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Temperature dependent (4 K - 295 K) photoluminescence and transmission spectra are analyzed to study the
effect of changing the different components of a perovskite compound, be it A, B, or X. Four different films
are compared: FAMAPDbSnI3, FAPbI3, FAMAPDI3, and FAPbBr3. The low temperature results highlight the
changes that occur especially, underlying ones that are easily masked at room temperature. The overall Stokes
shift is of similar magnitude at room temperature for the three Pb only based samples. This is governed by
the interaction strength I' o, phonon energy Ep o, and the exciton binding energy E.,. One exception to this
behavior is the Sn-based FAMAPDSnI3 film which shows a lack of Stokes shift between the absorption and
photoluminescence. However, the strong absorption (more than 100 meV) below the band gap is indicative
of an excitonic feature that has a large density of states. Transient absorption measurements confirm the
trends observed in continuous wave (CW) measurements, the three Pb only films all show the convolution of
an excitonic feature within 20 meV of the band gap as a contributing factor to the photobleach along with a
region of high energy PTA. However, the behavior for the Sn-based film is notably different (just as it is in the
CW measurements) with an unusual low energy PIA and a lack of high energy PIA. The large unusual low
energy PIA is attributed to the large sub band gap absorption observed in the CW transmission/absorption
measurements. Notably regardless of interchanging components, the slow cooling of carriers in metal-halide
perovskites shows little effect of I' o, Epo, and Eg,. As such, here it is proposed — while the initial cooling of
carriers is attributed to LO phonons, the overall cooling of carriers is dominated by the intrinsic low thermal
conductivity of all metal-halide perovskites which limits the dissipation of acoustic phonons in these systems.
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1. INTRODUCTION have shown rather slowed hot carrier cooling® * in tran-
sient absorption measurements spurring considerable in-
terest as possible absorber material for hot carrier solar
cells. 15717

While these slowed carrier cooling rates are measured
under short pulsed, high power transient absorption mea-
surements, will those long lifetimes be able to be ex-
ploited in a suitably designed hot carrier solar cell? Here,
a reexamination of several different bulk perovskites that

Halide perovskites are ABXs-structured solution-
processable semiconductors comprising only earth-
abundant elements that can be both fabricated and syn-
thesized at low cost. Here, (compound) ‘A’ refers to
a monovalent organic cation such as methylammonium
(MA*: CH3NHJ) or formamidinium (FA¥), ‘B’ is a di-
valent metal cation (Pb?**, Sn?*, or Ge**) and ‘X’ is a

halide anion e.g., I™, Br—, or C1~.! By changing the com-
position of the constituent materials, the electrical and
optical properties of the structure can be tailored and
controlled.?3

Interest in organic-inorganic halide perovskites has re-
sulted in a remarkable increase in solar cell efficiency
(2013, 15% to 25.5%, 2020) for a material system that
first made it on to NREL’s best research cell efficiency
chart in 2013.* The interest in perovskites has not been
limited to solar cell research but extends over a wide
range of optoelectronic devices: lasers,® light emitting
diodes,%" and photodetectors.® Additionally, perovskites
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span a wide energy range, with varying degrees of ionic-
ity and exciton binding energies are considered in order
to uncover aspects underlying the unusually slowed hot
carrier cooling rates that are observed in TA!0-14,18-22
or time resolved photoluminescence (TRPL)>? experi-
ments.

In order to address this question continuous wave
(CW) temperature dependent photoluminescence and
linear transmission data, as well as, CW power depen-
dent PL are evaluated to determine effective band gaps,
exciton binding energies, linewidth broadening, carrier
temperature, and Stokes shifts. These trends are sub-
sequently evaluated with respect to phononic properties,
ionicity, and therefore possible polaron interactions.

Standard practices for perovskite precursor storage, so-
lution preparation, and film deposition were conducted
in a nitrogen glovebox. The perovskite precursor solu-



tions were prepared by dissolving the necessary compo-
nents (Formamidinium Todide, Methylammonium, Lead
(IT) Todide, Lead (II) bromide, Lead thiocyanate and
Tin fluoride, or Tin Iodide) to produce solutions of four
different perovskite thin films FAMAPDbSnl3, FAPbDI;,
FAMAPbDI;, and FAPbBr3.23 Prior to spin coating stoi-
chiometric amounts of solutions were mixed and stirred
for one hour to produce the perovskite precursor solution.

2. TEMPERATURE DEPENDENT
PHOTOLUMINESCENCE

Figure 1 shows the temperature dependence of the nor-
malized photoluminescence (PL) spectra for four differ-
ent perovskite thin films (a) FAMAPDSnI3, (b) FAPDI3,
(c) FAMAPDI;, and (d) FAPbBrs. All four show a shift
to higher energy as a function of temperature that is typ-
ical for metal-halide perovskites due to the p-like conduc-
tion band and s-like valence band.?425 With the addition
of methylammonium to FAPbI;3 there is a slight increase
in the PL emission energy (effective band gap) however,
the thermally mediated shift in emission remains equiv-
alent, ~50 meV. In general, most parameters extracted
in subsequent analysis shows that the addition of methy-
lammonium has little effect when directly compared with
FAPDI3, indicating the inorganic Pbls framework domi-
nates the optical properties of these films.

