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Carrier effective mass is a central parameter in solid-state physics. It is a measure of the strength of the
coupling between a carrier and excitations arising from its surrounding medium, and features prominently
in transport and optical calculations. Experimental techniques employed to determine it are steady-state
ones, and so are unable to detect any change in the effective mass after a strong perturbation to the system,
e.g., strong optical excitation. By combining time-resolved terahertz spectroscopy and transient absorption
spectroscopy, on a mixed-cation mixed-halide perovskite thin film, we observe a large and long-lived
photoinduced enhancement of the carrier effective mass, and from it deduce a twofold increase of the
carrier-phonon coupling constant, giving evidence of polaron formation. Our work demonstrates a new
approach to track the strength and ultrafast lifetimes of photoinduced carrier-boson interactions down to
picosecond timescales that can be applied to a wide range of solid-state systems.
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I. INTRODUCTION

In solid-state systems, the electrons (or carriers) are
always “dressed,” i.e., they couple to collective modes
called bosons that arise from their surroundings, for exam-
ple, phonons arising from lattice distortions [1]. The quasi-
particle that results from such electron-boson coupling will
have an effective mass m™* that is different from the bare
electron mass mg, where the deviation of m* from my is
a measure of the strength of the electron-boson coupling.
Experimentally, m* is measured using techniques such
as cyclotron resonance [2], angle-resolved photoemission
[3], and the optical Hall effect [4], but these are steady-
state techniques. The time-resolved change in m* has
been reported using time-resolved magnetoterahertz spec-
troscopy on semiconductor InSb [5]. In solar cell materials,
m* enters directly into the calculation of carrier density
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and mobility, which enables the calculation of the carrier
diffusion length and carrier recombination kinetics [6,7],
both of which are crucial solar cell device parameters.
However, the value of m™ used in these calculations is
always that obtained from steady-state techniques, which
assumes that the effective mass does not change after
photoillumination.

As a result of the many-body interaction in halide
perovskites, polarons arise from the coupling between
the carriers and the distorted lattice, and has been stud-
ied using experimental spectroscopic methods. Previous
studies have revealed the existence of polaron forma-
tion in halide perovskites using femtosecond optical Kerr
effect spectroscopy [8], optical pump-terahertz probe spec-
troscopy [9,10], and far-infrared photoinduced absorption
spectroscopy [11]. Although the above methods have pro-
vided indirect evidence for polaron formation, such as the
long decay in the optical Kerr signal [8], deviation from
a Drude model of the terahertz response [9], and spectral
changes in photoinduced absorption [11], a more direct
way would be to experimentally track the time evolution
of m*, together with the associated electron-phonon cou-
pling «. Recently, a time-resolved x-ray scattering and
transient reflection study extracted m* in the halide per-
ovskite CH;NH3Pbl;, and showed that there is indeed a
change after photoexcitation, with m* reaching a maximum
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FIG. 1. A schematic of our TA and frequency-resolved TRTS
experiments. A 400-nm pulse laser is used to pump the FCPIB
sample, followed by a white-light probe and terahertz probe to
investigate the carrier dynamics in the sample.

at 20 ps [12]. However, that work was only able to obtain a
normalized effective mass relative to its maximum value,
not the absolute value of m*, and they attributed its
enhancement to the change of the electronic band cur-
vature. In our work, we employ (a) frequency-resolved
and time-resolved terahertz spectroscopy (TRTS) and (b)
transient absorption (TA) (see Fig. 1) in the mixed-cation
mixed-halide  perovskite = FAggsCsg.15Pb(Ip.97Bro03)3
(FCPIB) to estimate the value of m* and its time evolu-
tion after photoexcitation. We find that, immediately after
photoexcitation, m™* starts increasing from about 0.2m, at
0.5 ps, which is close to the values predicted by theoret-
ical calculations [13—17] and experimental measurements
[18] for the halide perovskites. It monotonically increases,
reaches a maximum value at about 200 ps, and thereafter
decreases gradually. Even at 3 ns, m* is still significantly
larger than its preexcitation value. The carrier cooling
via a carrier-phonon interaction model, which is backed
up by a microscopic model analysis, reveals a twofold
increase in the carrier-phonon coupling constant upon pho-
toexcitation. This, together with the large and persistent
enhancement of m*, is evidence of the presence of strong
polaronic effects in the halide perovskites [9,19-21]. Our
work demonstrates the use of the combination of TRTS
and TA to obtain the photoinduced enhancement of m*
and its time evolution, which not only sheds light on the
strength and lifetime of the carrier-phonon interaction in
this class of solar cell materials, but can also be applied to
many other classes of solid-state systems.

