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Abstract

We study the ultrafast dynamics of photoexcited charge carriers in micron-scale crystals composed
of the inorganic perovskite CsPbBr; with time-resolved terahertz spectroscopy. Exciting with
photon energy close to the band edge, we find that a fast (< 10 ps) decay emerges in the terahertz
photoconductivity with increasing pump fluence and decreasing temperature, dominating the
dynamics at 4 K. The fluence-dependent dynamics can be globally fit by a nonlinear recombination
model, which reveals that the influence of different nonlinear recombination mechanisms in the
studied pump fluence range depends on temperature. Whereas the Auger scattering rate decreases
with decreasing temperature from 77 K to 4 K, the radiative recombination rate increases by three
orders of magnitude. Spectroscopically, the terahertz photoconductivity resembles a Drude
response at all delays, yet an additional Lorentz component due to an above-bandwidth resonance

is needed to fully reproduce the data.
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Introduction

The dynamics of carrier recombination and hot-carrier cooling in halide perovskites are important
considerations for improving solar energy and light emission devices based on these materials. For
example, for a single-junction solar cell, the Shockley-Queisser limit establishes a maximum
energy conversion efficiency of ~30% [1], assuming photogenerated charge carriers cool to the
band edge of the absorbing material (with a band gap of 1.1 eV) before being extracted. Whereas
multi-junction solar cells exceed this limit by incorporating many absorbing materials with
different band gaps [2], another strategy is to extract the carriers before they cool to the band edge
[3]. The corresponding device is known as a hot-carrier solar cell and has a maximum energy
conversion efficiency of 66% (under one sun illumination) for a single-junction cell [4]. Halide
perovskites have emerged as a promising absorber for next-generation solar cells thanks to their
ease of processing [5], low cost [6], efficient absorption [7], and outstanding carrier transport
properties [8,9], with solar cells based on perovskite compounds reaching energy conversion
efficiencies >25% [10]. The discovery of slow hot-carrier cooling in halide perovskites [11-16]
has opened additional avenues, including the possibility of perovskite-based hot-carrier solar cells

[3,17,18].

The key to realizing a hot-carrier solar cell is to engineer a device in which carrier cooling to the
band edge is slower than the carrier extraction process. This is a significant obstacle due to the
typical relaxation timescales of semiconductors following photoexcitation: (i) the nonequilibrium
carrier population first reaches a Boltzmann distribution at elevated temperature (i.e., with energy
well above the conduction band minimum) on the 10-fs timescale via carrier-carrier scattering; (ii)
the carrier temperature subsequently decreases via scattering with optical phonons, cooling to the
lattice temperature on the 100-fs timescale [19]. The dynamics can be even faster in organic
materials used for solar cells [20,21]. In halide perovskites, however, including mixed organic-
inorganic compounds, the carrier cooling time can be extended, with the specific mechanism
impacting the dynamics determined by the photoexcited carrier density [17]. At high carrier
density (~10'® cm™), the slow decay of optical phonons into acoustic phonons leads to a saturation
of the optical phonon population and, consequently, a suppression of carrier cooling through
optical phonon emission [22]. This effect is known as the hot-phonon bottleneck and has been

observed in lead-halide perovskites [12—16], leading to fluence-dependent carrier cooling times
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that reach the picosecond timescale [17]. Auger recombination also plays an important role in
perovskite dynamics for carrier densities of ~10'® cm™ by enhancing electron-hole recombination
on the sub-10-ps timescale while simultaneously creating a hot-carrier population [16]. Meanwhile,
at lower carrier densities (<10'® cm™), the formation of large polarons slows carrier cooling
[17,23,24]. Thus, the photoexcited carrier density is a critical parameter for understanding the
evolution of hot carriers in perovskites. The dynamics of the photoexcited carrier population is
similarly critical. Mobile charge carriers may decay via trapping into defect sites (a 1-particle
process), direct electron-hole recombination (2-particle process), or Auger recombination (3-
particle process). Of these processes, only electron-hole recombination produces
photoluminescence, which is useful for light-emitting devices. Conversely, although the Auger
process results in an electron and hole recombining, the third charge carrier receives the excess
energy, and thus may be extracted as a hot carrier with potentially high efficiency in a solar energy
device. Therefore, unravelling the importance of each recombination mechanism in a given
scenario (i.e., at different temperatures, fluences, etc.) is of paramount importance for optimizing

different types of devices based on halide perovskites.

Ultrafast terahertz (THz) spectroscopy has been employed to study charge carrier dynamics in both
hybrid organic-inorganic [24—32] and all-inorganic [32-35] halide perovskites. In the pump-probe
modality known as time-resolved THz spectroscopy (TRTS), an optical pump pulse photoexcites
the sample and the THz photoconductivity (i.e., the transient complex conductivity at THz
frequencies) is measured with sub-picosecond temporal resolution by a time-delayed, single-cycle
THz probe pulse. TRTS applied to thin films of CH3NH3Pblz has revealed fluence-dependent
recombination dynamics following photoexcitation with pump fluences in the 1 — 100 pJ/cm?
range. These dynamics changed with decreasing temperature, with Auger recombination highly
dependent on a structural phase transition [27]. In single-crystal CH3NH3Pbl3, ultrabroadband
TRTS has been used to simultaneously track the coherent motion of charge carriers and the
correlated motion of the polar lattice, thereby resolving polaron formation on the timescale of the
longitudinal optical phonon period following band-edge excitation [24]. Other ultrafast
experimental schemes using THz pulses have also been employed, including a pump-push-probe
approach to study carrier cooling [36], THz emission spectroscopy to study coherent vibrational
dynamics [37], and nonlinear THz spectroscopy to control the perovskite lattice [38]. Most

recently, a saturation of the THz photoconductivity at optical-pump/THz-probe delays greater than
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10 ps was identified for increasing optical pump fluence in halide perovskite (CsPbBr3, CH3NHj3
and y-CsPbl3) films at temperatures down to 77 K. This effect was attributed to the formation of a
stable Mott polaron density in the 10!” — 10'® cm™ range [32], which decreases with decreasing
temperature. It was proposed that a stable Mott polaron density explains the relatively strong Auger

recombination in these materials [32].