When considering the PL from the systems under in-
vestigation in Figure 1, in all cases, the PL is dominated
by a higher energy peak (P1), which is attributed to the
exciton emission associated with the band gap. Also,
there is an additional lower energy peak (P2) and/or an
asymmetric low energy tail that is particularly evident
at lower temperatures. While this low energy transi-
tion (P2) is evident in all the systems studied here, the
energy difference with respect to the main PL feature
(P1), changes in each case. Specifically, in the case of
FAPbBrs (d) the AE,1_p2 is ~40 meV (P1 = 2.21 €V
P2 = 2.17 eV). For FAPbI3, AE,1_,9 is ~10 meV, much
smaller than the equivalent Br-based perovskite (Figure
1(d)) while in Sn-based FAMAPDLSnI; (a), AEp1_p2 is
~10 meV (P1: 1.08 eV; P2: 1.07 eV).

However, in the case of FAMAPDI; the ground state
transition P1 (1.49 eV) consists of an additional peak
P3 (1.5 e€V), 10 meV higher in energy to P1 (1.49 eV).
Although the exact origin of P3 is unknown, cation
segregation or the effects of strain are both feasible.
The effects of strain and a subsequent reduction in the
structural symmetry have been observed previously in
FAMAPbD(Brl)s which results in a relaxation of optical
transition selection rules.2® Such effects would also be ex-
pected to lift the ground state degeneracy in FAMAPbDI3
resulting in additional fine structure in the system. For
FAMAPbDI3 (Fig. 1(c)) AEpi—p2 is ~20-30 meV when
considering transition (P3).

In the Pb-based systems, the origin of this lower energy
peak (P2) is often attributed to localized or defect medi-

ated emission. If P2 were an intrinsic exciton, it would —
as the lowest energy transition — be expected to dominate
the low temperature PL; as well as, to be correlated to
the excitonic feature observed in the absorption, neither
of which are evident here (see insets to Figure(s) 3(a-c)).

Here, it is suggested that the origin of this emitting
complex (P2) lies in subtle variations in the structural
configuration of the different metal-halide perovskite thin
films; e.g., the formation of slightly different orthorhom-
bic bond lengths of twist angles that occur at lower tem-
peratures prior to the structural phase transition at ~150
K. Such variations in structure configurations can result
from locally different strain fields, which may lift the de-
generacy of the band structure in both condensed?” and
soft matter?® systems or some localized electronegativity
differences and the formation of self-trapped excitons??
and/or isoelectronic centers.3°

As the temperature increases below the structural
phase transition at ~150 K, the PL initially shifts to
higher energy and a redistribution of carriers between
the various transitions is observed. At T > 50 K the PL
is dominated by a single feature at the position of tran-
sition P1, which is attributed to the intrinsic excitonic
contribution at the R-point. While the contribution of
P2 steadily decreases with increasing temperature, it con-
tinues to contribute to the low energy tail of the emission
shifting in tandem with P1 until the phase transition at
~150 K. This redistribution of carriers from P2 to P1 can
be understood in terms of the increased thermal energy
and the higher density of states of the band edge exci-
tons (P1) — free carriers — with respect to P2. Above 50
K, the contribution of this thermal redistribution of car-
riers along with significant phonon mediated broadening
becomes evident.

In the case of FAMAPDSnI;3, the appearance of com-
peting features in the PL appears to be strongly related
to its stability and purity, in addition to the structural
symmetry of the system. In pristine FAMAPbSnI3 sam-
ples the appearance of two features close to the peak
of the PL suggests effects similar to that of the pure
Pb systems discussed above, which indicates the struc-
ture of pristine mixed Pb-Sn alloys may have improved
homogeneity and lower intrinsic strain. However, the
significantly enhanced low temperature linewidth of the
FAMAPbDSnI;3 samples investigated here (~70 meV) with
respect to the pure Pb samples (~20-30 meV), likely indi-
cates some inhomogeneity related to either compositional
variations®! and/or phase segregation.

Interestingly, similar broadening was also evident in re-
cent temperature dependent PL for FASnI3!? indicating
that the broad PL could be inherent to Sn-based halide
perovskites. The origin of these transitions likely includes
local and extrinsic variations in structure via degradation
induced strain (Sn2* versus Sn**),3133 local variations
in structural symmetry, or electric fields, all of which can
affect the degeneracy of the band structure.?4:26:34

Above the structural phase transition (T > 150 K), a
shift to lower energy is evident in Pb only cases, con-
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FIG. 1. Temperature dependent PL from 4.2 K to 295 K (a) FAMAPbDSnlI;, (b) FAPbIs, (¢) FAMAPDI3, and (d) FAPbBrs3,

respectively.

sistent with the reduced band gap in the tetragonal
phase with respect to the low temperature orthorhombic
phase.?® While the PL is increasingly dominated by the
P1 transition, this feature continues to display evidence
of a low energy Urbach tail and significant broadening
at room temperature; providing further evidence for the
presence of several subtle convoluted and competing com-
plexes at the band edge. Rather significantly so in the
case of FAMAPDSnI; (see Figure 1(a)), further support-
ing the presence of alloy fluctuations and segregation in
this system.3133

