Enhanced Carrier Mobility and Diffusion
Length in Formamidinium-Rich Hybrid
Perovskites: Effects of Grain-Size and

Electron-Phonon Coupling

Mitko Oldfield,t+# Gary Beane,!"+# Sebastian Fiirer,® Tan-Phat Nguyen,T'#
Philippe Holzhey,(§ Boer Tan,'® Wenxin Mao,+© Henry Snaith,® Udo Bach, @

and Agustin Schiffrin*#

1School of Physics and Astronomy, Monash University, Clayton, 3800, VIC, Australia
T Contributed equally to this work
9 School of Engineering, Monash University, Clayton, 3800, VIC, Australia
§Clarendon Laboratory, Department of Physics, University of Oxford, Oxford, OX1 3PJ,
United Kingdom
||Ozford PV, Kidlington, OX5 1QU, United Kingdom
L Department of Chemical Engineering and Biotechnology, University of Cambridge,
Cambridge, CB3 OAS, United Kingdom
#ARC Centre of Excellence in Future Low-Energy FElectronics Technologies, Monash
Unwversity, Clayton, 3800, VIC, Australia
@QARC Centre of Fxcellence in Ezxciton Science, Monash University, Clayton, 3800, VIC,

Australia

E-mail: lagustin.schiffrin@monash.edu


agustin.schiffrin@monash.edu

Abstract

Carrier mobility, recombination rates and diffusion length directly govern the efficiency
of hybrid lead-halide perovskites. Yet, their behavior across different carrier concentra-
tions and the effects of microstructure remain poorly understood. Using time-resolved
photoluminescence and optical pump - THz probe spectroscopy, we quantify mobility,
carrier recombination rates and diffusion length for polycrystalline films of methylam-
monium (MA)- and formamidinium (FA)-rich lead-halide perovskites, across carrier

concentrations ranging from ~10' to ~10'” cm™.

For example, at a carrier con-
centration of ~10'® ecm™, FA95sMAg 05Pb(Ig.95Br0.05)3 exhibits a mobility of 127 4 9
em?V~1s! and a diffusion length of 392 + 85 nm, compared to 69 £ 1 cm?V~1s™!
and 139 + 1 nm for MAPbI3. These differences in mobility and diffusion length persist
across different fluences, and are captured by a fluence-dependent rate model that ac-
counts for both carrier generation and recombination at different material depths. From
scanning electron microscopy and THz time-domain spectroscopy measurements, we at-
tribute the increased mobility and diffusion length for the FA-rich perovskite mainly to
a larger average grain size, after considering possible Frohlich-type interactions between
carriers and THz-active phonon modes. Our work establishes a mechanistic link be-

tween material microstructure and ultrafast carrier dynamics, informing crucial design

principles for perovskite-based photovoltaic and optoelectronic applications.

Hybrid organic-inorganic lead halide perovskites, of the formula APbXj3, where A is
an organic cation and X is a halogen atom, are strong candidates for active materials in
efficient, inexpensive and versatile solar cells (SCs) and light-emitting devices." Indeed, recent

“'in photovoltaic research have led to perovskite-only SCs with power conversion

advances
efficiencies exceeding 26%. Importantly, all of these solar cells use iodine as their main halide
component.®® A constraint arises in this class of three-dimensional perovskites, due to the
corner-sharing nature of the lead iodide octahedra (Pblg) (Figure [lh) — the organic cation

must have an effective radius smaller than 2.6 A to fit within the interstitial sites without

compromising the structural integrity of the lattice. This leads to restrictions on the moieties



that may occupy the A site that allow the lead-halide perovskite to remain in its optically
active phase. #1011