Here, we explore micrometer-scale single crystals of CsPbBr; with TRTS as a function of
temperature, extending the range of study down to liquid helium temperatures. By examining
structures larger than the quantum or mesoscopic confinement regimes, we exclude structural
effects on the conductivity and dynamics. Meanwhile, the high crystalline quality of the
microcrystals minimizes defect-related effects that may dominate the dynamics of thin films. The
absence of a structural phase transition in CsPbBr3 between room temperature and 4 K [39,40]
further simplifies the comparison of dynamics at different temperatures. We excite the samples
with pump photon energies close to the band edge and find that a <10 ps decay emerges in the THz
photoconductivity with increasing pump fluence and decreasing temperature, dominating the
dynamics at 4 K. The complex photoconductivity is best described at all temperatures and delay
times by a Drude-Lorentz model, where the Drude and Lorentz contributions correspond to
photoexcited free charge carriers and the tail of an above-bandwidth resonance, respectively. The
decay of the THz photoconductivity is primarily determined by the dynamics of the free charge
carrier population. At a given temperature (77 K or 4 K), the fluence-dependent decays may be
globally fit by a nonlinear recombination model with universal rate parameters. These rate
parameters reveal the mechanism that dominates the fast decay in our samples at each temperature
for 515 nm pump fluence in the range of 1.8 — 16.6 puJ/cm? (corresponding to carrier densities in
the range of 10'6 — 10'® cm™). Whereas the Auger recombination rate is slightly lower at 4 K than
at 77 K, direct electron-hole recombination is at least three orders of magnitude larger at 4 K than
at 77 K, and thus becomes the dominant nonlinear recombination mechanism at 4 K for carrier

densities less than 10" ¢m?.
Results and discussion

Figure 1 illustrates the general concept of a TRTS experiment on a semiconducting sample for
high optical pump fluences (for CsPbBr3, carrier densities in the 10'7 — 10'® cm™ range).

Employing an optical pump pulse with photon energy close to the band gap, photoexcitation



117
118
119
120
121
122
123
124
125

126

127
128
129
130
131
132
133
134
135
136
137

promotes electrons into the conduction band near the conduction band minimum, leaving holes in
the valence band near its maximum, as shown in Fig. 1A. The right side of Fig. 1A represents this
situation schematically in terms of the density of photoexcited free carriers, n, which are measured
by a THz probe pulse. Photoexcited electrons and holes may recombine, but scattering (e.g., with
phonons) restricts this process because an electron-hole pair must have approximately zero net
momentum to recombine radiatively. Thus, temperature may affect the decay dynamics of
photoexcited carriers through the phonon population. When # is sufficiently large (as defined by
the Auger scattering cross section) efficient electron-hole recombination can proceed via a three-

particle process. Specifically, an electron and hole recombine while donating their excess energy

?

N
Figure 1. Probing ultrafast high-density carrier dynamics with THz pulses. (A) An ultrafast
optical pump pulse, Epump, with energy (2.4 eV) near the direct band gap of CsPbBrs3 excites (green
arrows) free charge carriers, i.e., electrons (black-filled circles) in the conduction band (CB) and
holes (white-filled circles) in the valence band (VB). Right: schematic representation of
photoexcited free charge carrier density, n. (B) At high carrier densities, Auger recombination
plays a prominent role in the evolution of the free charge carrier density. Left: an electron and
hole may recombine and give the resulting energy to a third particle — either an electron (i) or a
hole (ii) — rather than emitting a photon. Right: the charge carrier density near the band edges
decreases during the Auger process (solid green arrows) while simultaneously generating

secondary hot charge carrier peaks in the CB and/or VB (dashed green arrows). (C) A time-
delayed THz pulse, Etnz, probes the intraband conductivity of all photoexcited free charge carriers,
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both at the band extrema and at elevated points in the band structure. (D) Hot electrons (i) and
hot holes (ii) cool to the band edges via many optical phonon scattering events (green dashed lines,
not to scale) before ultimately recombining (solid cyan arrow). Right: carrier cooling to the lattice
temperature shifts the hot carrier peaks towards the band extrema (dashed green arrows), while
ongoing electron-hole recombination at the band edge continues to decrease the primary peaks at

the band edges.

and momentum to the third particle (either an electron or a hole), thereby promoting it to an
elevated state in the band structure. Two examples are shown in Fig. 1B: (i) an electron is excited
within the conduction band or (ii) a hole is excited within the valence band. Only one valance and
conduction band are shown in the schematic, but an electron (hole) may also be excited to a higher-
lying conduction band (lower-lying valence band). Therefore, Auger recombination not only
reduces the photoexcited carrier density near the band extrema, but also creates secondary carrier
density peaks at elevated carrier temperature (i.e., at higher energy; Fig. 1B, right). In the case of
CsPbBrs3, this corresponds to carriers with 2.3 eV of excess energy (which is the energy of a 540
nm photon from the suppressed PL process). Incidentally, this is almost equal to the initial pump

photon energy of 2.4 eV in our experiments.

