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Abstract

Organic-inorganic hybrid metal halide perovskites (MHPs) have attracted tremendous attention for optoelectronic
applications. The long photocarrier lifetime and moderate carrier mobility have been proposed as results of the large
polaron formation in MHPs. However, it is challenging to measure the effective mass and carrier scattering parameters
of the photogenerated large polarons in the ultrafast carrier recombination dynamics. Here, we show, in a one-step
spectroscopic method, that the optical-pump and terahertz-electromagnetic probe (OPTP) technique allows us to
access the nature of interplay of photoexcited unbound charge carriers and optical phonons in polycrystalline
CH5NH5Pbls (MAPbIs) of about 10 um grain size. Firstly, we demonstrate a direct spectral evidence of the large
polarons in polycrystalline MAPDbIs. Using the Drude-Smith—Lorentz model along with the Frohlich-type electron-
phonon (e-ph) coupling, we determine the effective mass and scattering parameters of photogenerated polaronic
carriers. We discover that the resulting moderate polaronic carrier mobility is mainly influenced by the enhanced

better performance.

carrier scattering, rather than the polaron mass enhancement. While, the formation of large polarons in MAPbls
polycrystalline grains results in a long charge carrier lifetime at room temperature. Our results provide crucial
information about the photo-physics of MAPbI; and are indispensable for optoelectronic device development with

Introduction

Organic—inorganic metal-halide perovskites (MHPs) are
composed of organic cations and an inorganic framework.
The success application of low-cost and solution-
processable MHPs in optoelectronic devices can be
attributed to low carrier recombination rates"?, ambipolar
carrier transport3’4, strong optical absorption5’6, long
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carrier diffusion’””, and inherent defect tolerance'’. Given
these advantages over conventional semiconductors,
MHPs have attracted tremendous scientific research
interest in recent ten yearsn’lz, for promising applications
in cost-effective solar cells'*™'®, solid-state lighting'”~*°,
transistors®', memristors*?, and ultrafast spin switches in
spintronics23’24.

Despite that MHPs behave as defect-free semi-
conductors with low charge recombination rates, long
diffusion lengths (1-3 um), and long hot carrier lifetimes
(1-3 us) that exceed the Langevin limit for direct
recombination, these materials show a moderate free
charge-carrier mobility (4 ~30-100cm?V'S™!) com-
paring to other inorganic semiconductors. Efforts have
been made to figure out such an apparent discrepancy in
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the dynamical carrier properties in MHPs*>~>". At room
temperature, the interplay between carriers and ionic
perovskite lattice is a possible microscopic mechanism
behind this unusual recombination of photogenerated
carriers in MAPbI3*®, It was first proposed by Zhu and co-
workers that large polarons—described as the charge
carriers associated with the lattice deformation over sev-
eral structural units—prevent scattering of photocarriers
from charged defects, the remaining phonon bath, and
other charge carriers in MHPs* 2,

A number of spectroscopic and optical measurements,
such as time-resolved optical Kerr effect spectroscopy,
time-resolved two-photon photoemission, transient
reflectance, and absorption spectroscopies, time-domain
Raman spectroscopy, angle-resolved photoelectron spec-
troscopy, have been used to reveal the electron-phonon
(e-ph) coupling in CsPbBr3** 3%, MAPbBr;**~%’, and
MAPbI;**~*2. However, these measurements are asso-
ciated with the large polaron formation either from the
phonon or from the electronic structure perspective®***
(See Supplementary Table S1 for a literature survey). In
addition, it is challenging, to use an ultrafast spectroscopic
technique in the visible region to access the polaron
mobility, carrier scattering parameters, and dynamics in
MHPs quantitatively, which are considered as the fun-
damental nature of the large polaron®>*”,

In comparison with visible light, the frequencies of
terahertz (THz) waves (ranging from several to tens of
meV in energy scales) coincide with both the momentum
relaxation times of conduction carriers***” and the typi-
cal optical phonons in MHPs**°, Thus, ultrafast THz
spectroscopy is expected to be an appropriate approach to
study the low energy excitations and the coupling
between charge carriers and phonons. However, until
now, researchers have relied on two THz spectroscopic
approaches to characterize the large polaron behaviors in
MHPs. On the one hand, the rise of the THz photo-
conductivity dynamics is observed after hot-carrier cool-
ing, which has been ascribed to an indirect evidence of
polaron formation®'. On the other hand, the temperature
dependence of scattering time ~ T~%?2 supports a strong
dependence of carrier transport on the phonons®*™*,
This experimental behavior is inconsistent with the
Frohlich model, which predicts a temperature depen-
dence ~ T~%% of the polaron mobility””. Therefore, the
full potential of THz spectroscopic measurements for
direct evidence of polaron formation in MAPbI; still
remains to be shown.