A common choice of cation that satisfies these conditions is methylammonium (CH3NH3 ™",
or MA). Indeed, MA-containing perovskites such as MAPbI3 (MAPI) have been of great in-
terest owing to their simple fabrication techniques and good charge-carrier transport charac-
teristics.”2 ™ However, over the past few years, perovskites with formamidinium (CH(NHy), ™
or FA) as the cation have been shown to be superior for SCs because of their longer carrier
lifetimes, greater fill factors (FF), increased short-circuit current densities (Jsc) and higher
power conversion efficiencies (PCE) in comparison to MA-rich perovskites; see Figure , d

and Supporting Information (SI) Figure [S1}%2%58
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Figure 1: (a) Unit cell of lead-iodide perovskite showing inorganic octahedron and organic
cation A (formamidinium, FA, or methylammonium, MA). (b) Schematic of techniques used
to determine slow (>100 ns timescale) and fast (~100 ps) carrier recombination mechanisms
in lead-iodide perovskite film: time-resolved photoluminescence (trPL) and optical pump -
THz probe (OPTP) spectroscopies. Green dashed box: perovskite unit cell as in (a). (c,
d) Box-and-whisker plots of (c¢) short-circuit current density (Js¢) and (d) power conversion
efﬁciency (PCE) for MA- and FA-rich lead-iodide perovskites, compiled from prior litera-
ture,2# =% highlighting the better performance of FA-rich materials. Box limits: upper and
lower quartile (25% and 75%). Horizontal line inside box: median value. Whiskers: upper
(lower) quartile plus (minus) 1.5% interquartile range. Circles denote outliers.

The short-circuit current density, Jsc, and the open-circuit voltage, Vo, (and therefore



PCE and FF) are directly related to the diffusion length, Lp, of charge carriers in a SC.
Diffusion length is itself directly linked to charge carrier mobility, p, and charge carrier
recombination pathways, and is strongly influenced by carrier interactions and carrier lifetime
within the material##4

While FA-rich devices typically outperform their MA-rich counterparts, the precise mech-
anistic origin of this advantage — especially across a wide range of carrier densities and at
ultrafast timescales — is not yet fully resolved. Previous studies have focused extensively on
low excitation fluences (i.e., low carrier concentrations), and/or cation-halide combinations
other than FA-I or MA-I, 4% Jeaving a gap in terms of understanding how microstructure
and carrier-phonon coupling might affect both p and Lp in MAPI and FAPI in a broad range
of operating conditions.

For instance, at low carrier density (n < 10 cm™3), i.e., low photo-excitation fluences,
the lifetime of carriers is predominantly dictated by their interaction with shallow electronic
trap states of defects in the material;*¥ such carrier recombination is non-radiative and
monomolecular. At higher excitation fluences and carrier densities, all defect trap states
become filled and free electrons and holes radiatively annihilate, with the evolution of the
system at short timescales being dominated by bimolecular recombination.***” When fluence
and carrier density increase further, many-body Auger recombination begins to dominate,
with electrons and holes recombining non-radiatively by transferring energy to other electrons
or holes which then decay to the band edge via phonon-assisted cooling.*®#? At significant
carrier concentrations (n > 10" cm™), non-radiative Auger and radiative bimolecular re-
combination in lead-halide perovskites can unfold at timescales of ~tens and ~hundreds
of ps, respectively, significantly reducing carrier lifetime and hence affecting perovskite SC
efficiency.?!

Recent works have highlighted the impact that Auger carrier recombination has on Jsc,
Voc, Lp and p, with maximum efficiency under typical operation conditions (i.e., n ~

10" c¢m™) requiring Auger recombination rate constants smaller than ~1073! cm%s!; there



is a significant reduction in Voc and PCE for higher Auger recombination rates.”” The
interplay between non-radiative Auger recombination and radiative bimolecular electron-
hole recombination is also important for light-emitting applications involving perovskites,

2192 and light-emitting diodes.™

such as perovskite-based lasers

Previous studies have investigated mobility, u, and diffusion length, Lp, in lead-halide
perovskites utilising techniques such as time-resolved microwave conductivity and time-
resolved photoluminescence (trPL).%*®7 However, these techniques suffer from limited tem-
poral resolution — typically on the order of nanoseconds (ns) — and are incapable of capturing
the real-time relaxation of carriers due to bimolecular and Auger recombination at relevant
carrier densities, where these high-order processes can unfold at sub-ns timescales. Thus,
such methods are typically restricted to low carrier concentrations (n < 10 ¢cm™) —i.e., low
incident light intensities — where monomolecular defect-induced trap recombination (with a
time constant on the order of ns that is independent of carrier density) is dominant. At
higher incident light intensities and carrier concentrations, omitting higher-order recombi-
nation processes (e.g. bimolecular, Auger) leads to significant errors in the determination of
p and Lp 2529