3. LINEWIDTH BROADENING

To further elucidate the nature of the emission in the
metal-halide perovskites investigated here, the tempera-
ture dependent PL was evaluated in terms of the ther-
mally activated broadening of the full width half max-
imum (FWHM). From the FWHM of the temperature
dependent PL (see Figure 2) several parameters describ-
ing electron-phonon (and impurity related) interactions
can be extracted via linewidth broadening analysis. The
PL linewidth broadening as function of temperature is
given by:36:37

E,
+ 1—‘im,pemp (_ kaT) )

(1)
where, I'g, I'ta, I'Lo, and I'y,, are the thermal broad-
ening parameters due to the (temperature independent)
inhomogeneous broadening (T = 0 K), acoustic (LA) and
optical (LO) phonons, and ionized impurities scattering,
respectively. The energy of LO-phonons and ionized im-
purities are denoted Ero and E,, respectively.?”

Table 1 lists the most relevant parameters, I'g, 'z,
and Ero. I'ra, I'imp, and E; are not listed as they
are orders of magnitude smaller than the other param-
eters and do not significantly contribute. While such
analysis must be considered with care in the presence
of inhomogeneities and the competition from convoluted
transitions, it can be instructive in terms of trends and

I'ro
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the qualitative physical behavior. Clearly, complications
such as grain boundaries that may hamper phonon prop-
agation are not specifically addressed in this analysis,
therefore several of the parameters could easily have some
portion that is associated with grain boundary behavior.
Table 1: Extracted broadening parameters

Perovskite | (meV)|T'ro (meV)| Ero (meV)
FAMAPbDLSnI3| 51 £6 | 204 £ 20 40 £ 4
FAPbDI3 172 £2| 16 +4 85 +4
FAMAPDI; (293 +9| 43 +4 15+ 3
FAPbBrs |17.3 £ 8| 59+ 19 20 £ 10

The main panels of Figure 2 show the FWHM (solid
black circles) with linewidth broadening fitting (purple
lines with component contributions I'g plus I'r 4 red,
Ty plus I'o green, and T’y plus 'y, blue) as a func-
tion of temperature for (a) FAPbBrs, (b) FAMAPDI3,
(c¢) FAPDbI3, and (d) FAMAPDSnI;. When assessing the
thermal broadening of the PL the dominate peak, P1 is
considered only. Moreover, though it is still possible to
fit the whole temperature range unlike methylammonium
based perovskites®® where the fit is limited to tempera-
tures above the crystal reorientation shift, the effects of
the structural phase change at ~150 K must also be con-
sidered.

In accordance with the more traditional polar semi-
conductors such as the III-V systems,36:37:39 the Frohlich
coupling coefficient (I',0) provides the dominant contri-
bution, which is consistent with the strong polar nature
of metal-halide perovskites and the behavior reported in
the literature.?®4%42 The Frohlich coupling coefficient
(Tro) and the LO phonon energy (Epo) of the system
determine the carrier thermalization properties and fun-
damental carrier mobility. In all cases assessed, Ero is
consistent with literature values®4042 and increases as
expected with the addition of the lighter element Sn in
FAMAPDSnl3. When considering the respective Fréhlich
coupling coefficients (I'o), FAPbI3 is less than half the
strength of the other metal-halide perovskites. This is
consistent with the reduced ionicity of PbI with respect
to PbBr, as reflected in the extracted values of FAPbIg
(16 4+ 4 meV) and FAPbBr3 (59 £ 19 meV), respectively.

Notably, I'g for the Sn based perovskite is larger than
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expected (51 £ 6 meV), more than 3 times larger than
FAPbBr3 and FAPbI3. This is attributed to increased de-
fects and low energy tail states associated with Sn-based
perovskites and thus not representative of the electron-
phonon coupling strength.354374% Although recent work
has indicated the organic cation may induce additional
broadening due to coupling to the inorganic framework
in 2D perovskites,*® more work is required to make such
a conclusion here. However in assessing the increase in
FWHM above 150 K the Sn based perovskite has the
smallest increase (34 meV), while the Br based perovskite
has the largest (55 meV). Remarkably, the FAMA sam-
ple room temperature FWHM is slightly less than the FA
sample.

Whilst the extracted I'g for FAPbBrs and FAPbI3 are
consistent with literature values,3®*9742 the PbBr sample
is slightly narrower. This is attributed to the increased
separation of P2 from the ground state transition (P1) in
FAPDBr;3 (see Figure 1(d)), which reduces the convolu-
tion of these two transitions and the associated broaden-
ing of the dominate emission peak. This is therefore also
considered the dominant reason for slightly and progres-
sively larger Iy in the FAPbl3 and FAMAPbDI3, respec-
tively, which also display smaller AE,;_p2 (see discussion
regarding Figure 1 above) therefore increasing the con-
volution of P1 and P2 in these two systems.