In a TRTS experiment, the THz pulse arrives after the pump excitation and probes the intraband
conductivity of the photoexcited electrons and holes. Unlike the optical pulse, the THz pulse does
not move the carriers to a new band (since its center photon energy is only ~4 meV) but rather
“sloshes” the carriers within the band, as shown in Fig. 1C. Higher mobility carriers, such as those
with lower scattering rate and lower effective mass, absorb the THz probe field more effectively.
Hence, carriers that are heated beyond the parabolic region of the band extrema or into satellite
valleys, where the effective mass is larger, have less influence on the THz field [41,42].
Nevertheless, they are still probed by the THz pulse, so the THz photoconductivity is in principle
sensitive to both carriers at the band extrema and those at elevated temperatures. Hot carriers
typically cool to the band extrema via optical phonon scattering before recombining, as shown in

Fig. 1D.

The TRTS experimental geometry for this study is illustrated in Fig. 2A. An ultrafast optical pump

pulse (515 nm wavelength, 230 fs pulse duration) excites the sample, which is comprised of
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CsPbBr3 microcrystals on an M-cut sapphire substrate. A THz probe pulse is transmitted through
the sample at a delay time ¢, after optical photoexcitation and detected coherently by electro-optic
sampling. The M-cut sapphire substrate was rotated to orient the THz polarization along the fast
axis of the substrate, thereby avoiding artifacts related to substrate birefringence. The pump

polarization was oriented parallel to the THz polarization.

An optical PL image (see Optical Characterization for further details) of a typical region of the

sample is shown in Fig. 2B. Rectangular-shaped microcrystals with edge lengths on the 10-um
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Figure 2. CsPbBr3 microcrystals characterization. (4) Schematic illustration of measurement
geometry. (B) Optical PL image of the CsPbBr3 microcrystals, scale bar, 10 um. (C) Experimental
(top) and simulated (bottom) XRD patterns of orthorhombic CsPbBrs. (D-E) PL spectrum (D) and
time-resolved PL decay spectrum of CsPbBr3 microcrystals. (F) SEM image and elemental

distribution maps, all scale bars, 5 um.

length scale are observed across the sample surface. The in-plane alignment of the microcrystals
is not universal, i.e., the orientation of the nominally rectangular-shaped microcrystals varies
across the substrate. The uniformity of the microcrystals apparent in PL images suggests most are

either single crystals or composed of no more than two to three 10-pum-scale crystallites (see, e.g.,
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large crystals containing faint dark lines in Fig. 2B). The crystalline quality of the sample is further
supported by powder XRD measurements and simulations (Fig. 2C).

Figure 2D shows an example PL spectrum for the sample, with an emission peak near 540 nm; the
corresponding absorption, for comparison, is reported in reference [43]. Complementary time-
resolved photoluminescence measurements are shown in Fig. 1E. The data in both Fig. 2D and
Fig. 2E correspond to spatial averages over many microcrystals, not the response of a single
microcrystal. Similarly, the TRTS measurements average over the 1-mm-diameter focal spot of

the probing THz pulse (and the sample is mounted on a metallic 1-mm-
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Figure 3. Time-resolved terahertz spectroscopy of CsPbBrs microcrystals. (A1) Optical-pump /

terahertz-probe dynamics following photoexcitation by a 515 nm (230 fs long) pump pulse. Circles:

relative change to the peak of the transmitted terahertz field. (B,C) Time-resolved terahertz
spectroscopy 5 ps (B) and 200 ps (C) following optical excitation, at 4.2 K, 77 K, and 300 K
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(bottom to top). Dark cyan circles: real part of the experimental complex conductivity, oi; purple
triangles: imaginary part of the experimental complex conductivity, o»,; dark cyan lines: fits to
experimental o1 based on a Drude + Lorentz model (see text), purple lines: simultaneous fits to
experimental o> based on a Drude + Lorentz model. (D) Contributions of the Drude component
(o1: short-dashed dark cyan curves; o: short-dashed purple curves) and Lorentz component

(o1: long-dashed dark cyan curves; o2: long-dashed purple curves) to the Drude + Lorentz model

fits in (B).

diameter aperture for ease of alignment and fluence calibration). Finally, an SEM image and
(color-coded) elemental map distributions are shown in Fig. 2F, confirming the expected

stoichiometry.

The interaction of the THz probe with the sample is detected through changes to the electric-field
waveform of the transmitted pulse. Differential changes to the peak field (-A7/Ty), specifically,
may be associated with the spectrally averaged THz photoconductivity. Figure 3A shows —AT/T
as a function of pump-probe delay time for three temperatures (300 K, 77 K, 4 K) and the same

optical pump fluence of 16.6 pJ/cm?.

We highlight that the dynamics of -A7/To change significantly with temperature. At 300 K, the
THz photoconductivity decays exponentially, which appears linear when visualized on a log-linear
plot (e.g., Fig. 3A). An exponential fit yields a decay time of 2.5 ns. Decreasing the pump fluence
leads to an increasing decay time (not shown). For fluences of 3 pJ/cm? and below, the decay time
reaches > 10 ns, which is the longest decay time that can be reasonably fit for our (full) scan range
of 500 ps. This is consistent with the previously reported photoluminescence decay time of 8.7 ns

observed in CsPbBr; single-crystal nanowires synthesized by the same method [43].