We may also mention that quantitative characterization
of the large polaron transport and dynamics in MHPs,
requires the effective mass of the photoinduced charge
carriers with renormalization factors due to polaron for-
mation. A direct experimental method for determining
the polaron mass in MHPs is the magneto-optical
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spectroscopy by observing the Landau levels®®*’. For such
measurements, a pulsed magnetic-field of 130 T°° and a
low temperature down to 1.5 K*’, are necessary. However,
the small increase in the polaron mass cannot account for
the moderate carrier mobility measured in MAPbI;*”.
Therefore, it is necessary to develop the capability to
evaluate the backscattering probability of the carriers by
traps and grain (or domain) boundaries on the ultrafast
timescale®®®”, Nevertheless, a one-step characterization
satisfying the requirements of room-temperature, mag-
nets-free, access to the basic large polaron transport and
ultrafast dynamics quantitatively is expected to be
important, but has not been shown.

In this letter, we present a direct spectroscopic proof
for the large polaron behavior due to the dynamic cou-
pling between optical phonons and photocarriers in
prototypical MAPbI; polycrystalline grains. To determine
the large polaron mass and mobility, we take a completely
different approach. We performed a contactless optical
pump-THz electromagnetic probe (OPTP) measurement
to obtain the complex-valued THz photoconductivity
spectra 6P""P(w) of MAPbI;. The resonance-like spectral
line shapes of the photoexcited THz conductivity
response are inherently indicative of the coupling
between the optical phonon modes and the photoinduced
carriers, considered as large polarons. Following the
Drude-Smith—Lorentz (DSL) model and the Frohlich-
type large polaron model, we are able to extract the
effective mass and the carrier scattering parameters of the
large polaron. Consequently, the large polaron mobility of
MAPDI; is determined. It is found that the mass
enhancement by polaron effect appears not to be sig-
nificantly detrimental to the relatively low carrier mobi-
lity in MAPbI;. Taking advantage of the OPTP time-
resolved spectroscopy, we further demonstrate that the
long-lived large polaronic carriers are the major photo-
generated species in MAPDI; polycrystalline grains,
which allows for efficient charge extraction. Our work
provides important insights into the large polarons in
MHPs, which is essential for developing energy and
optoelectronic applications with better controlled charge-
lattice interaction, charge-carrier mobilities, and transis-
tor switching times.

Results

The samples used in this work are MAPbI; poly-
crystalline grains and thin films. Firstly, high-quality
MAPbI; single-crystals were synthesized according to
the literature®®~°*. The photographs of the MAPbIj single
crystal and the corresponding X-ray diffraction (XRD)
pattern are given in Figs. S1 and S2, respectively. The
prominent peaks at 14.6° and 28° correspond to (110) and
(220) planes of MAPbI; single crystal. As very little THz
signal could transmit through the thick single crystal, the
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MAPDI; single crystal was ground into isotropic poly-
crystalline grains. The average size of the polycrystalline
grains spread on a double-sided adhesive tape is about
10+5 pm, which was determined by both optical
microscopy and THz near-field optical microscope, as
shown in Figs. S3 and S4. As control samples, the details
of MAPDI; perovskite thin films preparation are shown in
Note 3 and Fig. S5 in the Supplemental Materials.

We performed the ultrafast THz conductivity mea-
surement using the OPTP technique, which probes the
difference  between pre-photoexcited and post-
photoexcited THz conductivities of MAPbI3;. As shown
in Fig. 1a, b, an 800 nm (photon-energy of 1.55¢€V) or a
400 nm (3.1 eV) laser beam was impinging on the MAPbI;
sample as an optical pump with a spot of ~5mm in
diameter. The photoexcited conductivity of the sample
was probed with a sub-picosecond THz pulse. The
transmitted THz probe pulse (containing spectral
amplitude and phase information) through the sample
was measured by an optical sampling pulse in a <110>-
oriented ZnTe crystal of a thickness of 1 mm (see
“Materials and methods”, Fig. S6).