II. RESULTS AND DISCUSSION

A. Time-resolved terahertz spectroscopy

We perform frequency-resolved TRTS to investigate
the photogenerated carriers in the FCPIB thin film (see
Appendix A). By measuring the transmitted terahertz elec-
tric waveform of the sample (FCPIB/z-cut quartz) and
reference (z-cut quartz) without optical excitation [see Fig.

2(a)], we extract the complex optical conductivity 6 (w) =
o1 (w) + ioy(w) at room temperature, as the orange line
shows in Fig. 2(b). Two peaks at about 0.9 THz and about
1.7 THz are observed, which correspond to two transverse-
optical phonon absorption features [10]. Then the FCPIB
sample is excited with a 60-fs, 400-nm pump pulse to
perform frequency-resolved TRTS by varying the optical
path (thus time delay) between the 400-nm pump pulse
and the terahertz pulse (see Appendix B 1 for experimen-
tal details), from which we obtain the photoconductivity
Ao (w) for different time delays [10], as shown in Figs. 2(c)
and 2(d). The frequency-resolved photoconductivity not
only shows the Drude-like response from the photogener-
ated free charge carriers, but also a derivativelike profile
located near the two phonon features as shown in Figs.
2(c) and 2(d). Such features are attributed to the existence
of carrier-phonon coupling [10]. To model the photocon-
ductivity, we employ a combination of Drude-Smith and
peak-shift contributions to extract information about the
photoexcited carriers, given by Ad (w) = Adops + Adps.
The Drude-Smith term is given by

w? € 1 c
~ _ 'pD 1
A““‘( v )1—i2nf/y(1+1—i2nf/y>’
0

where w),p is the plasma frequency, € is the vacuum per-
mittivity, y is the carrier scattering rate, and c; defines
the fraction of the carrier’s initial velocity that is retained
after experiencing a collision. The peak-shift term is intro-
duced to account for a change in the phonon profile in the
presence of free carriers [10], given by

~ €
Adrs= Y {—Aw;k

—12 (0} — ) + oy

. 2
—2za)keoa)p,ka)

[i(w} — w?) + oy]* Awy

} — legwA€s, (2)

where wjy is the phonon resonance frequency, y; is the
damping rate of the kth phonon mode, €., is the back-
ground dielectric constant, ij,k is the phonon spectral
weight change, Awy is the phonon frequency shift, and
A€ is the change in the background dielectric constant.
In our case, the summation is over the two phonon modes
resolved in Fig. 2(b). Parameters such as wy, i, and €
are obtained from a Lorentzian fit to the phonon modes
of the terahertz spectrum at equilibrium (see the Sup-
plemental Material [22]), while Aa);,k, Awy, Aé, wpp,
and y are obtained using the “Drude-Smith + peak-shift
model” to fit the photoconductivity at different time delays.
Then we extract the Drude plasma frequency w,p and
scattering rate . Most TRTS studies typically assume a
time-independent carrier mobility w(t) and carrier effec-
tive mass m*(t), so that the carrier density N can be
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FIG. 2. Frequency-resolved, time-resolved THz spectroscopy. (a) THz time-domain waveform passing through the sample (FCPIB
film/z-cut quartz, orange line) and reference (z-cut quartz, blue line). (b) Real part of the photoconductivity (purple) obtained as the
difference between the photoexcited (blue) and equilibrium (orange) THz conductivities. The peaks originate from two transverse-
optical phonon absorption features. (c) Real and (d) imaginary parts of the THz photoconductivity at different time delays [1, 10, 100,
1000 ps (in order from top to bottom)]. The dashed lines are the fits by the “Drude-Smith + peak-shift model”.

calculated by

N2
W= — (3)

P €om* :

This equation therefore does not take into account any pos-
sible photoinduced change of m*(t). In our analysis, we
leave m* as an unknown quantity. Later we show that there
is indeed a large photoenhancement of m*, and that m* is a
strong function of time delay after photoexcitation.

