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Many crystalline solids possess strongly anharmonic “soft” phonon modes characterized by diminishing
frequency as temperature approaches a critical point associated with a symmetry breaking phase transition. While
electron—soft phonon coupling can introduce unique scattering channels for charge carriers in ferroelectrics,

recent studies on the nonferroelectric lead halide perovskites have also suggested the central role of anharmonic
phonons bearing resemblance to soft modes in charge carrier screening. Here we apply coherent phonon
spectroscopy to directly study electron coupling to the soft transverse optical phonon mode in a ferroelectric
semiconductor SbSI. Photogenerated charge carriers in SbSI are found to be exceptionally long lived and are

associated with a transient electro-optical effect that can be explained by interactions between charge carriers and
thermally stimulated soft phonon excitations. These results provide strong evidence for the role of electron—soft
phonon coupling in the efficient screening of charge carriers and in reducing charge recombination rates, both

desirable properties for optoelectronics.

DOI: 10.1103/PhysRevMaterials.6.095401

I. INTRODUCTION

Recent studies have suggested that the interplay between
lattice and charge carrier dynamics in strongly anharmonic
polar semiconductors, such as lead halide perovskites, could
explain their outstanding optoelectronic properties [1-6].
These findings have recently led to a “ferroelectric polaron”
proposal, in which electron coupling to polar anharmonic
phonon modes bearing resemblance to soft phonons in fer-
roelectrics may lead to local ordering of dipoles from unit
cells with broken symmetry [7,8]. Generally speaking, soft
phonons refer to a lattice mode associated with a symmetry-
breaking atomic displacement, and exhibit a temperature
dependent vibrational frequency diminishing towards zero as
a symmetry-breaking phase transition is approached [9—-11].
Soft phonons are particularly important in displacive-type
ferroelectric crystals, wherein the ferroelectric-paraelectric
phase transition is driven by the softening of a phonon mode
whose normal coordinate corresponds to atomic displacement
along the symmetry-breaking axis of spontaneous polarization
[9,12,13]. Historically, electron—soft phonon coupling in fer-
roelectrics has been studied with regard to phase transitions,
where temperature dependent vibrational mixing between
electronic bands mediated by a soft phonon mode has been
proposed to drive the ferroelectric-paraelectric phase transfor-
mation [14,15]. Additionally, electron—soft phonon coupling
in ferroelectrics has been studied in wide-band gap ferro-
electric crystals such as perovskite oxides to understand the
scattering interactions that influence charge carrier mobility
and electrical transport [16-20].

“Corresponding author: xz2324 @columbia.edu

2475-9953/2022/6(9)/095401(9)

095401-1

For electron-phonon coupling in conventional semiconduc-
tors, one is commonly concerned with the long range Frohlich
interaction, which describes the Coulomb interaction between
an electron and the macroscopic electric field in the lattice
associated with atomic displacement along a polar longitu-
dinal optical (LO) phonon mode [21,22]. However, the soft
phonon in ferroelectrics is a transverse optical (TO)—phonon
mode according to the Lyddane-Sachs-Teller relation [10,12]
and consequently does not give rise to a long range elec-
tric field, preventing coupling with electrons via the Frohlich
interaction [8,16]. Instead, electron coupling with soft TO
phonons has been addressed by Wemple et al. as involving
the scattering of charge carriers via the polarization potential
interaction [16,23,24], by Nasu and co-workers in the forma-
tion of small and large “superparaelectric” polarons [25,26],
and by Bernardi and co-workers in the direct charge carrier
scattering studied with ab initio dynamics [17,18].

Most experimental studies on electron—soft phonon cou-
pling in ferroelectric crystals have relied on analyzing
temperature dependent charge transport phenomena [16-20].
These measurements do not directly probe mode-specific
electron-phonon interactions, and the involvement of soft
phonons often comes from qualitative comparisons to the-
oretically predicted temperature dependences in mobility.
Furthermore, few experiments have directly studied the role
of electron—soft phonon coupling in the photophysics of
semiconductors, and ferroelectric semiconductors provide an
excellent model system to explore such phenomena. Here, we
study mode-specific electron-phonon coupling in a ferroelec-
tric semiconductor, SbSI, using ultrafast pump-probe coherent
phonon spectroscopy [27-29]. Softening of a TO-phonon
mode associated with the ferroelectric phase transition has
been studied extensively in SbSI [30-34], and together with an
optical band gap in the visible region (~2.0 eV) [35,36], SbSI
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serves as an ideal semiconductor for studying electron—soft
phonon coupling by pump-probe optical spectroscopy. Using
a broadband probe with photon energies across the band gap
of SbSI, we directly identify coupling between photoexcited
electrons and coherently excited soft phonons. Furthermore,
we find evidence from transient reflectance spectroscopy to
suggest that charge carrier dynamics in SbSI are strongly
influenced by coupling between free charges and thermally
stimulated soft phonon excitations, resulting in long charge
carrier recombination lifetimes associated with a transient
electro-optical effect.