4. TEMPERATURE DEPENDENT TRANSMISSION

To further understand the nature and origin of the
transitions observed in the PL for the respective systems,
temperature dependent transmission spectroscopy is per-
formed to evaluate the absorption profile of the thin films,
typically a dramatic reduction in transmission is corre-
lated to absorption from a bulk semiconductor’s funda-
mental band gap. It is also possible that below band
gap excitonic absorption is exhibited which would cor-
respond to a resonance in the transmission spectrum,
with intrinsic complexes providing considerably more ab-
sorption than extrinsic transitions created by defects or
impurities.4”

The main panels of Figure 3 show both the excitonic
absorption feature (red dots, from transmission spec-
troscopy) and optical transition effective band gap from
photoluminescence (black dots) for (a) FAPbBrs, (b)
FAMAPDI;, (¢) FAPbI3, and (d) FAMAPDSnI;, respec-
tively. The shaded regions correspond to the extent of
the FWHM extracted via Gaussian and Voigt fitting of
these respective features and reflects the inhomogeneity
in the systems with increasing temperature. The upper
insets for Figure 3 show a comparison of the absorption
and PL spectra at 4 K, while the lower insets show the
comparison at 295 K.

In all of these metal-halide perovskites thin films an ex-
citonic absorption is clearly visible at low temperatures,
the onset of which matches the peak of the dominate P1
transition in the PL. Interestingly, the low energy feature

P2 is well below that of the main absorption profile, indi-
cating the density of states of the complex or transition
P2 is significantly lower than that of the P1, at least in
the pure Pbl cases.

Notably, the absorption resonance for FAPbBr3 and
FAMAPDSnI; is easily distinguished even at room tem-
perature. While, for FAPbl3 and FAMAPDbDI; it is easily
distinguished at 150 K, but that is not the case for room
temperature. This is mostly consistent with binding en-
ergies that are proportional to the band gap as previously
shown in magneto-absorption measurements*®4° and for
Wannier-Mott excitons typical of polar semiconductors.
Using a fit based on excitonic absorption®® at low temper-
ature where the excitonic feature is more clearly defined,
the Br perovskite shows a binding energy comparable
to room temperature; whereas, the I based samples are
around 160 K or less, these results are similar to those
previously reported.*81

What is unusual is the Sn based perovskite showing
such a clear absorption resonance even at room temper-
ature with an expected binding energy of only 10 - 15
meV. While there has been fairly wide range of bind-
ing energies reported for metal-halide perovskites (see
Herz review)?? in part due to the indirect methods of
determining the binding energies, binding energies in the
range 10 - 15 meV are consistent across the literature for
FAMAPDSnI;.52

When comparing the emission peak (open black sym-
bols) with the absorptions peak (open red symbols) for
FAPbBr3 and FAPbI3 which are the cleanest samples
in which only the halide anion is replaced, the respec-
tive Stokes shifts at 4.2 K for these two materials are
~20 meV and 12 meV, which reflects both the larger
exciton binding energy and ionicity in Br-based sys-
tems with respect to I-based materials®® and the dy-
namic nature of carrier-phonon interactions in halide
perovskites,!1:38:40:54-56 and soft matter,?4°7 in general.

The Stokes shift of the mixed cation Pbl perovskite,
FAMAPbDI;, (Figure 3(b)) at 4.2 K is somewhat sur-
prisingly ~20 meV when considering its similarity to
FAPDbI3, the dominance of the inorganic framework in
the electronic and phonic properties, and the ionicity of
FAMAPDI; with respect to the Br-based FAPbBr3. How-
ever, when considering the broadening and strain effects,
which result in fine structure around the band edge (P1
and P3 in Figure 1(a)), and the contribution on the PL
linewidth (Table 1), a value closer to that of FAPbI3 (~12
meV) is more probable.

As the temperature is increased the Stokes shift of
FAPbDI3 steadily increases to ~50 meV at 295 K. In the
case of both FAMAPbDI3 and FAPbBr3 the low temper-
ature Stokes shifts remain constant (or slightly reduced)
within errors until ~150 K, then they increase to ~50
meV at 295 K. Here, the Stokes shift of the lower energy
FAPDbI3 appears dominated by interactions with the lat-
tice even at low temperature, while the larger binding
energy of FAPbBrs, and FAMAPbDI3 (enhanced by local
strain) initially inhibit carrier-phonon interactions.
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While a Stokes shift in conventional ITI-Vs systems is
indicative of the prescence of sub gap impurity or defect
related localization observed by the difference in the as-
sociated emission with respect to the continuum — here,
this shift is likely mediated by modulation of the per-
ovskite lattice and polaron interactions that lower the
PL energy. The increasing Stokes shift also indicates
that the Frohlich interaction is temperature dependent
and increases with temperature. Such behavior has been
observed previously and related to the temperature de-
pendence of the dielectric constant and therefore Frohlich
coupling in halide perovskites, which can be attributed
to dynamic nature of the lattice and increasing charge
contribution at higher temperature in these materials.?®

In the case of the Sn-based FAMAPDLSnI; the differ-
ence in peak emission and absorption is observed to be
negligible at all temperatures (Figure 3(d)). The origin
of this behavior is evident when considering the insets
to Figure 3(d), which show the emission and absorption
spectra at 4.2 K and 295 K, respectively. The overlap
of absorption and photoluminescence has been observed
previously 2D Ruddlesden-Popper films*” where there is
a large below gap density of states available to absorb.
Here, even at low temperature a strong low energy tail
is observed in the absorption spectrum, which is related
to the sub gap free carrier absorption ~100 meV below
the band edge in these nominally p-type materials.3!:%®
It is consistent with the arguments of Wong et al.>® that
shifts in the PL and apparent absorption edge can be
observed when there is strong sub band gap absorption
that is on the order of or larger than kgT. When the
relatively large low temperature FWHM (~70 meV) is

also considered (as shown in the shaded area in Figure
3(d)) then it is clear the low binding energy and more
importantly ionicity of this system screens any effects of
a Stokes shift in this material — rather than having a low
temperature Stokes shift on the order of 10-15 meV, if
the behavior is similar to the Pb only films.