Cooling the sample to 77 K, the dynamics change significantly: the charge carriers show an
emerging fast, non-exponential decay component within the initial 30 ps following optical
excitation. We investigate the fast decay dynamics further by lowering the sample temperature
down to liquid helium temperature. At 4 K, the amplitude of the fast decay is dramatically

enhanced. It comprises 90% of the decay from the peak photoconductivity to the equilibrium state
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for a pump fluence of 16.6 pJ/cm? at 4 K, whereas it constitutes ~30% of the decay at 77 K for the

same pump fluence.

To better understand the dynamics, we perform TRTS at 5 ps (Fig. 3B) and 200 ps (Fig 3C) at all
three temperatures for a pump fluence of 16.6 ul/cm? The real (o1) and imaginary (c2)
components of the complex THz photoconductivity were extracted in each case. At all
temperatures and delays, the complex THz conductivity exhibits a Drude-like shape; however, a
pure Drude model fit is insufficient to quantitatively fit the data. Slightly negative values of o> for
some spectra present a particular challenge to Drude model fitting. We considered a number of
conventional modifications to the Drude model to capture these observations: (i) Although the
morphology of the sample (i.e., separated microcrystals; see Fig. 2B) suggests that effective
medium theory (EMT) may be necessary to describe the conductivity, neither Bruggeman nor
Maxwell-Garnett EMT provides an improved agreement with the experimental data, indicating the
structure size is large enough to neglect depolarization (plasmonic) effects, to first order. (ii)
Similarly, the microcrystal sizes are too large to provide weak carrier confinement of the type
described by the Drude-Smith model [44-46]. Still, we tested the Drude-Smith model fitting, but
found that it did not adequately improve agreement with the experimental data. (iii) o1 was not
better reproduced by a modified power law corresponding to a large polaron [24]. (iv) Finally, we
achieved improved agreement with the experimental data (see Fig. 3B and 3C) by adding a Lorentz

term to the Drude model fit, such that the total complex conductivity is given by

2 2
5(0)) — NDrude® TDrude( 1 ) + NLorentz€ < w ) , (1)

. i 2
m* 1-iwTprude m* w/TLorentZ+l((‘)0_w2)

where nprude 15 the photoexcited density of free charge carriers in the Drude model, Tpruge 1s the
scattering time of the free charge carriers, 1/TLorentz 1S the damping parameter of a resonator with
frequency f, = wy/2m, e is the elementary charge, m* is the charge-carrier effective mass, and
NLorentz Parameterizes the spectral weight of the Lorentz oscillator, as is discussed further below.
We find that the resonance peak is well above the spectral bandwidth of our probe pulses, such
that the Lorentz component has minimal effect on ¢1. However, it contributes significantly to o>,
as shown in Fig. 3D. This below-resonance Lorentzian conductivity is largely insensitive to the
damping parameter of the resonator, but scales linearly with nporentz. A similar fit to the

conductivity may be obtained by keeping the ratio nrorent/fi¢ constant, provided f, > 2.5 THz.

10
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Parameter degeneracy can be addressed in the Drude-Lorentz fitting procedure by fixing some of
the parameters in Equation (1) using known physical values. However, this necessitates a physical

interpretation of the Lorentz oscillator. Two possibilities are described below:

(I) The Lorentzian conductivity may be attributed to the polarizability of photoexcited excitons in
the material. Exciton binding energies of ~40 meV have been reported in the literature [39, 47 -
53], which is consistent with the strong photoluminescence in our samples at room temperature
(Fig. 2) and the spacing we observe between the PL peak (Fig. 2D) and absorption onset (reference
[43]) at room temperature. We note that an Elliott fit to low-temperature absorption data would be
a useful further point of comparison [54] but was not available for this study. In THz spectroscopy,
the primary signature of excitons is a Lorentz resonance at their 1s-2p intra-excitonic transition
frequency [30,55,56], i.e., 7.5 THz. Setting f, = 7.5 THz and assuming the effective mass to be
m* = me =~ my ~ 0.2 X 9.11%103'kg [57] for all delay times and temperatures, Drude-Lorentz fits
to the experimental data may be obtained using three free parameters: #prude, Lorentz, aNd TDrude, as
shown in Fig. 3B and 3C. Table 1 summarizes the extracted fit parameters; uncertainties were

determined through an automated fitting procedure.

Temperature | 7prude(Sps) NLorentz(SPS) | Torude(5ps) | 70rude(200p8) | MLorentz(200pS) | Toruae(200ps)
(K) (10% em?®) | (108 cm™) (fs) (10" cm™) (10" cm™) (fs)
4 0.25+0.02 1.7£0.2 8248 0.045+0.007 0.20£0.07 68+14
77 0.72£0.25 2.3£0.8 39+15 0.56£0.15 2.0£0.6 43+13
300 0.19£0.02 1.6£0.2 62+10 0.12£0.01 1.1£0.1 67+10

Table 1: Carrier density parameters for Drude + Lorentz fits to the complex THz conductivities in

Fig. 3B and Fig. 3C.

Associating nrorentz With the transient density of excitons following photoexcitation allows us to
compare our Drude-Lorentz fitting results with the absorbed pump photon density. For a fluence
of 16.6 uJ/cm? and penetration depth of 100 nm [58], the absorbed photon density is 4.3 x 10'8
cm™. Table 1 shows that not only is 72Lorentz below this value for all fits, as expected, but also that

the majority of photoexcited charge carriers are created as excitons. This potentially explains the

11
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surprisingly low photon-to-free-carrier branching ratio observed here and in a previous study [32].