II. METHODS

A. Pump-probe coherent phonon and transient
reflectance spectroscopy

The fundamental output of an ultrafast Ti:sapphire regen-
erative amplifier (Coherent Legend 10 kHz, 5 mJ, seeded by
Coherent Vitara oscillator) is split into two paths. One path of
the fundamental is frequency doubled in a beta barium borate
(BBO) crystal to generate a ~200-fs pump pulse centered at
3.1 eV, while several uJ from the other path is focused into
a sapphire crystal to generate a white light continuum used
for the probe pulse (see Supplemental Material Section S4 for
time domain characterization of the pump and probe pulses
[37]). The polarization of the incident pump and probe pulses
is controlled using half wave plates, with an additional linear
polarizer used for the probe. Pump and probe pulses are over-
lapped at near normal incidence on a SbSI crystal mounted in
a continuous flow LN, cryostat (Oxford MicroStat Hi-Res).
Reflected probe light is sent through a linear polarizer with
polarization axis set to match the polarization of the incom-
ing probe, and is then dispersed by a 600-g/mm diffraction
grating blazed at 500 nm and imaged onto a line-scan charge-
coupled device (CCD) camera (e2v AViiVA EM4). The pump
pulse is chopped at half the laser repetition rate (5 kHz), and
shot-to-shot synchronization with the line-scan camera is con-
trolled by triggering a PCI-e framegrabber (NI PCle-1433).
The pump-probe delay is controlled using a mechanical delay
stage in the pump line. The instrumentation is controlled and
data recorded with custom written LABVIEW code, from which
the pump-on vs pump-off signal of the line-scan camera is
used to calculate AR/R.

B. Polarization resolved Raman spectroscopy

A 633-nm HeNe laser was used to measure low-frequency
Raman scattering on a homemade setup built around a Nikon
TE-300 inverted microscope. A half wave plate followed by
a linear polarizer fixes the polarization at the HeNe laser
source, which is sent to a reflective bandpass filter (Ondax),
through a half wave plate mounted on a motorized rotation
stage used to control the angle of incident polarization in
the sample plane, and into the microscope objective (40X,
NA = 0.6). The objective is focused onto an SbSI crystal
(the same used for coherent phonon spectroscopy) mounted
in a continuous flow LN, cryostat (Oxford MicroStat Hi-Res).
The backscattered light from the sample is collected through
the same objective and sent back through the same motorized
half wave plate, which projects the parallel polarized Raman

signal onto the polarization axis fixed at the HeNe laser, and
the cross polarized Raman signal onto the orthogonal axis.
The backscattered signal is then sent through two sets of
volumetric Bragg filters (Ondax) to filter out the Rayleigh
scattered laser line and the parallel polarized Raman signal
is selected using a half wave plate and fixed linear polarizer
downstream of the Bragg filters. The Raman signal is focused
onto the entrance slit of a spectrometer (Princeton Instru-
ments HRS-300) with a high-resolution holographic grating
that disperses the spectrum onto a LN, cooled CCD camera
(Princeton Instruments LN400/B).

C. SbSI synthesis and characterization

SbSI crystals were synthesized according to a previously
published flux reaction [38] with 40 mol % of Sb,S3 in Sbl;.
The powders were grinded, pressed into a pellet, and placed
in a quartz tube. The pellet was melted with a propane torch
under ~1 atm of nitrogen, cooled, and then melted again.
Quartz wool was placed approximately halfway down the
quartz tube and indents were made above the placement of the
wool. The tube was sealed under partial pressure of nitrogen
and placed in a box furnace. The reaction was heated to 475 °C
over the course of a few hours, left at 475 °C for 2 h, and
ramped down to 350 °C at a rate of 0.5 °C/hr. The tube was
taken out of the oven while at 350 °C and flipped over to filter
the excess starting reagents with the use of the quartz wool.
The crystals were washed with boiling methanol to remove
leftover Sbls. The SbSI crystals were characterized using an
Agilent SuperNova single crystal x-ray diffractometer and
compared to the literature.