When all of the continuous wave (CW) measurements
are taken as a whole, it becomes clear that the three Pb
only based films follow similar trends with the exchange
of the halide dictating the largest influence on band gap,
excitonic binding energy, and linewidth broadening. This
is clearly seen in the larger E4, Ero, and I'o values for
the Br film; as well as, the more well-defined excitonic
absorption feature at room temperature. While there
is more structure in the low temperature PL when the
FA is replaced with FAMA, the overall behavior between
the two Pb-I films is very similar. All three films clearly
show that the excitonic feature in the transmission data
is within 20 meV of the band edge (indicative of exciton
binding energy). Likewise, the films exhibit increased
polaron behavior (increasing Stokes shift) with increasing
temperature once a threshold has been reached. Here,
a larger threshold temperature corresponds to a larger
binding energy.

However, with addition of Sn there is a noticeable dif-
ference in behavior which is most obvious in Figure 3
where it is apparent there is neither a Stokes shift nor a
shift in energy associated with low temperature crystal
phase shift. The below band gap absorption (clearly ev-
ident in upper 4 K inset ~100 meV) appears to have the
greatest influence on the overall behavior of this PbSn
film with regards to CW measurements. With that in



mind, an investigation in the dynamics of these films via
transient absorption measurements is carried out to com-
pare and contrast these distinct trends across these four
films.

5. TRANSIENT ABSORPTION

Transient absorption (TA) measurements at high
carrier densities have demonstrated slower hot car-
rier cooling rates than GaAs under identical excitation
conditions.'® A typical TA spectra for a metal-halide per-
ovskite shows three distinct regions: photoinduced ab-
sorption (PTA) for photon energies less than the band
gap at short times due to an exciton stark shift and
broadening;'® a photobleaching due to a decrease of the
exciton absorption with phase space filling and bleaching
due to the Moss-Burstein shift (state filling); and a high
energy region with photoinduced absorption as the car-
riers cool and the photobleach diminishes at longer delay
times, where the change in material refractive index con-
tribution to the PIA of the high energy tail dominates
over free carrier absorption.!®

At first glance one can see considerable differences from
the TA spectra in Figure 4 between FAMAPDLSnI; (a),
FAPDI3 (b), FAMAPDI3 (c) and FAPbBr; (d). While
all the spectra show some low energy photoinduced ab-
sorption at very short delay times and exciton/band gap
photobleaching, all but the Sn based film show high en-
ergy photoinduced absorption within 250 meV of the
photobleach minima. The energy range and strength
of the photo-bleach varies considerably at short delay
times. The I containing films all have much more exten-
sive bleach (over a broader energy range) at delay times
less than 10 ps as compared to the Br film which has a
larger band gap and thus a smaller excess pump energy.

Moreover, there is a blue shift in energy correspond-
ing to the maximum intensity of the exciton photobleach
energy which is more discernible in Figure 4(e-h) which
show individual time delay traces 0.5, 1, 10, 100 ps (4(e)
shows an additional purple trace for 0.1 ps due to the
unusual PTA). At 0.5 ps there is a low energy PIA due to
band gap renormalization which is limited in the two Pbl
films due to the proximity of the detector cutoff. All the
films show the beginning of Moss-Burstein shifted photo-
bleach. The photobleach fully evolves quickly over time
(< 10 ps in all but the PbSn film which takes 10’s of
ps longer to finally reach a steady energy position) red
shifting within a few picoseconds to an energy position
that is the convolution of the excitonic absorption and
the fundamental band gap for the film.

Additionally, by a few picoseconds (2 - 5 ps) there is
a high energy PIA region that is (blue region above the
broad photobleach region Figure 4(b,c,d) which starts
within 250 meV of the photobleach minima and extends
to higher energies which peaks then gradually dimin-
ishes) that is carrier density dependent that can be re-
lated to the band gap renormalization and the diminish-

ing Moss-Burstein shift as delay time increases — except
in the PbSn film which shows no high energy PIA (Fig-
ure 4(a,e)). While the PbSn film does not show as wide
an energy window beyond the photobleach minima due
to the detector cutoff, it does extend 250 meV away from
the photobleach minima for the 10 and 100 picosecond
transients (orange and blue traces Figure 4(e)). In all the
other films this is a region of high energy PIA however,
the PbSn is still within the photobleach region.