Optical pump - THz probe (OPTP) spectroscopy can track carrier populations in real
time with picosecond (ps) and even sub-ps resolution, capturing higher order recombination
mechanisms. Previous studies have investigated carrier mobility in lead-halide perovskites

484560 iy particular, comparing the roles of the organic cations

using OPTP spectroscopy,
FA and MA in lead bromide (Br) perovskites (APbBr3, where A = FA or MA).” However,
OPTP has not been used so far to compare the roles of FA and MA in lead-iodide perovskites
(APDbl;), which are of substantially greater interest for SC applications due to their increased
absorption at longer visible wavelengths due to a reduced bandgap energy. 62

In this study, we utilize trPL and OPTP spectroscopy (Figure|lb) to track charge carrier
recombination processes in ~500-nm-thick MA-rich (MAPbI;, herein referred to as MAPI)

and FA-rich [FAg9sMAgo5Pb(Ig.95Bro.05)3, herein referred to as FAPI| perovskite films (see



SI for sample preparation), in real time, with ps resolution and ps range. These films were
prepared using identical synthesis techniques to films produced for optimized devices, making
them representative of SC-ready thin films.*?43 These time-resolved measurements allow
us to retrieve the charge carrier mobility, i, total effective carrier recombination rate, ['yy,
and carrier diffusion length, Lp, for both types of materials, within a broad range of incident

visible light fluences and carrier densities. We infer that pupapr > pmapr, Fg? P~ F%API),

and L](DF APD L](DMAPI) for the range of excitation fluences and carrier densities considered,
confirming preferential properties of FAPI for SC applications. We mainly attribute these
differences to a significantly larger average grain size — with average characteristic length
(lgrain) characterized via scanning electron microscopy (SEM) — for FAPI in comparison with
MAPI. We infer no noticeable differences between the two materials in terms of possible long-
range (i.e. Frohlich-type) interactions between carriers and THz-active phonons — detected
via THz time-domain spectroscopy (THz-TDS). These findings emphasize the need to opti-
mize material grain size in order to extend diffusion lengths, critical for SC and high-fluence
optoelectronic applications (e.g. LEDs, lasers).

The trPL and OPTP data in Figure |2 reveal the time evolution of the charge carrier
population for MAPI and FAPI at slow (10 ns resolution, ~1 us range) and fast (1.5 ps
resolution, ~1 ns range) timescales, respectively (see SI for details on experimental methods).

For both types of measurements, the pump photon energy (2.93 eV for trPL, 2.41 eV for
OPTP) lies well within the absorption band of both MAPI and FAPI (see SI Figure [S3)),

(FAPI)
abs

with absorption coefficients at 2.41 eV estimated as « = (3.5 £ 0.5) x 10* em™ and

%SAPI) = (2.7 £ 0.2) x 10* em™, and penetration depths 1/a$§m) = 285 + 44 nm and

1/04;(11]\9?“) = 371 £ 28 nm, smaller than the film thicknesses of 494 + 15 nm and 589 = 20 nm.
This means that the trPL and OPTP data are related to the intrinsic material properties,
and are not dependent on material thickness. Absorbance measurements (see SI) indicate

exciton binding energies El(gMAPI) = 30 £ 12 meV and EI(SFAPI) = 20 =+ 11 meV, within the

broad range previously reported in the literature.*#03" ™ These exciton binding energies are



relatively low, similar to the thermal energy kg7 =~ 26 meV at room temperature (RT).
We therefore assume that at RT excitons quickly dissociate to free carriers and excitonic
effects are relatively insignificant in our experiments.*®™2 The trPL curves in Figure [2a are
obtained at low photo-excitation fluence and hence low photo-induced carrier densities, where
monomolecular recombination is faster than and dominates over higher order bimolecular

and Auger recombination*S T (gee ST). These curves are therefore well-fit by a single

decaying exponential function, yielding carrier relaxation time constants Tl(MAPI) = 307 ns
and Tl(FAPI) = 445 ns, in good agreement with previous literature.##7% The trPL signal is

proportional to the radiative bimolecular electron-hole recombination rate — which, at the
low fluence considered, is slow (i.e., inefficient) — and to the carrier density at a given time
t, which, at such a low fluence, is dominated by faster monomolecular non-radiative electron

trapping via defect states. That is, the trPL decay rates FgMAPI) = k{MAPI) =1 /Tl(MAPI)