B. Steady-state and transient absorption spectra

We next measure the steady-state and transient absorp-
tion spectra of the FCPIB sample (see Appendix B).

Figure 3 shows the steady-state absorption spectrum with
an absorption edge at about 1.6 eV and thereafter a
monotonic increase of absorbance with increasing pho-
ton energy. By employing Elliott’s formula with a non-
parabolic band [24-28], given by

A(hw) = Ac(hw) + Ap(hw), “)

ho — E
)
§(E - Ey)

dE
1-— exp(—ZnM)

where the carrier contribution term is

2nE, 1 [
Ac(hw) = A, TVE —/ sech(
hCl) I Eq

)
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FIG. 3. Steady-state absorption spectrum. The continuum term
and excitonic term are disentangled from the fits by Eq. (4). OD
is the optical density defined by log,,(/1/ly), where I, is the
incident intensity and /, is the transmitted intensity.

and the exciton contribution (EC) term is

2mE3? 17T (ha) — By + EpJj 2)
— - sec ,
ho T = r

Ap(hw) =43
(6)

with prefactors 4, and A, proportional to the transition
dipole moment, E,, is the band gap, E} is the exciton bind-
ing energy, E, — E»/j* is the energy of the j th excitonic
state with j.c the cutoff (we choose j.x = 7, which is
high enough to account for all excitonic contributions to
the absorption spectrum), the Eg/ % in the EC term arises
from the coupling between the wave functions of an elec-
tron and a hole [29], I is the exciton bandwidth, and & (£ —
Ey) =1+ 10R(E — E,) + 126R*(E — Eg)2 accounts for
the band nonparabolicity effect with R the nonparabolic
factor [27]. With the fitting curve as shown in Fig. 1(b),
we resolve the continuum contribution (red circles) with
E, = 1.653 +0.005 eV and the exciton contribution (blue
curve) with £, = 38 £ 4 meV. The fitted values of E, and
Ej are consistent with reported values in FA-based halide
perovskites [10,30-33].

With the information obtained from the steady-state
absorption spectrum, we next measure the TA spectra of
FCPIB with 400-nm pump pulse excitation. Figure 4(a)
shows the normalized TA spectra at representative time
delays ranging from 0.7 ps to 2.6 ns with a pump flu-
ence of 18 uJ/cm®. A typical photoinduced bleaching
feature (positive part) is observed, indicating the filling
of the excited states by photoexcited carriers and exci-
tons. The quick thermalization among the hot carriers
yields a population distribution that obeys the Fermi-Dirac

(FD) distribution. When the energy of interest is much
larger than the Fermi energy, the FD distribution can be
simplified to the Maxwell-Boltzmann (MB) distribution
[6,34], given by

_ AA(hw) o exp < - :‘; ) 7)
Ble

where kg is the Boltzmann constant and 7, is the carrier
temperature. By using Eq. (7) to fit the high-energy tail of
the TA spectra in Fig. 4(a), we extract the time evolution
of T, as shown in Fig. 4(b) for three pump fluences. For all
pump fluences, T, shows a slow cooling trend due to the
presence of a hot phonon bottleneck.

With the input of carrier temperature 7, and the param-
eters from the steady-state absorption spectrum, we then
use the Elliot model to fit the TA spectra by considering
the photoinduced change in both the carrier term [Eq. (5)]
and exciton term [Eq. (6)]. The photoinduced change in the
carrier term is given by

Adc(ho) = Ap(Ey, Ey, ho)(1 — fip)® — Ac(hw),

2 JE, 1 [ ho — E
= f14; b—/ sech( w/ )
E} r

ho TV

hw — E,
X sthe — £y) dE

1 —exp(—2n, /E}/(E — E}))