Perhaps what is most striking is that the Sn based
sample has the strongest low energy PIA which is consis-
tent with the onset of absorption observed in the trans-
mission measurements (see Figure 3 discussion). Also of
note, is that the transmission/absorption exciton energy
does not match the TA bleach but rather the low en-
ergy PIA. Rather, just the continuum/band gap energy
matches well with the TA photobleach energy. In all of
the other samples the excitonic absorption feature (see
Figure 3) is a major contributor to the TA photobleach.

Typically, such TA responses are used to extract the
carrier temperature relaxation rate that assumes the for-
mation of a Maxwell-Boltzmann distribution at energies
larger than the band gap,

“AA(B) = Ao(E)[exp (,;—5)1 @)

where AA is the change in the transient absorption,
Ag(FE) is the absorptivity as a function of energy, kp
is Boltzmann’s constant, 7T, represents the carrier tem-
perature which can be extracted from a linear fit of the
high energy tail of the transient absorption spectra.

Since each of the effects discussed above can exhibit
different temporal and carrier density dependencies care
must be taken when implementing such analysis as TA
spectra comprise a complex convolution of different pro-
cesses as recently discussed by Yang et al.'® and Lim et
al.'™ However, these complications are most pronounced
near the band edge and thus using the higher energy
tail provides the best estimate of the carrier distribution,
which enables discussion of the qualitative behavior and
temporal dynamics of hot carriers.

Figure 5 shows a comparison of the hot carrier tem-
perature versus time for the FAPbI3, FAMAPDI3, and
FAPDbBr3 films from the TA spectrum shown in Figure
4(b,c,d). The dynamics are plotted on a logarithmic scale
from 1 ps, which is the time at which the ground state
bleach and high energy tail are evident in the TA spectra
recorded from these films (see Figure 4).

When considering the Pbls systems with FA (green
open circles) and the double cation FAMA (open red
circles), the relaxation of hot carriers towards equilib-
rium (300 K) is similar. This is expected since their
band gaps with respect to the excitation energy (400
nm) are similar, resulting in hot carriers of the same en-
ergy/temperature at t = 0. Moreover, the ground state
bleach and thermalization are dominated by the intrin-
sic inorganic Pb-halide framework,'® heat capacity, and
ionicity of the metal halide, in addition to the available
phonon modes?? in the system. The FAPbBr; displays a
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FIG. 5. T, as a function of delay time at room temperature
for FAPbBr3 (black), FAMAPbDI3 (red), and FAPbI3 (green).

lower relative initial carrier temperature since the excess
energy created in this system is lower due to its larger
band gap with respect to the Pbls systems.

At t < 1 ps (see Figure 4) the carrier distribution
quickly evolves into a Maxwell-Boltzmann distribution
via strong carrier-carrier interaction reaching a non-
equilibrium (T, > Tp) hot carrier distribution followed
by (t >1 ps) strong Frohlich coupling and hot LO phonon
generation/emission in polar semiconductors. This initial
carrier-LO phonon interaction with the lattice results in
a fast rate for hot carrier relaxation in the Pb-based per-
ovskites between the ~1 ps to ~10 ps. This is followed
by a much slower thermalization rate, typically between
a few (2-10) ps to 10-1000 ps which has been observed
in several metal-halide perovskites at higher excitation
densities (> 10 ecm~2),1112:17.19 including the pure-Pb
(Figure 5) and Sn-based (Figure 6) perovskites investi-
gated here.

When comparing the relaxation rate of the FAPbBrj
to the Pbls systems in Figure 5, the relaxation rate of the
Br system is greater than that of the I samples. This can
be attributed to the increased ionicity of PbBrs, which
results in strong electron-phonon interaction and there-
fore carrier relaxation as observed previously.?? While
the initial thermalization of hot carriers in metal-halide
perovskites (polar semiconductors, in general) is gener-
ally accepted to be the result of carrier - LO phonon
interaction, the longer lived regime (t > 10 ps) is less
well understood. Recently, this was attributed to car-
rier heating via Auger processes'? due to the high carrier
concentrations required to produce this effect.

While this is not discounted here, since no apprecia-
ble effect is seen for different E., or E,°3 which would
be expected if Auger processes were dominant — an al-
ternative explanation is provided. The carrier relaxation
pathway of hot carriers in polar semiconductors is dom-
inated initially by Frohlich coupling and the emission of

hot LO-phonons (t ~1 ps). The LO phonons then dis-
sipate via the emission of longitudinal acoustic phonons,
t < 10 ps (LA) via either the Klemens (LO = 2LA)%
or Ridley (LO = TO + LA)%! process creating hot LA
phonons whose heat is dissipated into the cold acoustic
phonon bath and transfer away via thermal conductivity.

Slowed carrier thermalization has been attributed
to decoupling of the dominant Klemens mechanism in
metal-halide perovskites,'? Ref. 12 also shows strong mix-
ing of the TO and LO modes in band structure calcu-
lations, suggesting the Ridley channel remains strong.
As such, Ridley processes would be expected to domi-
nate hot LO phonon dissipation and efficiently thermal-
ize hot carriers in halide perovskites. An alternative pic-
ture is that although hot LO phonons effectively couple
to acoustic phonons via the Ridley mechanism,%! that
the dissipation of hot LA phonons is perturbed via the
low thermal conductivity of halide perovskites.®2765 This
is similar to the process in which reabsorption of hot
acoustic phonons was proposed previously?! to explain
the slowed cooling in some metal-halide perovskites.