III. RESULTS AND DISCUSSION

Soft-mode characterization and electron soft phonon cou-
pling. Single crystal SbSI is a prototypical ferroelectric
semiconductor that features a ferroelectric phase transition
typically described by a displacive-type mechanism. In this
mechanism softening of a ferroelectric TO-phonon mode
drives the crystal from a low symmetry C5, (Pna2;) ferroelec-
tric phase to a high symmetry Dég (Pnam) paraelectric phase
at ~288 K [10,30,31,33,35]. We note that several proposals
for transitioning to an intermediate phase between 298 and
410 K have also been reported [34,39,40], where the proposed
mechanisms [34,41,42] are consistent with models that also
show displacive-type phase transition behavior in molecular
dynamics simulations [43,44]. Figure 1(a) shows the crystal
structure of SbSI in the ferroelectric phase [45] with several
unit cells stacked vertically along the crystallographic c¢ axis,
which corresponds to the axis of spontaneous polarization
[46]. Previous studies have identified the soft mode in SbSI
as an IR and Raman active TO phonon involving the dis-
placement of Sb-S atoms along the crystallographic ¢ axis
[33]. Polarization resolved Raman scattering measurements
and group theory calculations have shown that the soft phonon
mode is of A, symmetry, with a Raman tensor consisting
of a dominant «,, component, where z is the coordinate
along the ¢ axis [30,33]. We use polarization resolved Raman
spectroscopy to first characterize the soft phonon mode in
a flux-synthesized single crystal of SbSI. Figure 1(b) shows
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FIG. 1. Raman spectra identifying the soft phonon mode in SbSI.
(a) Crystal structure of SbSI in the ferroelectric C;’U (Pna2,) phase.
The spontaneous polarization is directed along the crystallographic
¢ axis as indicated by the red arrow. (b) Polarization-angle resolved
Raman spectrum of SbSI at 80 K with incident polarization in the xz
plane (z = c axis, x = a or b axis) and scattered polarization parallel
to incident polarization. Color bar indicates the Raman scattering
intensity (a.u.) (c),(d) Polar plots corresponding to spectral cuts
from (b) integrated around the ~50 cm™ and ~115 cm™ modes.
(e) Temperature dependence of the parallel polarized Raman scatter-
ing showing softening of the 50 cm™' (80 K) phonon mode. We note
that the small peak observed at ~39 cm™ that does not soften with
temperature has been characterized previously as a “hard” mode with
a different Raman tensor than the ferroelectric soft mode [31,32].

the polarization resolved Raman spectrum of SbSI measured
at 80 K in the backscattering geometry, with incident po-
larization in the xz plane and signal collected for scattered
polarization parallel to the incident polarization. Here x is
in the direction of either the a or b axis, which we do not
distinguish since the Raman responses for polarization in-
cident in the c-a and c-b planes in SbSI are known to be
similar [47]. Figures 1(c) and 1(d) show polar plots for the
polarization dependent Raman signal taken from cuts along
the two dominant modes at ~50 and ~115 cm™' in Fig. 1(b).
Both the frequency and the symmetry for the parallel po-
larized Raman scattering of the 50-cm™' mode at 80 K are
in good agreement with those of the ferroelectric soft mode
identified in previous experiments [30,33]. The polarization
dependence of the 1 15-cm™! mode, which does not soften with
temperature, is also in good agreement with previous stud-
ies [30]. Figure 1(e) confirms the characterization of phonon
softening for the 50-cm™' mode identified at 80 K, shown by
the decrease in vibrational frequency when the sample tem-
perature is increased towards the ferroelectric phase transition
temperature at ~290 K [37]. Furthermore, the broadening of
the soft-mode Raman spectrum with temperature and appear-
ance of a central-peak towards zero wave number at ~290 K
[Figure 1(e)] are clear indications of temperature dependent
anharmonic phonon-phonon interactions that dampen the vi-
brational resonance and drive phonon softening in displacive
ferroelectric crystals [10,32]. We also verify the trend of the
ferroelectric phase transition by measuring the temperature
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FIG. 2. Coherent phonon spectra of SbSI. (a),(b) Transient re-
flectivity of SbSI measured at 80 K for probe polarizations parallel
and perpendicular to the ¢ axis, respectively. Color bars indicate the
magnitude of AR/R. (c) Normalized spectral cuts of the transient
reflectivity data in (a) and (b) integrated between A¢ = 0 and 0.1 ps.
(d) Normalized FFT spectra of the time differentiated transient re-
flectivity data in (a) and (b), taken from signal transients spectrally
integrated in the below-gap region (1.7-1.9 eV).