Although it is challenging to definitively associate the Lorentzian conductivity with excitons, there
is precedent in the literature. For example, a TRTS study of CH3NH3Pblz has reported intra-
excitonic Rydberg transitions and an exciton binding energy of 13.5 meV below 160 K [30]; our
results indicate that similar resonances may be expected for ultrabroadband TRTS of CsPbBr;
microcrystals, as the oscillator in our Drude-Lorentz model would be the lowest of these Rydberg
transitions. Meanwhile, recent studies of quasi-two-dimensional lead-halide perovskites — which
have exciton binding energies greater than 200 meV due to reduced dielectric screening — have
combined TRTS with optical spectroscopy to quantify charge carrier and exciton populations as a
function of pump-probe delay, fluence, temperature, and pump wavelength [59-61]. Notably,
Burgos-Caminal et al. also fit their ultrabroadband THz photoconductivities with a Drude-Lorentz
model [59]. The Lorentz oscillator peak in their study was well above the measurement bandwidth
and was attributed to the polarizability of excitons, as in the present case, which allowed them to
extract the exciton and free charge carrier densities. In references [59-61], the measured ratios of
free charge carriers to excitons were compared to the temperature-dependent predictions of the
Saha equation. Surprisingly, the low-temperature density of free charge carriers in quasi-two-
dimensional perovskites significantly exceeds the Saha equation predictions. This is consistent
with our observations, summarized in Table 1, where ratios at 4 K of 15+2% and 23+9% were
found at 5 ps and 200 ps, respectively, compared to a vanishingly small ratio predicted by the Saha

equation. A potential reason for this difference is discussed later.

Although it has previously been observed that the Saha equation fails to accurately predict free
charge carrier densities in perovskites with large exciton binding energies at low temperature, the
general trend predicted by the Saha equation of decreasing charge carrier density relative to exciton
density with decreasing temperature is still expected. In Table 1, the fit parameters at 4 K and 77 K
follow this trend, but the parameters at 300 K do not. This may be due to a lower absorbed photon
density at 300 K. As can be seen in Fig. 2A, the initial photoconductivity is lower at 300 K than at
the other two temperatures despite identical excitation conditions. This likely stems from a longer
pump penetration depth at 300 K than at 4 K or 77 K, as a redshift of the absorption onset is

expected with decreasing temperature [58].

(IT) A possible alternate explanation for the Lorentz oscillator arises due to the strong electron-

12
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phonon coupling in lead-halide perovskites. In transmission-mode THz spectroscopy studies of
CsPbBr3 nanocrystals, it has been reported that a phonon mode observed in the absence of
photoexcitation may be enhanced by optical photoexcitation [33-35]. To the best of our knowledge,
signatures of this type have not been reported in larger single crystals to date. However, they have
been observed in CsPbBr3 colloidal nanocrystals [33,34] and CsPbBr3; nanocrystal thin films [35]
(though at different frequencies in the two cases), as well as in CH3NH3Pblz [25], CH3NH3Pbls.
xClx [26], and CH3NH;3PbI3(Cl) [29] thin films. The photoconductivity is typically fit with a Drude-
Lorentz (or Drude-Smith-Lorentz) model in these studies [26,29,33,34]. We therefore performed
THz time-domain spectroscopy of our CsPbBr3 microcrystal samples to determine whether the
Lorentz oscillator component in our measured photoconductivities is also present in the absence

of photoexcitation, but the results were inconclusive due to substrate thickness variations.

The mechanism leading to the photo-enhancement of phonon resonances in TRTS of lead-halide
perovskites merits further discussion, since this is not typically observed in conventional
semiconductors, as has been noted elsewhere [35]. In ultrabroadband THz spectroscopy performed
in reflection mode, Lan et al. have demonstrated that photoexcited charge carriers in CH;NH3Pbl3
single crystals form polarons by coupling to a single effective longitudinal optical phonon at 3.7
THz, which is a mixture of a Pb-I stretch mode and a translational and vibrational motion of the
CH3NH3 cation [24]. The key observation in these experiments was coherent beating along the
pump-probe time axis that changed phase at a probe frequency matching the effective phonon
frequency, rather than an enhanced phonon mode in spectroscopy. Conversely, the photo-enhanced
resonances in transmission-mode TRTS of thin films of CH3;NH3Pbl3; and similar compounds have
been observed near 1 and 2 THz [26,27,29]. It is also worth noting that transmission-mode THz
time-domain spectroscopy of the unexcited sample is sensitive to transverse optical modes rather

than longitudinal optical modes [60].

Meanwhile, Cinquanta et al. have attributed three Lorentzian peaks between 0.5 THz and 2.0 THz
in transmission-mode TRTS of CsPbBr3 nanocrystal thin films to phonon modes enhanced by
polaronic coupling through comparison with density functional theory calculations [35]. Similar
(ultrabroadband) experiments on CsPbBr3 colloidal nanocrystal solutions have observed weaker
peaks near 2 THz and 3 THz [33,34]. The size and shape of small nanocrystals may also affect

which modes participate in the coupling, and how strongly. Thus, although electron-phonon
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coupling and polaronic effects are important considerations for lead-halide perovskites, the
variation of photo-enhanced Lorentzian peaks across samples and the relative sparsity of
analogous signatures in transmission-mode TRTS of single-crystal samples makes direct
comparison to our results challenging. Nevertheless, we note that many TRTS studies of lead-
halide perovskites have been performed with a bandwidth of ~ 0.5 — 2 THz, as in this study, and

hence above-bandwidth resonances may have escaped attention.