FEFAPD = k%FAPI) =1 /Tl(FAPI) are associated with monomolecular trap-assisted carrier

and
recombination®?*1*%2 The slower monomolecular recombination in FAPI suggests a reduced
number of available trap states — indicating fewer defects within the material.*? Previous
work investigating mixed FA /MA perovskites also finds a longer monomolecular lifetime for
FA-rich systems."™

The OPTP measurements in Figure [2b, ¢ show the relative change in THz transmission,
—AT/T, for both MAPI and FAPI, as a function of pump-probe time delay, At. We con-
sidered optical pump fluences ~90 < F' < ~570 pJ cm™ (see SI for details on experimental
methods). The ~1.5 ps resolution of these OPTP measurements allow for tracking the time
evolution of carrier recombination processes unfolding at timescales not accessible by trPL
spectroscopy. The negative change in THz transmission for At > 0 is the result of increased
THz absorption by charge carriers excited by the visible pump pulse. The subsequent change
in AT/T indicates at least one fast carrier relaxation channel (e.g. with a time constant

< ~10 ps) and at least one slower decay channel (time constant between ~100 ps and ~1

ns). The magnitude |AT/T| correlates with the density of photo-excited carriers, increasing
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Figure 2: (a) Time-resolved photoluminescence (trPL) signal as a function of time for MAPI
(red) and FAPI (blue) films. Circles: experimental data. Solid curves: single-exponential
fits. (b, ¢) Change in THz transmission as a function of time delay, At, between optical
pump pulse (with central wavelength A\pump = 515 nm) and THz probe waveform, for an
individual sample of MAPI (red) and FAPI (blue), for different incident pump fluences.
Markers: experimental data. Solid curves: fits according to Eq. with ky and k3 as
fitting parameters, and k; fixed according to trPL measurements in (a). These curves enable
retrieval of effective carrier mobilities and diffusion lengths.

with fluence F'.

Using the monomolecular recombination time constant 7 (i.e. with rate constant k; =
[’y = 1/7, determined by the single exponential fit of the trPL data), and the knowledge of
additional fast (time constant < ~100 ps) and slow (time constant between ~100 ps and ~1
ns) recombination channels identified from the OPTP data (Figure [2p, c), we fit the time-
and fluence-dependent change in transmission (—AT/T)(At, F) in Figure[2b, ¢ by assuming
that it is proportional to the total carrier density within the material at a time At after

photo-excitation:

——AtF 5/ (AL F. 2)d (1)



where ¢ is a proportionality factor and n(At, F, z) is the carrier density at a depth z within
the perovskite film with thickness d. We used a rate model###5: 408 t4 account for the
time evolution of n(At, F, z), taking into account both generation and recombination of

photo-excited carriers:

On(At, F, z)

5 = ((At, 2) — ks -n(At F, 2)° — ky -n(At, F,2)* — ky - n(At F, 2) (2)

Here, ko and k3 are second-order and third-order recombination rate constants, respectively,

and ((t, z) accounts for the z-dependent photo-generation of carriers:

C(At,z) =B(F) - F -exp _(At2——to)2] - eXp(—Wabs?) (3)

Toff res

where B(F') is a proportionality factor, ¢y is a time offset, Tegres is the system’s effective
response (given by the convolution between optical pump and THz probe pulses), and aups
is the material’s absorption coefficient at the excitation wavelength Apump = 515 nm (as
defined above). We used &, ka2, k3 and 7Teres &~ 3 ps as global fitting parameters (i.e.,
fluence independent), and 5 (accounting for potential saturation effects; see SI) and ty as
local fitting parameters (i.e. fluence dependent). We fixed k; to the values determined from
trPL. Note that this rate model explicitly takes into account generation of photo-excited
carriers explicitly, in contrast with rate models used previously for carrier recombination in
metal-halide perovskites.**