dependence of the optical second harmonic generation inten-
sity (see Supplemental Material Fig. S5 [37]), and observe a
phase transition temperature of ~290 K.

To study electron-phonon coupling with the soft mode, we
use ultrafast pump-probe coherent phonon spectroscopy. We
excite SbSI above the band gap using a ~200-fs laser pulse
centered at hv; = 3.1 eV (15 uJ/cm?), with pump polariza-
tion parallel to the ¢ axis. The pump bandwidth is sufficiently
broad to stimulate a wave packet of coherent phonons with
frequencies up to ~165 cm™ via the nonlinear impulsive
stimulated Raman mechanism [48-50]. Figures 2(a) and 2(b)
show the near-normal incidence transient reflectivity spectrum
(AR/R) of SbSI at 80 K probed by a ~100-fs broadband probe
pulse (hv, ~ 1.75-2.5 eV) polarized either parallel or per-
pendicular to the crystallographic ¢ axis. The pump-induced
phonon wave packet modulates the complex optical suscep-
tibility of SbSI, which results in coherent oscillations in
the reflectivity (AR/R) [48]. To confirm that the coherent
phonons come from the same modes characterized in Ra-
man scattering, we analyze the below-gap coherent phonon
response, which corresponds to modulation of the real part of
the optical response due to the Raman susceptibility tensor
[48]. Figure 2(c) shows spectral cuts of the pump-probe data
from Figs. 2(a) and 2(b) around time zero, showing derivative-
like features from hv, ~ 2.1-2.5 eV that can be attributed to
an electronic response from SbSI due to the above-gap pump
energy [46,51]. At hv, < 2.0 eV, the transient reflectance
spectrum stays flat at AR/R ~ 0, which is consistent with
low temperature absorption measurements on SbSI showing
that the lowest energy indirect absorption edge lies above
2.0 eV at 80 K [52]. We therefore assign the spectral range at
hvy < 1.9 eV to signal dominated by the below-gap coherent
phonon response.
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FIG. 3. Evidence for electron—soft phonon coupling in the above-gap probe of coherent phonons. (a),(b) Probe hv-resolved FFT of the
coherent phonon signal for probe polarizations parallel (a) and perpendicular (b) to the ¢ axis. FFT spectra are amplitude normalized at each
probe frequency and color bars indicate the normalized FFT intensity. (c) Comparison of the FFT of the coherent phonon signal for probe
frequencies below and above the band gap in the probe-_Lc polarization geometry. The below-gap FFT is from the coherent phonon signal

spectrally integrated between 1.7 and 1.9 eV and the above-gap FFT is

In Fig. 2(d) we show the below-gap coherent phonon spec-
trum for probe-||c and -_Lc polarization geometries, obtained
by taking the fast Fourier transform (FFT) of the time differ-
entiated transient reflectance signal (;11_; AR/R) from Figs. 2(a)
and 2(b) and spectrally integrating for hv, < 1.9 eV (see Sup-
plemental Material Sec. S7 for further details on FFT analysis
[37]). A coherent phonon at 50 & 2 cm™' modulates the opti-
cal response only for probe polarization parallel to the c axis,
which is consistent with the symmetry of the Raman tensor for
the ferroelectric soft mode identified from Raman scattering
[Fig. 1(c)]. Additionally, we note that the coherent phonon
at 1154+ 2 cm™ is detected in both probe-||c and probe-_Lc
polarization geometries, also in agreement with the polar-
ization dependence of the Raman scattering data [Fig. 1(d)].
Furthermore, we find that the dephasing lifetime of coherent
oscillations from the soft mode in the probe-||c polarization
decreases as the sample temperature increases from 80 to
270 K (Supplemental Material Sec. S1 [37]), consistent with
softening of this phonon mode as the ferroelectric phase tran-
sition is approached [10]. In particular, we find that at 270 K
coherent oscillations from the soft phonon mode dephase on
a time scale around ~1 ps (Supplemental Material Fig. Slc
[37]), corresponding to a resonance linewidth of ~30 cm™
that is in good agreement with the approximate linewidth of
the soft-mode peak observed in Raman scattering at 270 K
[Fig. 1e)]. Both the polarization and temperature dependent
analysis of the below-gap coherent phonon signal thus provide
conclusive evidence that the impulsively stimulated coherent
50 cm™' (80 K) mode corresponds to the ferroelectric soft
mode.