1 2
% (1 1+ exp((ho — Ef)/kBTe)>

2 /Ep 1 [ how — E
— A —= sech
h(l) r Eg r

E(hw — Ey)

E
1C exp(—2m/Ep/(E —Eg))d ’

(®)

where E; and E| are the exciton binding energy and
band gap, respectively, after photoexcitation, prefactor f
accounts for the photoinduced change in the transition
dipole moment in 4; (f; is found to be about 1 in the fit-
tings and so will be fixed as 1 in our fits), and the (1 — fp)?
term represents the state-filling effect in the conduction
band (electrons) and valence band (holes) with fpp the
Fermi-Dirac distribution function characterized by the car-
rier temperature 7, and the quasi-Fermi energy E;. Here
we assume a negligible change in the nonparabolic coef-
ficient R, nearly equal electron and hole effective masses,
and carrier temperatures 7, & Tj (T} is the temperature of
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FIG. 4. (a) Normalized TA spectra with a pump fluence of 18 pJ/cm? under a 400-nm pump ranging from 0.7 ps to 2.6 ns. The
red lines are the MB fit curves. (b) Carrier temperatures extracted from the MB fits as a function of pump-probe delay. (c¢) Transient
absorption spectra for experimental data (circles) and fits (dashed lines) at representative time delays. The carrier contribution terms
at representative time delays are shown in (d). In (c¢) and (d), mOD is milli-OD, where OD has been defined in the caption of Fig. 3.
(e),(f) Extracted Fermi energy £y and band gap E, as a function of pump-probe delay.

holes). The exciton term is expressed as

271\/1?7 1

:ﬁA2

7

j3 I’

’ / +2
Z—ZE[’ sech (hw_Eg"'E;)/J )
how F/j=1

2E ho — E, + Ep/j?
Z—bsech< s+ Evly ),

r
)

where prefactor f; implies the photoinduced change in the
exciton oscillator strength [29].

With Egs. (8) and (9), the TA spectra A4 (hw) can be fit
via

AA(hw) = AAc(hw) + AAp(hw), (10)
using 7, from the MB fits to the TA spectra, while 4;, 4>,

Ep, Eg, and I' are obtained from the fit of the steady-state
absorption spectrum earlier, as given in Egs. (5) and (6).
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We then obtain the fitting parameters £, Eé, I, f5, and
Er. Figure 4(c) shows the fitting curves to the A4 spec-
tra, while the corresponding carrier terms are plotted in
Fig. 4(d). The bleaching dip in Fig. 4(c) arises from the
state filling of both hot carriers and exciton states. As the
pump-probe time delay increases from 0.7 to 4.0 ps, the
bleaching dip of the carrier terms shows a red shift, sug-
gesting that the carriers lose energy (via carrier-phonon
coupling) and cool down to the band edge. The amplitude
of the bleaching dip also increases since a large number
of carriers gradually accumulate near the band edge that
strongly quenches the band-edge absorption.

From the fitting, we are able to extract the time evolu-
tion of important parameters: Fermi energy Er and band
gap E,, as shown in Figs. 4(e) and 4(f). The Fermi energy
Ey shows an increase from the onset after photoexcitation,
suggesting that more carriers are promoted into the con-
duction band. At longer time delays (after about 1 ns),
the E; starts to decrease but very slowly, suggesting a
long lifetime for the photoexcited carriers. At the same
time, the band gap E, shows a positive change relative
to the original band gap [the black line in Fig. 4(f)]. For
conventional inorganic semiconductors such as the heav-
ily Sn-doped In,03, the optical band gap is reported to
increase with carrier density [35]. The change in the band
gap is attributed to two mechanisms: (1) the Burstein-Moss
effect and (2) band-gap renormalization (BGR) [35-37].
The former effect promotes the interband transition to
higher energies due to the filling of the states near the band
edge by the carriers, thus enlarging the band gap [36,38].
The latter BGR term typically reduces the band gap as

J

a)p €0

a result of mutual exchange and Coulomb interactions
between the excited free electrons in the conduction band,
as well as electron impurity scattering [37,38]. However,
it is reported that lead halide perovskites exhibit an atypi-
cal temperature-induced band-gap renormalization, that is,
the band gap increases with increasing temperature, due
to the thermal expansion and electron-phonon interactions
[30,39,40], as compared to the typical band-gap decrease
in inorganic semiconductors [41]. Therefore, the atypical
increase in the band gap in Fig. 4(f) is not inconsistent with
temperature-dependent band-gap measurements.