The static THz properties of the unexcited perovskite
sample were firstly investigated to elucidate the presence
of transverse optical (TO) and longitudinal optical (LO)
phonon modes (Fig. 1a), which is associated with the
internal vibrations of the Pbl; framework®. Figure 1c
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shows the absorbance properties of the unexcited MAPbI;
polycrystalline grains, using both Fourier transform
infrared spectroscopy (FTIR) and THz time-domain
spectroscopy (THz-TDS) (see “Materials and methods”
and Fig. S7 for details). Two vibrations in the THz
absorbance spectrum around 0.58 THz (19.3cm ') and
1.04 THz (34.6cm™ ') originate mainly from the Pb-I
inorganic sublattice. The THz absorption peak at
1.04 THz is associated with the IR-active mode. These two
low-frequency skeletal bending modes can be assigned to
the octahedral twist TO phonon mode and the octahedra
distortion LO phonon mode, respectively®®. We compare
the experimental results with the DFT calculations, to
elucidate the nature of these lattice vibration modes of
MAPDbI; with tetragonal phase (/4/mcm). Figure 1d shows
the calculated vibrational displacements for the 24.8 and
49.1 cm™ ' modes of MAPbDI;, which are composed of
I-Pb-I bond bending motions mostly. They are assigned
to Bi; and Aj; mode in the Dj; symmetry group,
respectively. The detailed calculations are shown in Fig.
S9. Note that the DFT results show a ~20% deviation
below 100cm '®. The discrepancy between experi-
mental data and theoretical model results can be attrib-
uted to the dynamic disorder of cations, cation rotational
unlocking, and local polar fluctuation®.

To decipher the coupling of photoexcited carriers with
the skeletal bending optical phonons®”®, the sample is
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Fig. 1 OPTP measurement scheme and sample characterizations. a, b Schematic illustration of the OPTP spectroscopy on MAPDbIs. The quickly-
oscillating pulse (red) is the optical pump beam, and the time-delayed single-cycle pulse (blue) represents the THz probe beam. ¢ THz and FTIR
absorbance spectra from 04 to 1.6 THz. d DFT calculated I-Pb-l bending motions at 24.8 and 49.1 cm™" of MAPbI;. The gray and purple balls denote
Pb and | atoms, respectively. e Time-domain signals transmitted through the MAPbI; polycrystalline grains covered on a double-sided tape for
different pump fluences (800 nm excitation). f A transmitted THz waveform through the sample without photoexcitation
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excited by an 800 nm linear polarized pump laser pulse
(Fig. 1b). Due to the photoexcitation, the transmitted THz
waveform is modified. Figure le shows the pump-induced
THz electric field change —AEmple(t, Af), as a function of
pump fluence at a given pump-probe time delay of At =
5ps. Figure 1f shows the time-domain THz waveform
transmitted through the sample without photoexcitation,
Egample(t). The frequency-resolved complex sheet photo-
conductivity PP (w, At) = PP (w, At)x d,, where
dy, ~ 1 um is the penetration depth®. According to the

applicability of the thin-film approximation in THz pho-
toconductivity measurements’®, nsz”w ~ 0.0l <1 for w=
1THz and n, = 2.6 (n, is the refractive index of non-
photoexcited MAPbI; at 300 K’') indicates that the thin
film approximation holds. 6P"™P(w, At) can be extracted

bY72,

B ny + ns 1
pump - -
O (w,At) = Zo (TPumP(oo7 At) 1> @
— Epump(@.A0) _ Esaimple (0)FAE ample (0,A8)
where,  TP"™P(w,At) = Esa,:ple(w) =~ Esample(w)pI ’

n; =1 is the refractive index of air. Z, =377 Q is the
impedance of free space. w is the THz angular frequencies
of the probe electric fields. Note that the distinction
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between sheet and volume conductivity does not affect
the calculation of the effective large polaron mass and
mobility, which will be discussed later.
Figure 2a, b shows the real part ¥, 'F () and the ima-
ginary part o}, ¥ (@) of the frequency-resolved 6P (q,
At=5 ps) of MAPbI; polycrystalline grains, acquired at
two pump wavelengths of 800 and 400 nm. The pump
fluences are 57 pJ c¢cm 2 (800 nm excitation) and 99 w
cm ™2 (400 nm excitation). Generally, the positive ¥, "" (w)
grows with the increase in frequency, while the aﬁz:;’s(co)
is negative and decreases with the increasing frequency, in
the probed frequency window. The non-Drude spectral
response clearly indicates that the free mobile charge is
not the only contribution to the signal’®. Because the
thermal energy of 26 meV at room temperature is
higher than the exciton binding energy of MAPbI3
(~10-16 meV)"*, excitons are mostly dissociated into free
carriers, and therefore any possibility of exciton con-
tribution to the spectrum modulation can be excluded””.
Since no external fields or electrodes are applied to the
material during the measurement, the observed negative
Ohnags(@) implies the presence of carrier scattering from
the crystalline boundaries or defects, as characterized
later’®. It is important to note that, as shown in Fig. 2a,