Equations [I] - [3] yield an excellent fit of the OPTP data, for the full At range of ~1
ns, and for all optical pump fluences considered (Figure , c¢). This fit results in fluence-
independent recombination rate constants kS0 = (14.8 £ 9.9) x10~1! cm3 571, kITY =
(1.2 +0.9)x107 1 cm3 s71, kMATY = (7.7 £0.9) 1072 em® s~ and &7V = (1.8 +0.6)
x 10727 cm® s (uncertainty relates to the standard error across different films of the same

material). While these rate constant values for MAPI are consistent with previous litera-
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Figure 3: (a - c¢) Carrier recombination rate constants for MAPI (red) and FAPI (blue),
determined by fitting trPL (one film of each material; single-exponential fit) and OPTP
data (four films of each material; based on Egs. - ; error bars: standard error).
We ascribe ki, ks and k3 to monomolecular, bimolecular and Auger-type recombination
processes, respectively. (d - f) Effective carrier mobility, ¢u (see SI for calculation), total
carrier recombination rate, Iy (calculated via Eq. (), with ki...ks from (a - ¢)), and
carrier diffusion length, Lp (calculated via Eq. ), as a function of initial photo-excited
carrier density ng = n(At = 0), for MAPI (red) and FAPI (blue). Solid curves in (d):
(opu)(n) o< In(ng) fit. Filled circles: averages across different films considered. Shaded areas:
standard error.

ture,** to our knowledge these are the first reported carrier recombination rate constants for
FAPIL
From these results, we infer that the second-order term in Eq. can be associated

with bimolecular carrier recombination, and the third-order term with faster Auger-type

10



recombination, based on the characteristic recombination rate constants ks and ks obtained
by the fitting procedure, comparable to values reported previously. 2T That i,
for the excitation fluences considered, Auger recombination is substantial and dominates
other recombination processes at small At (i.e. where the carrier density n is significantly
large). Sequentially, as At increases and n decays, bimolecular recombination and then

monomolecular recombination dominate in turn.?*#%80 Notably, kéMAPI) > kéFAPI) (

Figure
), and kéMAPI) > k;éFAPI) (Figure ); both bimolecular and Auger-type recombination
rates are larger for MAPI than for FAPI.

Previous works have also utilized rate models to describe the time evolution of hot car-
rier density in lead-halide perovskites and its relaxation via monomolecular, bimolecular
and Auger recombination #4400 Our model is fully consistent with these previous ap-
proaches, and takes into account both the excitation fluence dependence of the recombination
and the depth-dependence of the carrier concentration induced by the pump pulse. More-
over, our model considers not only the relaxation of photo-excited carriers, but also their
initial fluence- and time-dependent generation by the pump. This allows us to consider po-
tential carrier saturation effects — accounted for by S(F) in Eq. — that likely occur at
the higher fluences F' (and hence initial carrier densities ny upon photo-excitation) of our
experiments — F' ~ 90 to 600 wJ/cm? and ng =~ 10'7 to 10'® cm™ (i.e. including values above
~10™ ¢cm™ where Auger recombination begins to dominate) — compared to these previous
studies where F' < 50 nJ/cm?.

We can derive an effective carrier mobility, per = ¢pp o< [(AT/T) (At = 0)|, via the max-
imum relative change in THz transmission, |AT/T| at At = 0, in our OPTP measurements
(Figure , c), for both MAPT and FAPI, as a function of initial carrier density ng (Figure
; see Sl for details, including calculation of ng from fluence F'). Here, we assume a photon-
to-charge branching ratio of ¢ = 1 (i.e., one incident photon generates one carrier), as in
previous works;#* our OPTP data at At = 0 therefore provides a lower-bound estimate of .

The carrier mobility of FAPI and MAPI decreases as a function of ng, varying from ~180 to

11



~50 cm?V~!s7! and from ~100 to ~40 cm?V~!s™!, respectively, as ng varies from ~5 x 107
to ~5x10'® cm~3, with ,LL(E};EAPI) substantially higher than ,ugf\fupl) for all considered ng (Figure
B). We fit yie(no) empirically as ¢u o In(ng), which agrees well with previous literature®
at carrier concentrations above 10'* cm™; this allows us to estimate values of jg for ng

(FAPD /L MAPD 1.9 at ng ~ 4 x 107

outside the considered fluence range. For instance, ji g
cm 3, and u(FAPI)/MSf\f/[API) ~ 1.1 at ng =~ 5 x 10'® cm™3. That is, within the range of charge
carrier densities investigated, we see a carrier mobility in FAPI that is higher than MAPI.
Note that at typical device carrier densities (ng ~ 10 ¢cm™) we estimate ug}API) / M%API) ~
2.1.