At all temperatures, the shape (i.e., curvature) of the THz complex conductivity in our experiments
exhibits minimal changes between 5 ps and 200 ps, so the dynamics of the sample are captured
almost entirely by the decay of nprde and nLorentz in our model. (In interpretation 11, the fits are the
same, but neenze’/m* would be replaced by a generic oscillator strength parameter.). The
similarity of the conductivity at 5 ps and 200 ps further indicates that we do not observe a shift of
spectral weight from #prude t0 nLorentz that would signify exciton formation between 5 ps and 200
ps. Moreover, inspection of the THz electric-field waveforms (not shown) reveals that the decay
of -AT/T) is primarily due to a decrease in the transmitted field peak (correlated with 1) rather
than a shift of the peak (correlated with o2). Since o is dominated by the Drude component in our
spectral bandwidth, -A7/T) is approximately proportional to zprde, though the similarity of our
spectroscopy results at 5 ps and 200 ps implies nLorent; decays at the same rate. We note that time-
dependent changes to the effective mass may slightly modify the -A7/Ty dynamics [32], but we

expect this effect to be minimal in our experiments due to our near-band-edge pump photon energy.

We explore the dynamics further in fluence-dependent -A7/Ty measurements, as shown in Fig. 4.
At 4 K, the fast decay component dominates the dynamics (Fig. 4A). It is present at all pump
fluences studied, with an estimated onset of ~1 uJ/cm?. This stands in contrast to the behavior
observed at 77 K, where it only emerges above a fluence threshold >6 pJ/cm? and comprises a
smaller fraction of the overall decay (Fig. 4B). We model the dynamics via a differential equation

that describes the free carrier recombination rate [27],

— 2 3
anrude/dt - _klnDrude - anDrude - anDrude s (2)

where ki corresponds to an exponential decay in nprde(?), €.g., due to defect trapping, k>

corresponds to a two-particle decay such as radiative recombination, and 43 corresponds to a three-
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particle decay such as Auger recombination. It is worth noting that the similar effective masses of

electrons and holes in CsPbBr3 enables this clear distinction, unlike many other semiconductors.

Equation 2 can be solved numerically to yield nprde(?) for a given set of coefficients, k1, k2, k3. A
nonuniform carrier density profile within the sample complicates this procedure, so the
experimental geometry must be carefully considered. The microcrystals studied here have an
average thickness of 1 um, while the absorption depth of the 515 nm pump pulses is estimated to
be 100 nm [58], so the absorbed photon density is maximum at the surface and decays
exponentially into the material on a length scale shorter than the sample thickness (i.e., the carrier
density profile is nonuniform along the thickness of the material). We therefore model npruqe(,2)
using a series of infinitesimally thin cross sections of carrier density at depth z, each of which has
a time dependence governed by Equation (2) (see also, [28]). This procedure is necessary to obtain
a reasonable global fit to all -A7/Ty curves at a given temperature using a set of universal fit
parameters, k1, k2, and k3. In our model, we assume that the role of diffusion — which acts to spread
the initial carrier density profile into the bulk of the sample — is minimal within the relevant time
window. We set the initial spatially averaged carrier density, nprde(z = 0), using the fixed point
determined from TRTS at 5 ps, i.e., 7prude(5 ps), for a pump fluence of F' = 16.6 uJ/cm?. The initial
photoexcited carrier density (at = 0) is assumed to scale linearly for other pump fluences. Global
fits to the -A7/To curves at a given temperature (Fig. 4A, B) thus yield the set of universal
parameters shown in Table 2. (For the 77 K data, k1 = (1.56+0.08) x 10° s”!, while at 4 K, the best
fit was obtained with a very small k1 term, corresponding to a decay too slow to be measured
reliably in our experiments.) The resulting set of fluence-dependent carrier decays not only
exhibits a fast decay that emerges with increasing fluence, but also predicts a saturating carrier

density after the fast decay is complete, consistent with previous experimental observations [32].

Temperature ka k3
(K) (cm?/s) (cm®/s)
4 (1.17£0.06) x 10 2.6 X 102
(upper bound)
77 1.03 x 10 (upper bound) |  (8.5+0.4) x 102¢

Table 2: Nonlinear parameters for global fits in Fig. 44 and Fig. 4B.
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397  Figure 4. Ultrafast dynamics revealed by optical-pump / THz-probe experiments (4) Optical-
398  pump / terahertz-probe dynamics at 4.2 K following photoexcitation by a 515 nm (230 fs long)
399  pump pulse, at a sequence of optical pump fluences (increasing right to left). Hollow black circles:
400  experimental change to the peak of the transmitted terahertz field (-AT/T, left axis); solid red lines:
401  global fit to a nonlinear model of charge carrier density decay (right axis). (B) Optical-pump /
402  terahertz-probe dynamics at 77 K at the same pump fluences as in (A). Hollow black circles:
403  experimental data (left axis), solid red lines: fit to a nonlinear model of charge carrier density
404  decay (right axis). The decay parameters at each temperature are fit globally for all fluences.
405  Insets show a magnified view of fits to the fast decay at early times for each panel.
406
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The parameters k> and ks define carrier densities above which fast, non-exponential terms
contribute significantly to nprude(f). Rewriting Equation (2) asdnpryqe/dt = —(kq + kaNpruge +
k3Mprude?)Mprudes the slope of nprde(f) over an infinitesimally short time at ¢ is given by k; +
konprude + k3Nprude- When nppqe is large, e.g., at early times and high pump fluences, the slope
is dominated by the highest order term, but its significance drops off quickly with carrier density
(and hence ¢) due to the nonlinearity. More generally, calculating the slope based on a set of (41,
k2, k3) parameters reveals which term (and hence physical process) contributes most strongly to
the instantaneous carrier density decay for a given znprde and the range of nprude over which each

term is most influential.