Here however, it is suggested that inefficient conduc-
tion of heat creates a bottleneck to the dissipation of
hot LA phonons into the lattice, reducing the carrier re-
laxation rate. This is not the same as, a hot LO phonon
bottleneck: the inefficient transfer of hot optical phonons
into acoustic relaxation pathways. As such, a hot LO
phonon bottleneck could be consistent with the rapid
initial relaxation observed t < 10 ps) of carriers in TA
measurements as shown in Figure 5. However, the slow
cooling that persists is more consistent with an acous-
tic bottleneck that inhibits heat transfer throughout the
material which is directly attributed to the low thermal
conductivity of metal-halide perovskites.62 64

Such a hot acoustic phonon bottleneck has recently
been invoked to describe the slowed carrier thermal-
ization in nanowires®®%” and InAs/AlAsSb quantum
wells®59 where low thermal conductivity localizes acous-
tic phonons at interfaces; a similar mechanism to what
might be expected in metal-halide perovskite films at
grain boundaries and in regions of crystal phase mis-
match.

Figure 6(a) shows the excitation dependent TA
recorded after 2 ps for the FAMAPDSnI3 film. At the low-
est excitation density of n ~10' cm™2, the ground state
bleach is centered at ~1.31 eV. As excitation power is
increased, the ground bleach shifts to higher energy with
the increasing contribution of high energy tail typically
indicative of hot carriers, in addition to an increasing low
energy PIA contribution. The PIA is attributed to the
increased contribution of sub gap impurity related ab-
sorption in these nominally p-type perovskites3! (which
increases at higher excitation densities (~10'% cm~2));
as photoexcited carriers recombine with the background
acceptors, the Fermi level shifts into the valence band in-
creasing the effective optical band gap and inducing free
carrier absorption. A further consequence of the degener-
acy of the Fermi level with the valence band continuum
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densities of 2 and 32x10'*/cm? for FAMAPbSnI;

is a broadening of the absorption profile as the valley
degeneracy increases.

Figure 6(c) shows the CW power dependent PL which
can be correlated to the high power TA providing further
insight into the role of high intensity photoexcitation in
the emission and absorption profiles in FAMAPbSnI3. At
low power, the peak of the PL at 295 K is centered at
~1.2 eV with a long low energy tail, as is also observed
in Figure 1(a). The origin of the PL peak at low power
(and low temperature) is related to the transition P2,
which in the case of FAMAPDSnI3 has been attributed to
the finite contribution of an extrinsic low energy complex
related to the unintentional contribution of Sn** in the
lattice resulting in local strain and regions of self-trapped
excitons or isoelectronic center like transitions.43:44:70

d) Cooling rate curves for carrier

As the power (or temperature see Figure 1(a)) is in-
creased these states are saturated, the PL shifts to higher
energy and is dominated by the intrinsic ground state ex-
citon P1 at ~1.33 eV. With increasing power (n > 105

~2) the PL shifts to higher energy and broadens, con-
sistent with the shift of the quasi-Fermi level into the
valence band and the contribution of the p-type accep-
tors.

This behavior is consistent with that of intentionally
doped n- and p-type semiconductors such as GaAs and
InGaAs, in addition to systems like InN (n-type)”*"? and
GaInNAs (p-type)3* ™7™ where high levels of uninten-
tional impurities are evident. As such, care must be taken
when evaluating such PL for the presence of hot carriers
since the bulk of this broadening reflects the background



doping distribution in the bands not the presence of non-
equilibrium carriers.

Typically, the carrier temperatures for photolumines-
cence spectra would be extracted from a linear fit of the
photoluminescence following:

2

Ieu(B) = g leon (S ) U 3)
Where I is the PL intensity, A(F) is the absorptivity as
a function of energy, kp is Boltzmann’s constant, A is
the reduced Planck’s constant, ‘c’ is the speed of light,
T. represents the carrier temperature which can be ex-
tracted from the slope of the natural logarithm of the
PL spectrum, and Ap is the chemical potential. This
requires that A(F) is constant over the portion of the
spectral region to be fit.

Indeed, such analysis has been the source of in-
tense debate in the III-V hot carrier photovoltaics
community,®">77 since such analysis implicitly requires
a constant prefactor prior to the exponential term in
Equation 3 — a fixed band gap (similarly for Equation
2). This has been discussed by several works in the ITI-V
community in terms of hot carrier extraction in PL spec-
tra, particularly as related to QWs,3%7>787 or where
impurities or carrier localization are present.%?:8Y Thus,
no such evaluation of the hot carriers can be deduced
from Figure 6(c). However, these dynamics are qualita-
tively evaluated from the high energy tails of the ground
state bleach in TA spectrum (See Figure 6(b)), which at
short times represents hot carrier relaxation in the I'p-
valley of the system.