From ki ...k3 resulting from the fits of trPL and OPTP data (Figure [3h-c), we can define

an effective total carrier recombination rate as a function of initial carrier density ng:

Ftot(”O) = Fg(no) + Fg(no) + Fl = kg . n% + kQ “Ng + kl (4)

Here, I'; = k; - n)™" (j = 1...3) are the carrier relaxation rates at different carrier densi-
ties, with slow monomolecular recombination (associated with I'y) dominating at low ng,
and faster bimolecular and Auger-type recombination processes (associated with I'y and I'3)
dominating the initial instances of relaxation at high ng. As ng increases, bimolecular and
Auger-type recombination processes become more likely, resulting in a larger Iy, (Figure
3e)-

From peg and 'y, we may estimate the charge carrier diffusion length in our materials,

Lp, as a function of ny (Figure ), using**

dp(no)ksT

Lolno) = |e[Tiot (120)

(5)

where kg is Boltzmann’s constant, 7" is temperature (300 K), and e is the electron charge.

The decrease of pg and increase of 'y, with ng results in a nonlinear, exponential-like decay

(MAPI)

of Lp as a function of ng, with L (FAPI) larger than L ) for all considered ng. Note that

12



(FAPI) _  (MAPI)

~3_ mainly due to the fact that pgy SR

LIAPD o pMAPD a5 ng > 5 x 108 cm

as ng = 5 x 10 cm™ (Figure [3d). We may use the fits of peg(ng) in Figure [3d, and
ky...ks in Figure [3a-c¢ (which determine I’y (1) in Figure [3g), to estimate Lp at a carrier
density ng ~ 10" cm™ typically seen in an operating lead-halide perovskite SC.®¥ We find
L](DMAPI) ~ 14.3 pum and L](DFAPI) ~ 25.7 um. This increased diffusion length in FAPI is
consistent with previous reports.®! The decay in Lp with increasing ng, for both MAPI
and FAPI, from several microns to hundreds of nanometers, also agrees well with previous
observations.®4

In the following, we attempt to rationalize the differences in carrier mobility, total re-
combination rate and diffusion length for MAPI and FAPI, by considering their microscopic
morphology and THz-active phonon modes. The distribution of characteristic visible grain
lengths for MAPI and FAPI (Figure 4h) determined via SEM (Figure [4p, ¢) shows a median
grain length for FAPI which is approximately double that of MAPI. For MAPI, the grains
are smaller, but with a more uniform size distribution. In FAPI, substantially larger grains
are intercalated with smaller grains. Grain boundaries can act as centers for electron-hole
recombination.® We therefore hypothesize that the larger effective carrier mobility peg and
smaller total recombination rate 'y, (and hence significantly larger diffusion length Lp; Fig-
ure —d) in FAPI are due — at least partially — to the larger grains (540+300 nm vs. 200+90
nm) and to a reduced number of grain boundaries. Note that the smaller monomolecular
recombination rate in FAPI, k:%FAPI) = FgFAPI) (Figures , ), suggests a reduced number of
available trap states, indicative of fewer defects,*” and consistent with the larger mean visi-
ble grain size and smaller total grain boundary surface area. Larger grains have consistently
been associated with larger carrier mobilities in perovskites and other semiconductors. 542
The increased FAPI diffusion length can also be linked to a substantially faster reorien-

8087 of the organic cation FAT, which can potentially stabilize carriers and promote

tation
longer hot-carrier lifetimes.®*! Note that the larger u.s and Lp for FAPI is also consistent

with reduced electronic dynamic disorder in FA-based systems — due to sparsely distributed

13



isotropic nanodomains as opposed to dense anisotropic nanodomains — in comparison with

MA-based systems.58
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Figure 4: (a) Characteristic grain lengths for two MAPI (red) and two FAPI (blue) films,
determined by randomly selecting 50 grains within a 20 um x 20 pm sample area and
measuring the average of their major and minor axes. Box limits are upper and lower quartile
(25% and 75%); horizontal line inside box denotes median value. Whiskers are upper (lower)
quartile plus (minus) 1.5x interquartile range. Outliers are denoted by circles. Mean grain
length for MAPI (FAPI): 200 + 90 nm (540 £ 300 nm). (b, ¢) Examples of SEM images of
MAPI (b) and FAPI (c) sample areas.