Fig. 2 The observation of photoinduced large polaron in MAPbI;. Real (circles) and imaginary (squares) parts of the sheet photoconductivity
spectra of MAPbl; polycrystalline grains for two different pumped energies of a 1.55eV and b 3.1 eV, at At = 5 ps. The complex sheet

photoconductivity spectra for ¢ MAPbls thin film and d Csp0s5(MAg17FAq83)Pb(l0s3Bro17)3 thin film with pumped energy of 3.1 eV, at At = 5 ps. The
black curves in (a), (b), and (d) represent the Drude-Smith—Lorentz fits. The dashed and dotted lines show the components for the Drude-Smith
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two resonant peaks in areal 1P(w) accompanied by two
inflection points in almagps(co) are observed at ~0.65 and
~1.17 THz, when excited with an 800 nm pump pulse.
Similar resonant peaks are observed for the photoexcita-
tion with a 400 nm pump pulse (Fig. 2b). This confirms
the robustness of our observations and suggests that the
photoconductivity spectrum is similar for band edge-
(800 nm) and far-above-gap (400 nm) excitations, despite
the difference in the excitation/relaxation channels. For
comparison, the photoconductivity spectrum of a
solution-processed MAPbI; thin film (with grain size of
several hundred nanometers) has been measured, as
shown in Fig. 2c. No clear THz peaks on o¥. ¥ (w) are
observed, consistent with the spectrum reported in similar
MAPbI; thin film”’. This is due to the thermal or struc-
tural instabilities for the pure perovskite compound
MAPbI; thin film. The crystallization quality may be less
good in the MAPbDI; thin film, leading to less strong
optical phonon signal. A Drude—Smith (DS) model pro-
vides a quantitative description of the localized charge
carriers in the MAPbI; thin film (see Fig. $10). We further
investigate a triple cation mixed halide (Cs)/MA/
CH3(NH,), (FA) thin film with better stability’®.
Figure 2d shows the presence of resonance-like modula-
tions in oreals(w) accompanied by inflection points in

F;:;Ps(w) of the Cso05(MAg17FA083)Pb(I3Bro17)s thin
film (see Fig. S11 for details). The observed feature of
resonances in the photoconductivity spectra comes from
the coupling the photoexcited charge carriers with the
optical phonons of the soft lattice”*.

To gain more insight into our data, 6°""™"(w) is fitted by
a DSL model,

Eow
Goump ((y P14 __ &m®
G l"fiw( 1710)/F>+¥1 —wz )+ Y@

(2)

The first term of Eq. (2) indicates the DS portion, which
accounts for the disorder or backscattering induced
transport of mobile charge carriers® ™2, g, is the vacuum
permittivity. The DS term has three free parameters wp, ¢;
and I. w, is the Drude plasma frequency. ¢, is the phe-
nomenological localization parameter, which ranges
between 0 and —1. 0 and —1 manifest free-carrier trans-
port and 100% backscattering, respectively. I' denotes the
DS scattering rate of the free carriers, related to the carrier
mobility by 4 = e(1 + c1)/(I'm,), where m, is the effec-
tive mass of polarons in MHPs and e is the elementary
charge. The second term of Eq. (2) is the Lorentzian
portion. g, ym, and wy, are the oscillator strength, full-
width at half-maximum (FWHM) linewidth, and THz
angular frequency of the optical phonon modes m,
respectively. Note that the global fitting of DSL model is
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performed on both measured ohy’s(w) and af;:;ps(w)

simultaneously, over the entire measured spectra.