To further elaborate on the subtle differences in the
nature and origin of the TA for the FAMAPDbSnI; film
the transients are shown for t < 50 ps in Figure 6(b) at
an excited carrier density of n = 3.2x10'® cm™2. These
traces are chosen to describe the nature of the absorp-
tion and dynamics of the carrier distribution after a
non-equilibrium hot carrier distribution has been formed
within a few picoseconds. At 2 ps (black open circles)
the TA displays a strong photoinduced absorption (PIA)
at low energy (1.0 - 1.25 eV) below the band gap of the
system which corresponds to the absorption photobleach
minima at ~1.3 eV at delay times > 50 ps. With in-
creasing time from 2 ps to 50 ps, the PITA reduces with
a simultaneous reduction in the position (red shift) and
strength of the photobleach.

The low energy PIA at t < 50 ps is attributed to sub-
gap free carrier absorption and the unintentional p-type
background doping that exists in Sn-based systems.3!:%%
This is also is also evident through the sub-gap CW ab-
sorption shown inset to Figure 3(d) and in the tempera-
ture dependent absorption. As such, PIA due to free car-
riers in the VB can transition to the unoccupied Fermi-
level states in the gap, in addition to conventional absorp-
tion across the band gap between the occupied and unoc-
cupied valence and conduction bands. Upon photoexci-
tation at t > 50 ps, photogenerated electrons will occupy
the levels available in the gap created by Sn-vacancies.
Since this is considerably shorter than the radiative life-

10

time of system, the absorption edge will decrease to that
of the fermi-level position lowering the effective optical
band gap.

Figure 6(d) shows the carrier temperatures versus time
extracted from fits to the high energy tail as shown
schematically in Figure 6(b) in red. Here, the behavior
is presented for low (n = 2x10* ecm~2) excitation den-
sity (open blue circles) and higher (n = 3.2x10'% cm~2)
excitation density (open red circles). The carrier tem-
perature is ‘hotter’ with increasing excitation fluence.
This is typically understood in terms of the presence of a
hot LO phonon bottleneck, where a large hot phonon
density is inefficiently dispersed by the finite acoustic
phonons in the system.®! This effect is further exacer-
bated by the low thermal conductivity of metal-halide
perovskites,52764 which results in an acoustic phonon bot-
tleneck at longer times.

Further evidence that an LA rather than LO bottle-
neck is dominant here is the systematic and rapid de-
crease in carrier temperature at t < 2 ps in Figure 6(d),
which is a general property of metal-halide perovskites
both, here and elsewhere.'?17:19:82 This indicates that
the carrier relaxation in metal-halide perovskites does not
follow the simple LO phonon decay process dominant in
more traditional bulk semiconductors.3384 But is rather
related to the contribution of several complementary pro-
cesses, the dominant of which arise after LO phonon
relaxation, which is likely facilitated in these macro-
scopically disordered systems by several interface and
boundary edge phonons. This will also localize acous-
tic phonons and reduce thermal conductivity, in addition
to the more intrinsic Ridley processes.

6. CONCLUSIONS

Temperature dependent (4 K - 295 K) photolumines-
cence and transmission spectra are analyzed for different
components of a metal-halide perovskite thin film, be it
A, B, or X. The low temperature results highlight the
changes that occur especially, underlying ones that are
easily masked at room temperature. For example, the
low temperature PL measurements clearly show the addi-
tional complexity when FA is replaced with FAMA; both
samples that contain FAMA have a more complicated low
temperature spectra then either sample that has only FA.
While the overall Stokes shift may be of similar magni-
tude at room temperature for the three Pb only based
samples, the pathway to getting there is not. This is
governed on one hand, by the interaction strength (the
greater the interaction corresponds to larger Stokes shift)
I'to and phonon energy Ejo; while, on the other hand
is the exciton binding energy and available free carriers
(a greater exciton binding energy corresponds to fewer
free carriers: smaller Stokes shift/delayed temperature
response).

One exception to this behavior is the Sn-based
FAMAPDSnI; film which shows a lack of Stokes shift be-



tween the absorption and photoluminescence that may
just be obscured due to the rather large low temperature
broadening T’y (due to increased inhomogeneities from
Sn**). However, the strong absorption (more than 100
meV) below the band gap is indicative of an excitonic
feature that has a large density of states.

Transient absorption measurements confirm the trends
observed in CW measurements, the three Pb only films
all show the convolution of an excitonic feature within 20
meV of the band gap as a contributing factor to the pho-
tobleach along with a region of high energy PIA. How-
ever, the behavior for the Sn-based film is notably dif-
ferent (just as it is in the CW measurements) with an
unusual low energy PIA and a lack of high energy PIA.
The large unusual low energy PIA is attributed to the
large sub band gap absorption observed in the CW trans-
mission/absorption measurements. Notably, the lack of
a clear dependency of hot carrier relaxation on E.;, Ero,
and/or T'ro suggests the slow cooling observed in these
systems is the result of a more generic property of metal-
halide perovskites. Here, this is attributed to their low
thermal conductivity — which appears to limit the dis-
sipation of the hot acoustic phonon bath. This results
in a phonon bottleneck that serves to block dissipation
of hot LO phonons and consequently, the hot carriers in
the system. This could explain the ubiquitous long lived
carrier relaxation seen across perovskite systems.
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