We further performed THz-TDS (i.e., without photo-excitation of the material), allowing
us to retrieve the complex dynamic electrical conductivity &(w) of the MAPT and FAPI films
within the 0.35 — 5 THz spectral range (see SI for details). Both the real (o) and imaginary
(02) parts of d(w) for MAPI and FAPI are qualitatively similar, with o(w) showing two
prominent peaks at frequencies corresponding to inflection points of o9(w) (Figure . We

fit o1(w) and o3(w) simultaneously using a Lorentz two-oscillator model:&?

2

~ . 6()(4}7 w

F(w) = —igow(e0e — 1) + E - Z;; ™y
0,m m

m=1,2 ’

(6)
where wp, ., wWom and I', are the plasma frequency, oscillator resonance frequency and os-

14



cillator scattering rate of the m™

oscillator, respectively (m = 1,2). Here, €., is the high-
frequency dielectric constant.

This fit yields w{y*""/(27) = 0.85 £ 0.01 THz, wiy" "/(2r) = 1.85 £ 0.01 THz,
WY /(27) = 0.7940.01 THz, and w5 /(27) = 1.7240.01 THz. We attribute these two
oscillators to THz-active lattice vibrational modes (i.e. transverse optical phonons), namely
twisting and stretching of the inorganic octahedra at low frequency, and nodding-donkey
(i.e., rotational vibration modes around the organic cation C or N atoms) and lurching (re-
lated to both cation and inorganic octahedra motion) modes at higher frequency.?"! The
inorganic octahedra twisting and stretching mode peak at ~0.9 THz is very similar for both
perovskites, owing to their quasi-identical inorganic composition. Conversely, the nodding-
donkey and lurching mode peak is substantially different, in both amplitude and frequency
position (see SI for obtained best fit parameters). The lower frequency of the cation-related
mode in FAPI can be explained by the greater molecular weight of FA' in comparison to
MAT.

Terahertz TDS is sensitive to transverse optical (TO) phonon modes, as opposed to lon-
gitudinal (LO). However, the motion of the inorganic octahedra — to which both Lorentzian
peaks in oy in Figure are associated — leads to local symmetry-breaking, giving these
modes both TO and LO character.” By considering the loss function —Im[1/&(w)], where
E(w) = 1 4+ i6(w)/(wep) is the complex permittivity, and fitting this loss function with a
sum of two Lorentzians with amplitudes A; and A, centered at angular frequencies wr,o, 1
and wro, 2 (see Figure in SI), we may estimate the angular frequency of an effective

LO-character phonon mode (associated with the TO-character phonon modes with angular

frequencies wy; and wp o above):

wg - Zm=1,2 Azn
O, eff —
O (A2 Wi )

We extract wil o /2m = 2.81 £ 0.02 THz and wi}, o4/27 = 2.86 + 0.02 THz. Polar

(7)

semiconductors (such as perovskites) have an upper limit of carrier mobility dictated by
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1 2 3 4 5
frequency (THz)

Figure 5: (a) Real and (b) imaginary parts of THz conductivity as a function of frequency
for non-excited (i.e., without optical pump pulse) MAPI (red) and FAPI (blue). Filled
circles: experimental data (average across three positions of five different samples of each
perovskite). Solid curves: fits of oy(w) and o2(w) using Lorentz model Eq. (). Dotted
curves: Lorentzian fit peaks for o;(w). Shaded area: standard error of experimental data.
We attribute the low-frequency (high-frequency) Lorentzian peak in oj(w) to twisting and
stretching of the inorganic octahedra (nodding-donkey and lurching modes involving the
organic cation), respectively.??

