovered chain-chirality-triggered structure disorder in the relaxor
ferroelectric copolymers P(VDF-TrFE) with different VDF contents
(where P denotes poly, VDF isvinylidene fluoride and TrFE is trifluoro-
ethylene)*®. The emergence of relaxor behaviour in photoexcited
CsPbBr; is intriguing as it comes completely from photocarriers that
dragthelocallattice distortion (Fig. 3) to form polarons and modify the
material polarizability, without changing the actual chemical content,
thus highlighting the uniqueness of this material system.

Theroretical investigations

We further performed density functional theory (DFT) calculations
to explore how carrier-phonon coupling affects the local structure
distortion and the ferroelectric polarization in CsPbBr;. To this end,
we first fully relaxed the atomic positions in a2 x 2 x 8 supercell with
anexcess charge and examined the spin charge density (charge density
difference between up and down spin, which largely reflects the excess
charge distribution). For simplicity here, we focus our discussion on
hole polarons, and parallel results on electron polarons are presented
in Supplementary Fig. 10. As a result of strong carrier-phonon cou-
pling in this soft-lattice system, we see strongly distorted lattices in
the presence of the excess holes (Fig. 5a). Interestingly, the high spin
charge density appears mostly at the centre with some at the periodic
boundary regions (Fig. 5a). This spin charge density at the boundary
regions may be aresult of the periodic boundary conditions enforced

by afiniteboxlength andis thusnot physicallyimportant. The averaged
spin charge density of the x-y plane projected along the z axis clearly
shows the highest spin charge density at the centre (Fig. 5b). This is
consistent with the recently suggested ‘pancake’ or ‘Belgian waffle’
model for polarons in halide perovskites**’. The relaxed structure gives
rise to highly polarized regions (|P| 210 pC cm™) along with essentially
negligible polarization regions (|| < 5 uC cm; see also Fig. 5¢). Com-
paring the polarization strength with the spin charge density, it is found
that the areawith alarger spin charge density typically shows stronger
polarization, highlighting theimportantrole of charge accumulationon
the observed ferroelectric behaviour, consistent with the experimental
observation shown in Fig. 4. The difference in the local polarization
values indicates the coexistence of polar and non-polar regions and
confirms the existence of the local relaxor phase in the intrinsically
non-polar CsPbBr; upon the introduction of extra charge carriers.
Next, we further examined the spin charge density in the x-y plane
ofthe centralslice of the 2 x 2 x 8 supercell (Supplementary Fig. 11) and
found that the overall spin charge distribution is largely constrained
by the periodic boundary condition. We therefore further expanded
the supercell size to 8 x 8 x 2 to weaken the boundary constraints in
the x-y plane. When there is an extra hole, the spin charge density
(brighter spot) shows abroad spread throughout the entire supercell
withagradual decay away fromthe charge centre (Fig. 5d), suggestinga
rather delocalized hole state, thus forming alarge polaron that is prob-
ably larger than the supercell size. By contrast, in the case of an excess
electron, the spin charge density rapidly decays away from the charge
centre, suggesting a more localized electron state (Supplementary
Fig.10d). This featureis consistent with previous experimental observa-
tions that more mobile holes dominate the electronic transport**>°¢,
The polarization strength (the arrow length in Fig. 5d) is strongly cor-
related with the spin charge density in this plane as well. Overall, the
hole polaron exhibits an anisotropiclocal polarization pattern pointing
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outwards from the centre with a swirl-like pattern (Fig. 5d), whereas the
electron case features a symmetrically centripetal local polarization
pattern (Supplementary Fig.10d).