To aid comparison, we separate the DS component
(dashed lines) and Lorentz component (dotted lines) of
the 6P“"P(w) (Fig. 2a, b). The extracted resonance fre-
quencies of the optical phonon modes, /27~
21.6cm™!, wy/2mr~ 39.0cm™! (800nm pump), and
w1/27m ~ 22.3cm™}, @y/2m ~ 39.3cm™! (400 nm pump).
Both are blue-shifted compared to the static optical
phonon modes of 19.3 and 34.6cm ' (Fig. 1c). It is
noteworthy that the resonance peaks around 21.6 and
39.0cm ! probed by OPTP spectroscopy are in good
agreement with the excited-state wave packets oscillating
at ~21 and ~45cm ' measured by time-domain Raman
spectroscopy”’, as well as the strong e-ph coupling at 21.6
and 40 cm ™' obtained by THz emission spectrum®®,

To further reveal the nature of the e-ph interaction, we
analyze the 6P""P(w) using the 800 nm excitation at At =
5 ps with different pump fluences, as shown in Fig. 3a, b.
Our experimental results can be well fitted by the DSL
model (see Fig. S12 for details of the DS and Lorentz
components). Remarkably, the increase of pump fluence
modifies the spectral line-shape and amplitude of the
resonances. Figure 3c—e summarizes the extracted oscil-
lator strength (g;,), mode frequency (w1,/2m), and
FWHM linewidth (y,,) of two photo-induced optical
phonon modes versus the pump fluence. It can be iden-
tified that y; is broader than y,, while both are indepen-
dent of pump fluence within the given uncertainty. g; »
increases upon increasing the pump fluence. In addition,
w1/2m and wy/2m are slightly blue-shifted from 0.65 +
0.017 to 0.69 + 0.003 THz and from 1.17 + 0.019 to 1.19 +
0.004 THz, respectively, when the pump fluence increases
from 57 to 283 pJ cm % According to the DFT simula-
tions, the neutral geometry of perovskite MAPbI; is nearly
a regular octahedron. Once a charge is introduced into
the lattice, it results in a more ionic Pb—I framework and
structural distortion, leading to a blueshift of phonon
modes®. These observations corroborate again our claim
that a direct fingerprint of a polaron formation is
demonstrated, and will be used below to obtain the
effective mass and the mobility of large polaron.

For now, let us concentrate on the effective mass
enhancement (compared with the bare band effective
mass) of the large polaron in MAPbI; due to e-ph
interaction at zero magnetic field, first proposed by
Feynman®>~*’

2
* * Qe—ph | %e—ph
= 1 — 4 ... 3
where m;, = 0.1x myg (mo: the mass of free electron) is the

bare band effective mass of electrons in solids, ae_ph is the
dimensionless Frohlich e—ph coupling constant, given by
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here, gqp = 5.5 and & =~ 30gy are the optical and static
dielectric constants®”. g—lt — 81 qualitatively manifests the
capacity of the screening due to a Coulomb potential of the
polarized lattice. wpy, is the angular frequency of the LO
phonon mode and 7 is the reduced Planck constant. By
using the LO phonon mode of 34.6 cm™! from our
measurement, we obtain a._pn ~ 2.64 in MAPbI; poly-
crystalline grains. This number is significantly larger than
0.07 for GaAs and 0.29 for CdTe, and is smaller than 6,
which indicates the formation of large polaron in MAPbI;
materials®. The effective large polaron mass is conse-
quently calculated, 1, = 0.144 mo. To proceed, using the
mode frequencies of photoinduced LO phonon resonance
(wph/21 ~ 39.0 — 39.6 cm™!) with increased pump flu-
ences, @._pnh decreases by about 6.6% from about 2.64 to
2.46. Meanwhile, m, decreases by about 2% from about
0.144 mg to 0.141 m,. These numbers fall well within the
range of the large polaron mass determined by both
magneto-optical spectroscopy’®>” and calculations®*>*°. We
would comment that the mass enhancement by polaron
effect decreases the mobility by about 30.6%, which cannot
exclusively account for the moderate carrier mobility of
MAPbDI;. Following the DSL model Eq. (2), the mean

carrier scattering rate I' ~ 25.8 + 6.0 THz and the localiza-
tion factor (1 4+ ¢;) = 0.17 +0.04 have been extracted (see
Fig. S12). The relation y = e(1 + ¢1)/(I'm,,) allows one to
calculate the large polaron mobility on the order of ~80.7 +
26.0cm®V 's™!, which reaches up to ~60.7% of the
theoretical limit>®>. The localization factor (1 + ¢;) due to
the back-scattering by grain boundaries or defects further
suppresses the mobility by ~83%. The mobility value is
comparable with the values of MAPbI; single crystal and
polycrystalline films, measured by both THz and micro-
wave spectroscopy, as summarized in Table 1°7°°. We
note that the 1, used here is not assumed a priori but
rather determined experimentally. In our case, both the
mass enhancement of large polaron and the boundary or
defect scattering account for the relatively low polaron-
based mobility in MAPDbI; polycrystalline grains. It is
expected that the polaronic carriers can transport more
efficiently with less structural disorder in MAPbI;.