LO phonon scattering. This upper bound mobility can be estimated via Feynman’s polaron

theory,?? and, for large (Frohlich) polarons, is given by:®3

. 3e /msinh (Br/2) <E>3 1 s)

m?) WLO, eff OF ﬁ;ﬂ v K(a7 b)
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Here, mj is the carrier effective band mass, ap = 1/4m+/m; €*(/2h3 €2 w0, o) is the carrier-
phonon coupling constant (with e, = [1/e,, — 1/es]™! the ionic screening parameter and
£s the static dielectric constant), and fr = hwro, en/(kpT). Parameters w and v are

2293 of the Osaka free energy for an LO phonon at a given

determined from the minimization
temperature T, and K (a,b) = [;° dz[z? + a® — beos(va)] =% cos(z), where a? = (8p/2)? +
[(v? — w?)/(w?v)]Br coth (Bv/2), and b = [(v* — w?)/(w?v)]Br sinh (Brv/2) (see Table W] in

SI).

By assuming m;, equal to the effective electron mass (i.e. mZ(MAPI) = mZ(MAPI) = 0.228 my
and mZ(FAPI) = miTFY = 0.218 myg based on theory™) ¢z as determined by the Lorentz

oscillator model fit of d(w) above (Table [2[in SI), es ~ Re[é(w/(27) ~ 0.35THz)] (i.e.
experimental low-frequency limit; Figure in SI), and 7" = 298 K (to match experiments),
we obtain a(FMAPI) = 1.35 and ozl(TFAPI) = 1.45. This is well within the large (Fréhlich) polaron
regime™® (i.e. ap < 6), justifying the use of Equation (§). Note that the values used for
eg are consistent with the Cochran-Cowley relation®® (see SI). And from Equation we

obtain M%API) = 320 cm?V-ist and ,ul(iAPI) = 324 cm?V-'s!, similar to literature values

derived using the same technique.“™

The negligible difference in ppn between the two perovskites suggests that the impact
of changing the organic cation (MA/FA) on carrier-phonon interactions is minimal. We
would expect a difference in organic cation to have some impact on the nodding-donkey and
lurching phonon modes, since these modes involve motion of the organic cation.””? The oy
peak in Figure [bp with characteristic angular frequency wy 2, associated with these modes,
is substantially different for the two materials, with its amplitude being ~25 % larger for
MAPI. Yet, the loss function —Im[1/é(w)] is very similar for both materials (within the
THz spectral range considered; see Figure in SI), leading to very small deviations in the
effective LO phonon mode angular frequency, wio e, and hence in fipy.

From this we infer that the differences in mobility, carrier recombination rate and diffusion

length between MAPI and FAPI (Figure —f) result mostly from differences in crystal grain
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size and film quality.

Further studies are required to reliably and quantitatively determine possible differences
in carrier mobility between MAPI and FAPI due to carrier-phonon interactions. Note that
thermalization and initial steps of relaxation of hot carriers occur on sub-ps timescales,
and whilst this cooling can be prolonged by Auger heating of carriers and the hot-phonon
bottleneck effect, S =H%EN oy OPTP time resolution (~1.5 ps) may not capture the full
response around At = 0. This means that our measured values of | (AT/T) (At = 0)| may
be smaller than those obtainable with higher time-resolution; our estimates of pg for MAPI
and FAPI should be regarded as lower bounds.

In conclusion, our work highlights substantially higher carrier mobility, smaller carrier
recombination rate and greater carrier diffusion length in FA-rich lead halide perovskites,
when compared to their MA-rich counterparts. By utilizing time- and frequency-resolved
spectroscopy techniques (spanning timescales from 1 ps to 1 ps, and a broadband spec-
tral range from ~0.35 to 5 THz, respectively), supported by microstructure information
(provided by SEM), we show that these differences can be mainly associated with fewer
grain boundaries (acting as carrier scattering sites) in FAPI, with no evidence of signif-
icant differences between the two materials in terms of interactions between carrier and
THz-active phonons. It is important to emphasize that our study complements previous
works, 242434500l 1y hroviding a direct comparison between MAPI and FAPI in terms of
carrier properties. This study prompts further investigation into carrier relaxation kinetics
and dynamics in lead-halide perovskites, in particular regarding carrier properties at grain
boundaries and carrier-phonon interactions, at sub-picosecond timescales and varying car-
rier densities. This could lead to further fundamental findings on carrier mobility, carrier
recombination rate and diffusion length, crucial for the development of light-harvesting and
optoelectronic technologies based on these materials. The approach outlined in this work
provides a blueprint for correlating ultrafast carrier dynamics with microstructure, allowing

for the rational design of perovskite films for high-fluence applications (e.g. photovoltaics,
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lasers).
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