Although our global fits used one set of parameters (k1, k2, k3) to fit the data at all fluences for a
given temperature, examining the time-dependent rate highlights the relative influence of the
various physical processes at different times, fluences, and temperatures. Additionally, we observe
a long-lived photoconductivity at 4 K that is not well captured by the nonlinear recombination
model (since its magnitude increases along with the non-exponential decay). To most accurately
quantify the competition between k> and k3 we therefore prioritize the fit to -A7/T at early times
over the long tail at later times. Specifically, we fit the slope and fluence-dependence of the slope
over the first 30 ps of the decay using k> and 43 (see insets of Fig. 4A,B), with &1 subsequently used
to provide the best overall fit to the full range.

At 4 K, the decay rate, fluence dependence, and fluence onset of the fast dynamics are all best
captured by radiative recombination, which is parameterized by a relatively large k> term. The
fluence onset in Fig. 4A is a particularly clear marker of this dependence, as the fast decays are
observable even at the lowest fluences studied. In contrast, at 77 K (Fig. 4B), the fast decay
observed at early time disappears for fluences below 13.6 pJ/cm?. The relatively strong nonlinear
fluence onset in this case indicates that the fast decay is dominated by the 43 term, i.e., by the three-
particle Auger recombination process described in the Introduction. Thus, although all three decay
processes are in principle always present, the importance of each one in a given scenario may be
quantified, with the parameters in Table 2 determining their range of strongest influence. In
Table 2, the term “upper bound” indicates that the corresponding parameter cannot be made larger

than this value without degrading the quality of the fit; if k2 or &3 is an upper bound for a given fit,
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it means the other term dominates the fast decay. The largest difference between 4 K and 77 K is
an increase in k> with decreasing temperature, whereas k3 is roughly constant. This temperature-
dependence of &, agrees well with the calculations of Davies et al. based on the van Roosbroeck-

Shockley relation [54].

Meanwhile, the onset carrier density for Auger recombination has important implications for the
physics of the material. Previously, Zhang et al. fit TRTS data with the Drude-Smith model to
define the onset carrier density for fast THz photoconductivity dynamics in CsPbBr;3 thin films at
78 K (~10'7 cm™) and found that the result coincided with their calculation result for a Mott density
of polarons [32]. This approach implies an absorbed-photon-to-charge (branching) ratio below
10%. In contrast, Milot ef al. and Rehman et al. used absorbed photon density to constrain the
initial photoinduced carrier density when solving Equation (2) to fit their THz photoconductivity
data for CH3NH3Pbl; and similar thin films [27,28], noting that a branching ratio near unity is
expected [28]. In references [27] and [32], as in our experiments (Fig. 3B and 3C), the imaginary
part of the THz complex conductivity is suppressed relative to Drude model predictions. o2 also
includes negative regions that cannot be reproduced by the Drude model. Whereas the Drude-
Smith model can generate negative imaginary conductivities [32], it applies for systems in which
charge carriers are structurally confined on the length scale they diffuse during one oscillation of
the probing field [46]. Although such confinement may be present in some perovskite thin films,
we remove this possibility by studying large microcrystals, and hence may associate deviations
from the Drude model with a density of photoexcited excitons (I). It is important to reconsider the
concept of a Mott density of polarons within this context. Although the free charge carrier densities
from our TRTS measurements and fitting agree roughly with those of Zhang et al. [32], the
interaction between these carriers and a large background density of excitons would complicate
the picture. Recently, interactions between charge carriers and excitons — dubbed Fermi polarons
— has been reported for ultrafast two-dimensional optical measurements of monolayer transition
metal dichalcogenides [62,63]. A similar scenario merits further investigation in perovskites,

especially single crystals.

Finally, the low-temperature dynamics shown in Fig. 4A contains further evidence for the presence
of excitons. A long-lived free-carrier population has been observed in quasi-two-dimensional

halide perovskites [59,60], similar to the offset in Fig. 4A that is not captured by the solution to
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Equation (2). A number of possible mechanisms have been discussed [59-61], but we find the
proposal of Burgos-Caminal et al. best describes our observations: exciton-exciton annihilation
leads to one electron-hole pair recombining and the other breaking apart through an Auger process,
thereby providing an ongoing source of free-charge-carriers [59]. This is consistent with the
increase of the long-lived photoconductivity in our experiments with increasing pump fluence (and