We examined the structural distortion and polaron formation
further by evaluating the volumes of the unit cell boxes defined by the
eight corner Cs atoms. Compared with the pristine unit cell volume
of 216 A%, the cell volume shrinks considerably near the hole-polaron
centre, which gradually relaxes back towards the pristine value away
from the charge centre (Fig. 5e). On the other hand, the cells near
the electron-polaron centre show a slightly larger volume (Supple-
mentary Fig. 10e). Overall, we see more notable cell shrinking in hole
polarons and less cell expansion in electron polarons. This is consist-
ent with the X-ray diffraction studies in Fig. 3b, where a more nota-
ble broadening to high-angle side (smaller cell size) is observed. It
should be noted that DFT calculations for the 8 x 8 x 2 supercells in
this study reach our computational limit, and we stress that develop-
ments in the methodology are necessary in future studies to investi-
gate satisfactorily extended supercells with carrier-phonon coupling
along all the Cartesian directions to diminish the periodic boundary
condition effect.

Conclusion

Insummary, the observation of photocarrier generation, photocarrier-
induced local ferroelectric behaviour and photocarrier-induced lat-
tice distortion (that is, polaron formation), which is persistent at low
temperature and fully reversible upon thermal cycling, robustly dem-
onstrates ferroelectric large polaron formation below a critical freez-
ing temperature in a CsPbBr; thin film. In particular, the persistent
and reversible photocarrier-induced structural distortion cannot be
interpreted via conventional trapping states or irreversible photo-
chemical modifications. The formation of ferroelectric nanodomains
upon photoexcitation at low temperature produces a potential bar-
rier against charge recombination and results in a very long-lasting
persistent photoconductance and photocapacitance. Together, our
results highlight soft-lattice LHPs as an exciting material platform for
exploring the rich polaron photophysics and will inspire a new wave
of interest in probing the intriguing interplay between soft-lattice
dynamics and optoelectronic properties.

Online content

Any methods, additional references, Nature Portfolio reporting
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of author
contributions and competing interests; and statements of data
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Methods

Material growth

The precursors CsBr and PbBr, at a molar ratio of 1:1 were mixed
together well. The mixture was heated to 380 °C for 12 h to form the
CsPbBr; powder, which was used for growth of the CsPbBr; thin film
using a home-built tube furnace system (Lindberg/Blue M, Thermo
Scientific) via a vapour phase deposition process under a controlled
pressure. The CsPbBr, powder source was placed at the centre of the
furnaceinaquartztube (2.5 cmdiameter), and the exfoliated muscovite
with a freshly exposed surface was placed downstream as the growth
substrate. The system was pumped down and flushed with argon gas
three times before being stabilized at 1990 mbar with 100 sccm argon
as the carrier gas. The furnace was ramped to 530 °C and kept at this
temperature for 1 h for the preparation of a CsPbBr; thin film with a
thickness of 1 um.

Device fabrication

For the vertical device, the CsPbBr; perovskite thin film was first
peeled off from the muscovite substrate, using thermal release
tape, and then dry transferred on to a prefabricated 50-nm-thick
Au electrode on a sapphire substrate. It was then heated to 90 °C
to release the thermal tape. The top Au electrode was prepared
following a van der Waals contacting approach. For this, 50-nm-thick
Au electrodes were first prepared on a silicon substrate using
standard photolithography. Next, a hexamethyldisilazane layer was
applied to functionalize the whole wafer and then a poly(methyl
methacrylate) (PMMA) layer was spin-coated on top of the Au
electrodes. With the pre-functionalization of hexamethyldisilazane,
the PMMA layer had weak adhesion to the sacrificial substrate and
could be mechanically picked up using the thermal release
tape, together with the metal electrodes embedded underneath.
The thermal release tape with the electrodes was laminated to the
film directly and heated to 90 °C to release the PMMA layer.
Electron-beam lithography was applied to make windows in the PMMA
layer, exposing the embedded electrode pads for subsequent electri-
cal measurements. This van der Waals contacting approach was also
adapted to prepare the lateral Hall bar device, with the mesaisolation
accomplished viamechanical scratching. The Hall bar channel length
waslmm.