We next turn to analyze the coherent phonon response for
probe frequencies above the band gap. Figures 3(a) and 3(b)
show the hv, resolved FFT spectra of the coherent phonon
signal from Figs. 2(a) and 2(b) for probe polarizations parallel
and perpendicular to the ¢ axis, respectively, with the FFT
amplitude normalized at each probe energy. In the probe-||c
polarization geometry [Fig. 3(a)], both the 50- and 115-cm™!
modes are observed for hv, below and above the band gap,
consistent with the polarization dependence of the Raman
susceptibility for these modes. However, in the probe-L ¢
geometry [Fig. 3(b)], while the 50-cm™' soft mode is nearly
absent at hv, below gap, it is switched on to become dom-

from signal spectrally integrated from 2.49-2.56 eV.

inant above gap at hv, > 2.47 eV [Fig. 3(b)]. In Fig. 3(c),
we highlight the difference between the above-gap and below-
gap responses for the probe-L ¢ geometry by comparing the
FFT spectra integrated in the 1.7-1.9-eV range with that in
the 2.49-2.56-eV range. The switching on of coherent os-
cillations from the soft mode for hv, above the band gap
in the Raman symmetry forbidden E_L ¢ probe polarization
geometry can be attributed to the modulation of the op-
tical susceptibility by electron-phonon coupling [22,28,53].
Atomic displacement along a phonon normal coordinate re-
sults in a change in the single particle band energies [28],
causing a strong modulation of the optical transitions that
can be observed in the above-gap optical response in co-
herent phonon spectroscopy [28,54]. Such mechanisms are
analogous to electron-phonon coupling effects in resonance
Raman scattering that are responsible for the observation of
symmetry forbidden Raman modes in above-band-gap Raman
scattering [22,53]. In ferroelectrics, a change in the band
energies due to atomic displacement along the soft phonon
mode coordinate is described by the polarization potential
interaction [16,46], and this mechanism has been used to
describe resonant electron—soft phonon coupling effects in
Raman scattering in ferroelectric perovskite oxides [55,56].
Based on calculations showing that the second order nonlinear
optical coefficient in SbSI is strongly peaked at the lowest
energy direct band gap [57], we can also expect coherent
oscillations in the optical response due to the polarization
potential interaction to be peaked at the lowest energy direct
gap due to the direct correspondence between the polarization
potential interaction and the nonlinear optical coefficients in
ferroelectric materials [12,58]. Thus, the strong modulation of
the optical susceptibility due to the soft mode that we observe
in the above-gap coherent phonon data [Figs. 3(b) and 3(c)]
at the energy of the lowest direct gap measured for SbSI with
E L c at low temperature [59,60] provides direct evidence for
electron—soft phonon coupling.

Charge carrier recombination. We now study charge car-
rier dynamics using the same pump-probe scheme as in Figs. 2
and 3, but on longer time scales (Ar < 3 ns, limited exper-
imentally by the delay stage length). Figure 4(a) shows the
transient reflectance data at 270 K in the probe-L ¢ polar-
ization geometry. On the nanosecond time scale, the transient
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FIG. 4. Dynamics of charge carriers from transient reflectance.
(a) Transient reflectance (AR/R, color scale) of SbSI at 270 K with
probe polarization perpendicular to the c axis. (b) Kramers-Kronig
(KK) transform of the data in (a), which gives an approximation to
change in the extinction coefficient Ak (color scale). (c) Peak of
the KK transformed signal as a function of Ar at excitation pulse
energies of p = 5 uJ/cm? (red) 18 uJ/cm? (green). (d) Comparison
between the transient reflectance spectrum measured at 80 K (in-
tegrated for At = 0.5-3 ns for, p = 15 J/cm?; see Supplemental
Material Fig. S3 [37]) for probe Lc and the electroreflectance spec-
trum for probe Lc at 90 K reported previously [60].