C. Carrier effective mass evolution and polaron
dynamics

From the parameters E,, Er, and T, obtained from
analysis of TA data, we can calculate the electron den-
sity N, via the expression N, = | Ej D.(hw)frpdhw, where

D.(hw) is the density of states in the conduction band [6].
The full formula is given by

© 1 om*\ 2
N, = — (= E—E
[ a(F) iR
y E(E —Ey)
1+ exp((E — Ef)/ksT)

dE. (11)

Since the carrier densities in the TRTS and TA measure-
ments are the same, we can combine Eq. (3) from TRTS
and Eq. (11) from TA to extract the electron effective mass
m* as a function of pump-probe delay t by the expression

2

m*(7) = [

Here we calculate m* with Eq. (12), scaled by the free
electron mass my, as shown in Fig. 5(a). At about 0.5 ps,
we obtain m* ~ 0.2my for fluences of 18 and 12 pJ/cm?,
which is close to the steady-state effective mass of about
0.24m, for the halide perovskites [6,13—18,42], giving cre-
dence to our approach. The value of m* increases rapidly
after 1 ps, suggesting a strong dressing of the electron by
its surrounding environment. Figure 5(a) shows that m*
quickly increases after photoexcitation and reaches a maxi-
mum at about 200 ps. The increase in m* can be associated
with the polaron formation that is associated with short-
range lattice distortion [12]. When such localized strong
fields expand to larger length scales due to carrier delo-
calization, we expect a decrease of m*, which is observed
about 200 ps after photoexcitation. It is interesting to see

2
e’ fEO:(l/27r2)(2/7i2)3/2\/E — EA8(E — Eg)/[1 4 exp((E — Ef)/kBT)]}dE] '

(12)

(

that m* /mg does not recover to its preexcitation value even
at 2.6 ns, suggesting a long lifetime of the polarons.

We repeat the data fitting and analysis using the “Drude
+ peak-shift model”, that is, without the Smith term. Com-
pared to the “Drude-Smith + peak-shift model”, the fit
quality is worse at high frequencies (see Fig. S4 within the
Supplemental Material [22]), and the obtained values of m*
differed by at most 50% at 250 ps [see Fig. 5(b)]. Hence,
the obtained value of m™* sensitively depends on the model
used, and is only an estimate. However, the overall trend
remains robust against the model used, that is, m* peaks
at about 200 ps. Using the same method, we also obtained
m* for CH;NH;Pbls, finding that m* peaks at about 20 ps
(instead of 200 ps in FCPIB) (see the Supplemental Mate-
rial [22] for the analysis of CH3;NH;3Pbl;).
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Ultrafast transient change of polaron formation and relaxation. (a) Calculated effective mass of electrons using the “Drude-

Smith + peak-shift model”. (b) Comparison of m* obtained by using the “Drude-Smith + peak-shift model”, and “Drude + peak-shift

model”.

The change in m* arises from many-body interactions,
which can in general be the electron-phonon and electron-
electron interactions. The electron-electron interaction is
negligible in the perovskites, and the electron-phonon
interaction is strong and leads to the formation of polarons
[9,19-21]. From polaron theory, in the large polaron
limit, the effective mass is given by m* = mp(1 + a/6 +

J

dt 2 dt

Tave

where Ty is the lattice temperature and hwyo is the LO
phonon energy. The data and fitting curves are shown in
Fig. 6 for the first 20 ps. For the fluence of 18 uJ/cm?,
Tave = 77 &£ 6 fs. From this value of t,ye, and the effective
LO phonon energy wro/27 = 3.45 THz, we can obtain
o from the expression a = 7.} /(wr0/27) (see Appendix
C for the derivation) to be 3.8. This value of « is about
2 times the steady-state (or preexcitation) value of about
1.7 [10], showing that there is indeed an enhancement in
the electron-phonon coupling upon photoexcitation, con-
sistent with the picture that polarons are indeed formed in
the perovskites after photoillumination.