Device characterization

Device characterization was carried out using a commercial PPMS
measurement system (Quantum Design). The illumination source
was a blue light-emitting diode (464 nm) installed on the chip
carrier. The power density of the illumination was determined
using a power meter (1916-R, Newport Optical) with measurement
head (818-SL, Newport Optical). The electrical measurements
were carried out using an LCR meter (4263B, Agilent) for the
conductance measurements, a precision source/measure unit
(B2902A, Agilent) for direct-current measurements and alock-inampli-
fier (SR830) connected inseries with a current pre-amplifier (DL1201)
for low-frequency alternating-current measurements. The excita-
tion voltage for the persistence photoconductance measurements
was0.1V.

Fitting of photoconductance decay
We obtained the polaron-assisted carrier lifetime Tusing the following
equation:

G () = Giigne [A1 €XP (—2/T)) + Ay eXp (—t/T3) + A3 €xp (=t/13)] + Garc (2)

where G, is the conductance under illumination and Gy, is the
conductance in the dark; A, A,, A; and 1, T,, T; are fitting parameters.
Lifetime parameter 7, (-3.7 s) is the fastest component involving free
carrier recombination but is limited by the instrument response

function in our measurements; 7, is the trap-related lifetime; and 7,
corresponds to the slowest decay rate, which is the persistent pho-
tocarrier lifetime 7 discussed in Fig. 2 of the main text, and is related
to the ferroelectric large polaron recombination that is the focus of
this study. For the data at 10 K shown in Fig. 2, 7,is 3.7 s, T, is 3 x10%s
and 7, is 1 x10°s. The overall amplitude of the photoconductance
decay is dominated by A, (80.1%) and A; (19.5%), and A, contributes
only 0.4%.

X-ray diffraction experiments

We carried out X-ray diffraction studies using a Panalytical X'Pert
Pro X-ray powder diffractometer, with the sample loaded in a Phenix
cryostage for cooling purpose. The photocarrier generation rate Q
(cm?3s™)isrelated to the X-ray incident photon flux G (cm™s™) through
the following relationship:

_ energy absorptionrate  GXxXeXy
" ionizationenergy ~  IxW

3

where ¢is the X-ray photon energy, Wis the ionization energy and y is
the absorption efficiency. Here, y =1 - exp(-nd), where r is the linear
absorption coefficient and diis the absorption thickness, whichis equal
to the material thickness (/=1 pum) divided by sin 8, where @is the X-ray
diffraction angle. In our study, we measured G directly, with G tuned
by changing the X-ray operation power; in addition, we used Wand
reported for CH;NH,Pbl, in ref. ** and estimated the carrier density
based on its relationship with Q shown in ref. *. In our experiments,
we used an X-ray power density of 0.04-1.2 pW cm, which produces
a carrier density of ~10"-10" cm~ and overlaps with the lower end of
our photoconductance studies (-10"*-10" cm™) under visible-light
excitation.

Computational details

We performed spin-polarized DFT calculations within the Per-
dew-Burke-Ernzerhof exchange functional® of the open source
plane-wave QUANTUM ESPRESSO package®. We used the GBRV
ultrasoft potentials® with an energy cut-off for a wavefunction of
40 Ry and an energy cut-off for a charge density of 240 Ry. We first
optimized the lattice constant in five-atom pristine cubic CsPbBr;
and obtained a= b =c=6.002 A. Using the relaxed lattice parame-
ters, we extended the supercell size as needed. For supercell calcula-
tions, we relaxed only the atomic positions until all atomic forces
were smaller than 1 mRy bohr™? usingalx1x2and2x2x1T-centred
k-grid for the 8 x 8 x 2 and 2 x 2 x 8 supercell, respectively. To eval-
uate the local polarization P, we used P= gd/V, where q is the Born
effective charge® for Pb, d is the displacement from the centre of
charge by the six Br octahedra and Vis the volume of the octahedra.
The maximum local polarization in the 2 x 2 x 8 supercell in Fig. 5e is
20 pC cm™ In this Article, we assigned the high polar, intermediate
polarand smallpolar regionsas|P| 210,10 > |P| > 5and |P| < 5 (uC cm ™),
respectively.

Data availability
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