reflectance signal above the band gap is typically dominated
by changes in the refractive index (An) due to the electronic
response, which can be approximately converted to a change
in extinction coefficient (Ak) via a Kramers-Kronig (KK)
transformation [Fig. 4(b)] [51]. The KK transformed transient
reflectance data show a long-lived Gaussian-like peak cen-
tered around 2.3 eV [Fig. 4(b)], corresponding to the lowest
energy direct-gap transition in SbSI [35,46]. Figure 4(c) plots
the amplitude of this Gaussian peak in the KK transformed
signal as a function of Af at two excitation pulse energy
densities, p = 5 and 18 uJ/cm?. At a low excitation density
of p =5 uJ/cm?, there is no measurable decay, indicating
that the electronic process associated with this feature has
a characteristic lifetime more than one order of magnitude
longer than the 3-ns experimental limit. Only at the much
higher excitation density of p = 18 uJ/cm? do we observe
a measurable decay on the subnanosecond time scale, which
could be attributed to many-body effects such as Auger re-
combination of photocarriers [61]. We note that the Gaussian
feature in the KK transformed data at 2.3 eV lies well above
the indirect gap of SbSI at ~2.0 eV at 80 K [52], suggesting
that the transient reflectance spectrum does not simply corre-
spond to a ground state bleach of the lowest energy optical
transition.

Interestingly, Fig. 4(d) shows good agreement between the
transient reflectance spectrum measured at 80 K with the elec-
troreflectance spectrum of SbSI measured by Zametin et al.
[60] at 90 K in the same polarization geometry. The transient

reflectance spectrum at 270 K is also in good agreement
with an electroreflectance effect in SbSI (see Supplemental
Material Sec. S2 [37]). We propose that the observation of an
electro-optical response associated with photoexcited charge
carrier dynamics at 270 K could be explained based on the
electron—soft phonon coupling model proposed by Wemple
et al. [16], which considers coupling between charge car-
riers and fluctuations in the local ferroelectric polarization
caused by thermally stimulated soft phonon excitations. Here,
correlated fluctuations in the local ferroelectric polarization
[Pauc(r) = [P(r) — Py], where P(r) and P, are the local and
equilibrium values, respectively, of the polarization at tem-
perature T'] can be described in terms of the spectral density
of thermally stimulated soft phonon excitations ({| P, 1)) using
the general thermodynamic Landau theory [62,63]:

(Pruc(0)Pauc(r)) o¢ (1P, [*)e ™, (1)
q
kgT
(1P, o =2 &)

q

The finite spatial correlation length of polarization fluctua-
tions in Eq. (1) describes “polarization clusters” [16] with
nonzero polarization gradients at their boundaries, resulting in
corresponding surface bound polarization charge [V Py (1) =
o] and local depolarization fields [E;(r)] [12,16]. Following
above-gap photoexcitation, free charge carriers neutralize the
surface bound charge, resulting in a partial screening of a
local depolarization field [6E;(r)], which causes a correlated
change in the mean local polarization at [§(P(0))] according
to Landau theory [62,63]:

8(P(0)) = (kgT) f (Piuc(0)Pauc (1)) SEq(r)dr.— (3)

Such spatially correlated changes in polarization due to the
screening of cluster depolarization fields will cause a modu-
lation of the band energies near the lowest energy direct gap
in SbSI due to the large polarization potential at the lowest
energy direct gap noted earlier. This interaction is analogous
to the electro-optical effect in ferroelectrics [23,46,60], and
can explain the shift in optical transition energies at the direct
gap in SbSI that is seen in both the electroreflectance and
transient reflectance spectroscopy [Fig. 4(d)]. We note that
dynamic changes in lattice polarization due to the screening of
bound polarization charge by photoexcited free carriers have
been observed directly in ferroelectric PbTiO3; by Linden-
berg and co-workers in ultrafast time resolved optical-pump
x-ray scattering-probe experiments [64]. The resulting effect
of localization of photogenerated electrons and holes at the
sites of bound polarization charge will be a screening of the
charge-carrier Coulomb potential [7], which can explain the
long-lived charge carrier dynamics observed in SbSI near
room temperature (270 K).