An increase of o from the steady-state value of 1.7 to
a photoenhanced value of 3.8 results in an increase of
the (1 4+ «/6 + 0.02360%) factor from 1.4 to 2—about a
50% increase. This alone cannot account for the increase
in m*/mg values that we see in Fig. 5(a), strongly sug-
gesting that the band mass m; must also increase upon
photoillumination. A recent time-resolved x-ray scatter-
ing and transient reflection paper [12], which observed
an increase in the (normalized) m* upon photoexcitation,

dUC 3](3 dTe —ha)]_o ha)Lo ha)Lo
= ~ exXpl — — eXpl| — .
kBTe kBTph

0.0236a?), where m; is the band mass (i.e., electron mass
derived from band curvature) and « is the electron-phonon
coupling constant. Therefore, a photoinduced increase in
m™* can originate from an increase in mj, or «, or both. In
order to obtain «, we fit the 7, versus t data to a model
where the photoexcited electrons lose energy to the LO
phonon mode, given by [6]

(13)

(

attributed the increase to the change in band curvature
when electronic states near the conduction band minimum
are filled, thereby changing the effective mass m*.

600k o 18 pdicm? |

\ 12 pJ/ecm?

500

T,(K)

400 r o o

300

10’
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10°

FIG. 6.
ps.

Carrier temperature cooling curves within the first 20
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We next present a microscopic model that explains
the photoenhancement of m*. We consider the effect of
coupling between electrons and hot phonons. Within a
two-temperature model, as described by the electronic
temperature 7, and phonon temperature 7y, the electronic
self-energy arising from the electron-phonon interaction is
given by [43]

2 Z["B(wq, Ton) + npp(—ék—q, 1)
N

g
Tk, w) = >
(o) ® — E—q — hwgq + in

n ng(wq, Ton) + 1nep (Sk—q» Te)i|. (14)

w — &x_q + howg +in

Here we have neglected the momentum dependence of the
electron-phonon coupling matrix and represented the cou-

J

pling strength by g, N; is the number of lattice sites, and
quantities fwq and & are the phonon and electron energy
dispersions, respectively. For the latter, the energy is mea-
sured with respect to an effective Fermi energy, and n
is a positive infinitesimal. The Bose-Einstein distribution
function is

1

= , 15
15(0) = (oo ks Ty — 1 (15
while the Fermi-Dirac distribution function is
1
npp(§) = (16)

exp(§/ksTe) + 17

We focus on the longitudinal optical phonon mode and consider an Einstein approximation wq = wro. The momentum-

averaged self-energy is given by

1
Y (w) = N—LZE(k,w)
k

) ng(wro, I'Lo) + nep(=§, Te)
—¢ fdép(é)[ e

ng(wro, Tro) + nrp (€, Te)i|
®— &+ horo +in

2 ng(wLo, I' o) + nep(—=§, Te)
—¢ 0(0)/dé[ e

To obtain the last expression, we used a constant density-
of-states approximation with p(0) being the density of
states at the Fermi energy per spin. We note that the
above expression for the electronic self-energy, which
goes beyond the zero-temperature limit at equilibrium, is
essential for the discussion of mass enhancement at high
temperatures. In the high-temperature limit, the energy
being close to the Fermi energy, the Fermi-Dirac distribu-
tion function can be approximated as ngp(+£,7,) = 1/2.
This leads to the effective mass m*/m;, ~ 1 + A, where

oY’ 1
=— (@) = g*0(0) |:”B(0)L0a Tio) + —i|[(0)LO)

w w—0 2
(18)

with
I( ) / d§|: ! + ! i| (19)
(00} = .
o (€ + horo)? ' (6 — haro)?