We now move one step further in our analysis to
explore the dynamics of photo-induced large polaron.
Figure 4a shows the dynamics of the frequency-averaged
photoconductivity Ac(At), measured with different pump
fluences of 800 and 400 nm excitations (see “Materials
and methods”). As shown in Fig. 4b, compared with the
optical pump pulse, the rise of Ac(Af) observed in
MAPDbI; polycrystalline grains is slower than the timescale
of the instrument-response function (gray). We note that
Ao(At) increases in the first 5 ps due to the formation of
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Table 1
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Comparison of the Frohlich coupling constant a._,;, polaron effective mass m, (relative to the band effective

mass 72;) and mobility measured in MAPbI; with that from calculations and measurements in the literatures

Material ®e_ph m; (%) Mobility at room Approach Theoretical or
temperature (cm? V' s7") experimental
MAPbI; polycrystalline ~2.6-246 +41-44% ~80.7 +26.0 Time-resolved THz spectroscopy Experimental
grains (this work)
MAPbI; 239 +37% 136 Single-phonon Frishlich model Theoretical®
MAPbI5 14 +28% Multiphonon Fréhlich polaron model Theoretical”
MAPbI; 191 33 Multi-LO phonon coupling Theoretical™
MAPbI; thin film 172 +35% 197 Far-IR spectroscopy Experimental®
MAPbI5 single crystal 2 Time-resolved multi-THz spectroscopy Experimental®’
MAPbI5 thin film 20-75 Time-resolved microwave conductivity Experimental®™
MAPbI5 thin film ~25 Time-resolved THz spectroscopy; Experimental“®
Time-resolved microwave conductivity
MAPbI; thin film ~27 Time-resolved THz spectroscopy Experimental®®
MAPbI; single crystals 59 Time-resolved THz spectroscopy Experimental®®
MAPDI;3 thin film 33

m,, (%): in terms of its increase with respect to the band effective mass
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o
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Fig. 4 Ultrafast large polaron formation and relaxation dynamics of MAPbIs. a The transient THz photoconductivity of the MAPbI; polycrystalline
grains measured at 800 nm (red) and 400 nm (blue) laser excitations, as plotted in the log scale. b Time-resolved THz photoconductivity dynamics
normalized to 1, for two different samples, using excitation of 400 nm wavelength. The gray profile represents the pump pulse. ¢ The pump fluence
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conductive polaronic carriers until a quasi-steady-state is
reached, which happens on a different timescale from the
generation of free carriers that occurs on sub-100 fs
timescales” . The slow rise of THz photoconductivity
has been attributed to the charge carrier cooling and
polaron formation sequentially””®. A time-dependent
polaron population model in ref. °*. is used to fit the rising
dynamics of the polycrystalline sample with different
pump fluences, as shown the dot lines in Fig. 4a. The time
constants for the large polaron formation and the hot
electron cooling are ~460 and ~180fs, respectively, in
good agreement with the values reported for similar
MAPbI; samples at room temperature”’. Fig. 4c shows the
linear dependence of the quasi-steady-state photo-
conductivity on the pump fluences in the range 25-283 yJ
cm 2, which confirms the investigation of the large
polaron in the linear regime. There was no observable
photo-degradation and/or thermal damage in the poly-
crystalline MAPbI; sample as the pump fluence reaches
up to 1 mJ cm 2 However, there was no direct experi-
mental characterization to clarify it, which will be our
future research focus. Importantly, we note that ¢P*™(w)
measured at At = 200 ps shows a similar spectral char-
acteristic as that measured at 5 ps just after photoexcita-
tion (see Fig. S13). In addition, Ac(Af) shows very stable
and non-decaying dynamics within 400 ps (limited by
current temporal probe window), indicating a very long-
lifetime recombination process of large polaron-based
carriers in MAPDI; polycrystalline grains. In contrast, as
the less significant polaronic effect observed in our
solution-processed MAPbI; thin film, the photo-
conductivity shows a faster decay and a much shorter
lifetime (orange line in Fig. 4b). This behavior is likely
caused by the charge trapping due to the defects and
imperfections. We conclude that the formation of large
polaron in MAPbI; polycrystalline grains efficiently pro-
tects the charge carriers from being trapped, thus extends
the carrier lifetime.