While interactions between charge carriers and static do-
mains in ferroelectrics are expected to influence charge carrier
dynamics [65-68], here we propose that the slow recom-
bination dynamics and associated spectral response at 270
K also reflect the interaction of charge carriers with spa-
tially correlated polarization fluctuations [Eq. (1)]. Evidence
for this proposal can be seen in the temperature dependent

095401-5



MARK E. ZIFFER et al.

PHYSICAL REVIEW MATERIALS 6, 095401 (2022)

Raman spectrum of the ferroelectric soft mode. According to
Landau theory, the local polarization correlation function is
also described in terms of a characteristic correlation length &
[62,63]:

e Irl/E

(Pﬂuc(O)Pﬂuc(r» 0.8 kBT |r| s

“

& x

. 5
wo(T) ©)

Equations (4) and (5) show that as the ferroelectric soft-
mode resonance begins to show a sharp decrease in frequency
with temperature approaching the ferroelectric phase transi-
tion, we can expect the long-range correlations in polarization
fluctuations to become stronger [62]. In terms of charge
carrier—soft phonon interactions, this means that the proba-
bility for a photoexcited charge carrier to encounter a local
polarization fluctuation at any point in space will become
large as & begins to diverge. In Fig. S6b (Supplemental Mate-
rial [37]) we plot the trend of the correlation length & with
temperature based on the shift of the soft phonon Raman
peak and find that indeed 270 K appears to mark the onset
of a divergence in &, indicating an onset of strong long-range
correlations in polarization fluctuations [62]. Furthermore, we
show in Figs. S6c and S6d (Supplemental Material [37]) that
the anomalous peak shape and low energy broadening of the
soft-mode Raman peak at 270 K is due to the coupling be-
tween the soft phonon mode and a central peak mode based on
a central-mode coupled oscillator model [32,69]. The appear-
ance of a central peak mode in ferroelectric phase transitions
has been shown to be related to the formation and dynamics
of polarization clusters [44,70,71], and has also been studied
in SbSI previously [32,42,72].

Raman spectra of the soft phonon mode suggest that 270 K
marks the onset of a temperature at which the formation of
polarization clusters [16] will appear. Here, a charge carrier
interacting with fluctuating polarization clusters and domains
[73,74], as described by Wemple et al. [16,44], becomes a
significant addition to the expected interaction with static
domains. The fact that coherent oscillations of the soft phonon
can still be observed at 270 K in coherent phonon spec-
troscopy (Fig. S1, Supplemental Material [37]) suggests that
the soft phonon mode is not overdamped at this temperature
and polar lattice fluctuations from phonon thermal excitation
[Eq. (1)] remains a proper description [44]. As the phase tran-
sition temperature is further approached and the soft phonon
mode becomes overdamped, a soft “phonon” picture may no
longer be appropriate for describing the lattice dynamics, and
lattice fluctuations become better described in terms of fluctu-
ating polar nanodomains [3,44]. Such nanoscale polarization

fluctuations have been directly observed in ferroelectric ma-
terials close to the ferroelectric phase transition temperature
using techniques such as x-ray photon correlation spec-
troscopy [73-77]. Detailed correlation of static and dynamic
polar domain structure with ps-ms time scale charge carrier
recombination dynamics in SbSI as a function of temperature
will be the subject of future study.

IV. CONCLUSION

We have studied electron—soft phonon coupling and charge
carrier dynamics in a ferroelectric semiconductor SbSI. By
comparing polarization and probe-photon energy resolved
coherent phonon spectra with corresponding Raman scatter-
ing spectra, we provide direct, mode-specific experimental
evidence for electron—soft phonon coupling. Furthermore,
we discover exceptionally long-lived charge carrier dynam-
ics associated with a transient electro-optical effect, which
can be explained based on charge carrier interactions with
thermally stimulated soft phonon excitations. These findings
provide insights into the photophysics of ferroelectric semi-
conductors and support the proposal that electron—soft phonon
interactions can be harnessed to provide efficient charge car-
rier screening, leading to long charge carrier lifetimes in
semiconductors [7].
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