For the perovskite considered in the present work, the
effective hot phonon frequency is about 3.45 THz (14.3
meV) [10]. For the fluence of 18 pJ/cm?, if the hot phonon
temperature increases from the base (room) temperature

ng(wro, Tro) +nFD($’Te)i| (17)

w— &+ hwio +in

(

to reach equilibration with the electron temperature (about
550 K) at 1 ps, the enhancement §A/A(7T;) becomes 81%.
This is consistent with the approximate 120% increase
that we obtained from our earlier analysis, giving fur-
ther credence to our conclusion. Our methodology thus
enables us to disentangle the contributions of band mass
and the electron-phonon coupling constant to the carrier
(or polaronic) effective mass, and shows that the electron-
phonon coupling constant increases by about 100% under
the action of light. We note that the notion of using the
momentum-independent effective mass m* or band mass
my, is only meaningful when the energy dispersion around
the band minimum varies quadratically with momentum.

Further evidence for the polaron effect is the Coulomb
screening of photoexcited carriers, which will renormalize
the Coulomb potential Vi, via the dielectric function €
by Vewr(w, T) = Viare/€(w, T) [10]. Figure 7 shows the free-
carrier screening factor Re [1/€] at 0.5 THz as a function of
pump-probe delay, obtained from our frequency-resolved
TRTS data (see Appendix B 1). The screening is stronger
at short time delays and does not even recover toward its
preexcitation value until about 1.3 ns, which agrees well
with the evolution of m* in Fig. 5, suggesting the existence
of a strong and long-lasting polaronic effect.
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FIG. 7. Coulomb screening factor Re[1/€] at 0.5 THz as a
function of pump-probe delay.

I11. CONCLUSION

We investigate the carrier dynamics in FCPIB per-
ovskites by combining transient absorption spectroscopy
and time-resolved terahertz spectroscopy. By fitting both
the steady-state and transient absorption spectra to Elliott’s
model, we disentangle the carrier and exciton dynamics,
and extract the physical parameters £y (Fermi energy), E,
(band gap), and T, (carrier temperature). At the same time,
we perform the frequency-resolved and time-resolved ter-
ahertz spectroscopy, and, together with the TA results,
obtain the time evolution of the effective mass m*, and
we observe a large and long-lived photoenhancement of
m*, which can be associated with the formation and decay
of polarons. In addition, a microscopic model analysis
reveals a twofold increase in the carrier-phonon coupling
constant upon photoexcitation. Recently, the concept of
liquid-crystal duality has been proposed to be the origin
of the excellent photovoltaic properties of the halide per-
ovskites [8]. Because of the cage nature of the crystal
structure, plus the presence of soft phonons and organic
cations, large polarons form easily. These large polarons
enhance carrier screening, resulting in reduced Coulomb
scattering from impurities, and, consequently, high defect
tolerance, leading to a long diffusion length and carrier
mobility [8—11,19]—both of which are crucial parameters
for photovoltaic devices. All the aforementioned desirable
photovoltaic properties therefore hinge on the formation of
large polarons upon photoillumination. However, evidence
of large polarons has been indirect, and no evidence has
come from the most direct way of observing polarons—the
carrier effective mass. Our work has not only estimated
both the value and timescale of m* after photoexcitation,
but also obtained the photoinduced carrier-phonon cou-
pling constant. We have seen that large m* persists for
a long time and that it reaches a maximum value around
200 ps after photoexcitation. In relation to energy research

and technology, our work provides a methodology of ver-
ifying and quantifying polaronic effects, which can be
applicable to broader photovoltaic materials than halide
perovskites. For example, knowing that polaronic effects
are strongest 200 ps after photoillumination, one can fab-
ricate perovskite-based photovoltaic devices to time the
carrier extraction process at 200 ps, harnessing the energy
of hot carriers more efficiently.
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APPENDIX A: SAMPLE PREPARATION