Discussion

First, based on the experimental results, we directly
identify the photocarriers-optical phonon coupling in
different types of MAPbI; samples by OPTP spectroscopy,
revealing the underlying large polaron formation. Con-
sidering the DSL model and Frohlich-type large polaron,
we demonstrate a straightforward experimental mea-
surement of the effective mass, e-ph coupling constant,
which are not presupposed. Using the extracted carrier
scattering parameters, we derive the large polaron mobi-
lity of MAPDI; polycrystalline grains. The moderate
polaronic carrier mobility is mainly determined by the
enhanced carrier scattering, rather than the polaron mass
enhancement. In addition to the partial contribution to
the limitation of the intra-grain charge transport, the
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presence of large polarons leads to the long charge carrier
lifetime in MAPbI3. Our spectroscopic results of the large
polaron formation rationalizes the previously reported
contradiction between the long carrier lifetimes (slow
electron—hole recombination) and the moderate carrier
mobility in MAPbI;.

Second, our understanding on transport mechanism
involving in both polaronic carrier mobility and lifetime in
MAPDI; provides a unifying picture of photo-excitation
and relaxation channels in MAPbI; qualitatively. Initially,
the photons are absorbed in MAPbI; to generate transient
excitons, which can be effectively dissociated into free
carriers'®. In the real space, owing to the Coulomb
interaction, a photo-induced carrier shifts the equilibrium
positions of the surrounding anions and cations from
their carrier-free positions'®". The displacement between
ions in the lattice results in a potential well, which traps
the photocarriers, as illustrated in Fig. 4d. Within the
energy-momentum space (Fig. 4e), the absorbed photons
create a Fermi—Dirac distribution, which is thermalized by
the carrier—carrier scattering on the 100fs time-
scale’®>'%, The hot-carrier cooling is described as the
electrons cascading down to the conduction band mini-
mum, or the holes cascading up to the valence band
maximum, exchanging ~meV energy with the lattice by
LO phonon emission, on the timescale of 100 fs to 1 ps'®*.
Meanwhile, the large polaron formation occurs at around
460 fs. The enhanced screening weakens the large polaron
scattering with other carriers, defects, and LO phonons.
Because of the inhibited LO-phonon emission, hot elec-
tron energy is retained and hot polarons are formed. The
slow recombination of hot polarons that occurs on hun-
dreds of picoseconds can be explained by the low thermal
conductivity of MAPbI;'*>'?. As the length of charge
diffusion is determined by the carrier recombination
lifetime, the charge extraction is still suitable, despite the
polaron mobility is relatively low. Thus, insights into the
large polarons in the nonequilibrium higher energy states
are crucial for developing efficient hot carrier-based
optoelectronic applications'”. As such, with the
advance in device fabrication and characterization of
MHPs using femtosecond laser techniques, the photo-
degradation and transient laser heating effect need to be
addressed and will be the topic of future work.

Finally, we would comment that the experimental
results are discussed in the framework of the Frohlich
polaron, which is based on the harmonic approximation.
While, due to the dynamic disordered properties of the
MAPbDI; lattice, the local electric field can produce local
ordering of polar nanodomains surrounding the photo-
carriers'®. Therefore, from the theoretical perspective, a
more accurate model with local ferroelectric-like large
polarons (including anharmonic and dynamical disorder
effects)'® is desired to microscopically visualize the
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dynamics of large polarons. Furthermore, experimental
efforts of optical pump-THz near field microscopy are
required to characterize the transport of large polarons
affected by defects and grain boundaries'!*~'*2,

In summary, the THz photoconductivity spectra of
MAPDbI; polycrystalline grains have been modeled by the
DS model augmented by Lorentzian terms, accounting
for the fingerprint of optical phonon modes coupled to
the photogenerated carriers. From our analysis that
combines DSL model and Frohlich-type large polaron, no
prior knowledges about the effective mass and scattering
events are required to experimentally derive the large
polaron mobility of MAPbI3. In addition, the formation
of large polarons results in much longer charge carrier
lifetime in polycrystalline MAPbI;, which is attributed to
the efficient protection of band-edge carriers by self-
trapping potential and low thermal conductivity. Our
work adds to the fundamental understanding on the
polaronic nature of charge carriers in MAPbI; at room
temperature, which is essential to their optoelectronic
properties and applications.