A FAO_85CSo_15Pb(IO'97Br0_03)3 thin film was grown by
Dr. Chen Bingbing from Professor Lam Yeng Ming’s
group (MSE, NTU). The perovskite precursor solution
is prepared by dissolving the precursors FAI, Csl, Pbl,,
and PbBr, with respective stoichiometric ratio in a mixed
organic solvent system comprising anhydrous N, N-
dimethylformamide (DMF) and anhydrous dimethyl sul-
foxide (DMSO) at the volume ratio of DMF:DMSO =
4:1. The z-cut substrate is cleaned with Hellmanex II
solution(1% v/v), deionized water, acetone, and isopropyl
alcohol in an ultrasonic bath for 15 mins, and then treated
with an air plasma treatment for 15 mins and subsequently
transferred to a nitrogen glove box for the deposition of
perovskite films. The perovskite film is prepared by spin
coating the perovskite solution (0.5 mol/L) on a quartz sub-
strate at 1000 rpm for the first 10 s and 4000 rpm for the
following 30 s. Chlorobenzene (200 wL) is dripped fast on
the sample surface at 15 s before finishing the spin coating.
The substrate is immediately placed on a hotplate for ther-
mal annealing at 80 °C for 5 mins, then 120 °C for 5 mins,
and then 180 °C for 30 mins.

APPENDIX B: EXPERIMENTAL METHODS

1. Frequency-resolved and time-resolved terahertz
spectroscopy

Time-resolved terahertz spectroscopy is performed
using a home-built setup. The terahertz probe beam with
frequency range 0.5-2.5 THz is generated in a 1-mm-
thick ZnTe crystal through optical rectification, transmitted
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through the perovskite thin film, and then detected by
electro-optical sampling in another ZnTe crystal with a
800-nm gating pulse. The pump-probe delay between the
400-nm pump pulse and the terahertz pulse, and the gate
time delay between the terahertz pulse and the 800-nm-
gating pulse are controlled by varying two motorized delay
stages. By modulating both the 400-nm pump and terahertz
probe beams, the transmitted terahertz electric field £ and

T(w) =

_ 20(isu, + Dexpliwd(n — 1) /clexp[—io AL(fgp — 1) /c]

its photoinduced change AFE are simultaneously measured
with two lock-in amplifiers.

For the analysis of terahertz time-domain data, we calcu-
late the complex electric field in the frequency domain for
the sample E () and the reference E, () to get the com-
plex transmission coefficient T(w) = Ey(w) /E,(a)). The
complex refractive index 7 = n + ix can be extracted from
T(w) by solving the equation

(I +n)(n + i) + (7 — 1) (nsup — R)exp[2iwdn/c]

where ng,, is the complex refractive index of z-cut quartz, ¢
is the speed of light in vacuum, d is the film thickness, and
AL is the thickness difference between the sample and ref-
erence substrates. It is noted that this equation is the exact
formula applied to any thin film on a substrate, without
having to consider the thin-film approximation [44].

From the frequency-resolved data, we can extract the
complex refractive index of the FCPIB film and thus obtain
the refractive dielectric function € by € = 2%, where 71 =
n + ix is the complex refractive index. From this, we can
obtain Re[1/€], as shown in Fig. 7.

2. Steady-state absorption spectra measurement

The steady-state absorption spectra measurement is per-
formed using variable angle spectroscopic ellipsometry in
the transmission mode. The film sample is illuminated by
a halogen lamp and the transmitted light is then resolved
by a monochromater and collected by silicon and InGaAs
detectors.

3. Transient absorption measurement

Transient absorption spectra are measured using the
commercial Helios Fire system from Ultrafast Systems.
The 400-nm pump beam is produced from an 800-nm fem-
tosecond laser (35-fs pulse width, 1-kHz repetition rate,
4-m] pulse energy) passing through a beta barium borate
crystal. The white-light probe is produced by focusing the
800-nm laser pulses on a sapphire crystal.

APPENDIX C: ENERGY RELAXATION FITTING

The electron-phonon scattering time is obtained by [45]

2 * 1/2 -1
Tove = | o0 (T oD @y
2nh \ 2hwio €00 €

(B1)

(

The carrier-phonon coupling constant « is calculated via

[10]
m*e*
o= |—,
2ﬁ26£tho

where 1/€, = 1/e — 1/€; and m* is the carrier effective
mass. With Egs. (C1) and (C2), we can obtain

—1 wLo
oa =T - .
ave/(zﬂ)

From Eq. (C3), we can then evaluate the carrier-phonon
coupling strength o from the electron-phonon scattering
time Taye.
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