Materials and methods
Samples preparation

To synthesize CH3NH;3I (MAI), 24 mL of methylamine
(33 wt% dissolved in EtOH), 10 mL of hydroiodic acid
(57 wt% dissolved in H,0), and 100 mL of EtOH were
added into a 250 mL-round bottom flask. The reaction
took place under Ar gas at 0 °C for 2 h upon stirring. After
reaction, a white product MAI was collected by rotary
evaporation in a water-bath of 50 °C. Thereafter, the MAI
precipitate was dissolved in EtOH and then underwent
sedimentation in diethyl ether upon stirring for 30 min.
After that, single crystals of MAPbI; were prepared by
first mixing Pbl, and MAI solution homogenously at a
high temperature and then slowly cooling it down to an
ambient temperature. Since the THz pulse can hardly
transmit through a thick crystal, the MAPDI; single crystal
was ground into polycrystalline grains for the following
investigation.

Terahertz (THz) time-domain spectroscopy (THz-TDS)
Broadband THz-TDS was carried out on the MAPbI;
polycrystalline grains with the EKSPLA system. Femto-
second laser pulse (150 mW, 100fs duration, 800 nm
wavelength, 76 MHz repetition rate) was split into two
beams: generation and detection laser beam. The gen-
eration beam was focused on a low temperature grown
(LTG) GaAs photoconductive emitter. The generation
beam was modulated by an optical chopper. The gener-
ated THz beam is focused by paraboloidal mirrors and
transmitted through the MAPbI; polycrystalline grains.
The detection laser beam through a delay stage was used
to record the THz waveform by another LTG GaAs
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photoconductive detector. The signal to noise ratio is
better than 1000:1. All the static THz spectra were per-
formed in the drying air environment at room tempera-
ture. The refractive index and absorption coefficient of
the double-sided adhesive tape are shown in Fig. S8.

Optical pump/THz electromagnetic probe (OPTP)
spectroscopy

The OPTP system is driven by a Ti:sapphire fs amplifier
laser pulse of ~120fs duration with a repetition rate of
1 kHz. The laser beam was split into three arms: a pump
beam, a THz probe beam, and an electro-optic sampling
(EOS) beam (see Fig. S6). An 800 nm or 400 nm pump
beam was used to photoexcite the MAPbI; sample within
a ~5mm diameter area, ensuring a homogeneous
pumping condition. The 400 nm pump beam is produced
by second harmonic generation based on the 800 nm
beam by beta barium borate (BBO) crystal. The time-
resolved photo-induced complex THz conductivity spec-
tra were interrogated using a time-delayed freely propa-
gating THz probe transient with a ~1 ps-long optical
cycle. The THz probe pulse was generated by an optical
rectification crystal ZnTe (<110> orientation, 10 mm x
10mm x 1 mm thickness), which was pumped with a
slightly focused 800 nm laser beam. The THz beam was
focused on the sample (~3 mm in diameter) using a pair
of off-axis parabolic mirrors. The THz electric field
accelerates the photocarriers, leading to an attenuation of
the THz electric field. The transmitted THz pulses
through the sample were recollimated and focused onto a
second 1 mm-thick <110> ZnTe by another pair of
parabolic mirrors. The modulated THz electric fields were
coherently recorded by the free-space EOS beam, using a
Wollaston prism, a pair of balanced photodiodes and a
lock-in amplifier. Our OPTP setup is free of any spot-size
effect and it is a homogeneous excitation for all fre-
quencies in the THz pulse bandwidth. A custom-made
drying air-flow chamber was used to prevent humidity-
degradation of the MAPbI; samples during the mea-
surement as much as possible. No obvious observation of
photodegradation and/or thermal damage was found
during a 12 h experiment period. However, there was no
further experimental characterization to clarify it. We also
note that no photo-induced change can be observed in the
THz transmission for a single double-sided tape. All
measurements were performed at room temperature.

Theoretical calculations of vibrational frequencies

We carried out the structural optimization and phonon
calculations of MAPbI3 using the first principles within
the framework of density functional theory (DFT). We
used the DFT software of Vienna ab initio simulation
package based on the projector augmented wave method.
We treated the exchange-correlation interaction in the
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DFT calculations using the generalized gradient approx-
imation which is proposed by Perdew, Burke, and Ern-
zerhof (PBE). We adopted a v/2x v/2x 2 MAPbI; unit cell
for structural optimization and phonon calculations.
During the DFT simulations, we used the energy cutoff of
500 eV and a Monkhorst—Pack grid with 4x4x4 k-points.
We set the convergence criterion of Hellman—Feynman
force as 0.01 eV A ' during the structural optimization.
We used the density functional perturbation theory
(DFPT) method to calculate the phonon frequencies and
eigenvectors for I' point of MAPbI;. The phonon vibra-
tional displacements of the vibrational modes 24.8, 49.1,
and 82.9 cm ™! are listed in Fig. S9 and Table S2.
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