hence exciton density).
Conclusion

Time-resolved THz spectroscopy of CsPbBr; microcrystals reveals the emergence of a <10 ps,
non-exponential decay with increasing optical pump fluence and decreasing temperature. These
dynamics can be globally fit by a model incorporating multi-particle decay processes. We find that
the radiative recombination rate (k2) increases by a factor of at least 10° with decreasing
temperature from 77 K to 4 K, whereas the Auger scattering rate (k3) decreases slightly over the
same temperature range. As a result, the dominant nonlinear recombination mechanism changes
from Auger scattering at 77 K to radiative recombination at 4 K for carrier densities in the range
of 10' — 10" cm™. The THz complex conductivity at all temperatures and delays tested is well-
described by a Drude-Lorentz model. The Drude component of the photoconductivity corresponds
to free charge carriers, while we have presented two possible interpretations for the Lorentz
oscillator component: (I) a significant density of excitons that contribute primarily to the imaginary
part of the THz photoconductivity via the low-frequency tail of the 1s-2p intra-excitonic transition;
(IT) an above-bandwidth phonon resonance that is enhanced by strong electron-phonon coupling.
Distinguishing these two effects should motivate future low-temperature studies of charge carrier

dynamics in highly crystalline lead-halide perovskites.
Methods

CsPbBrs3 crystal growth. CsPbBr; microcrystals were grown on M-plane sapphire (University
Wafer) cut in 1 cm % 1 cm size in our home-built CVD system [43]. Growth substrates were
cleaned by sequentially sonicating in acetone (Sigma-Aldrich; ACS reagent, > 99.5 %) and iso-
propanol (Sigma-Aldrich; ACS reagent, > 99.5 %), blow-dried with nitrogen gas, treated in an
ozone cleaner (Samco UV-1) at 150 °C for 5 min, and placed 11 cm downstream from the furnace
center. PbBr> (Thermo-Scientific Chemicals; 99.998 % (metals basis)) and CsBr (Thermo-

Scientific Chemicals; 99 % (metals basis)) powders were placed in a quartz source boat at the
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center of a single-zone tube furnace (Fisher Scientific; Lindberg/Blue M Mini-Mite). Prior to the
reaction, the quartz tube was baked at 950 °C for 1 hour with 50 sccm of Ar gas under vacuum and
then was allowed to cool down to the room temperature. After loading substrates and precursors,
pressure was raised to 0.13 Torr with a constant 100 sccm Ar flow and temperature was raised at
50 °C/min ramp rate to 420 °C. The reaction was allowed to run for 30 minutes. Heating was then
stopped and the sample was allowed to cool to 300 °C with the furnace closed. The furnace was

then opened to an Ar flow until the sample temperature dropped below 250 °C.

Optical Characterization. Optical images were acquired using a Zeiss upright optical microscope.
Dark-field (DF) images were acquired using micro-LED light with a dark filter cube (ZEISS), and
photoluminescence (PL) images were taken with a filter cube (BP 450-490 nm for excitation
(ZEISS), LP 500 nm for emission (Thorlabs)). Static PL spectra were collected by fiber-coupling
PL emission from the microscope to a grating spectrograph (Horiba iHR550) interfaced with
liquid-nitrogen-cooled CCD detector (Horiba Symphony II). Time-resolved photoluminescence
(TRPL) measurements were performed using a time-correlated single-photon counting (TCSPC)
detector with a 405 nm pulsed source (Picoquant, LDH-D-C-405M, CW-80 MHz). The data
acquisition card (Edinburgh Instrument, TCC900) and the photomultiplier tube detector
(Hamamatsu, H7422-40) were used to record the TRPL.

Structural and elemental analysis. Powder X-ray Diffraction (pXRD) was obtained on Bruker
D8 advance diffractometer using Cu Ko radiation (A = 1.5418 A). Scanning electron microscope
(SEM) images were acquired using a JEOL 7500F with a cold field emission emitter in secondary
electron detection mode. The JEOL 7500F was equipped with an Oxford energy-dispersive

spectroscopy (EDS) system, which was used for elemental analysis and mapping.

Time-resolved THz spectroscopy measurements. The ultrafast time-resolved THz spectroscopy
(TRTS) setup is based on a Carbide laser from Light Conversion operating at 1 MHz repetition
rate, which generates near-infrared pulses with 230-fs pulse duration and 1030-nm center
frequency. In the home-built THz setup, the THz probe pulses are produced by tilted-pulse-front
optical rectification of 10-puJ near-infrared pulses in a lithium niobate crystal (Oxide Corporation).
The bandwidth of the pulses available for spectroscopy is approximately 0.5 — 2.0 THz, as
confirmed by TRTS of a GaAs test sample. The field of the THz pulses transmitted through the
sample is detected by electro-optic sampling in a ZnTe crystal (Del Mar Photonics) using a < 20
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fs gate pulse centered at 800 nm. The gate pulse is produced by white-light generation in a YAG
crystal using 1030-nm laser pulses and subsequent compression and spectral filtering in a prism
compressor. The optical pump pulses used for TRTS are produced by second-harmonic generation
in a BBO crystal. The pump pulses have 515 nm center wavelength and approximately 230 fs pulse
duration. A maximum pulse energy of 2 uJ is available for pumping the CsPbBr3; sample. The
sample was mounted on a 1-mm-diameter aperture and the pump spot diameter was larger than 3
mm to ensure uniform illumination. The highest pump fluence available in our setup is 16.6 uJ/cm?.
Both the optical pump and THz probe pulse trains were modulated during TRTS experiments, such
that reference and sample THz waveforms were recorded simultaneously, and each set of
waveforms was repeated at least ten times and averaged to minimize drift-related artifacts.
Extraction of the complex THz conductivity, &(w) = 0;(w) + io,(w), from TRTS
measurements followed the standard procedure, using the thin-film formula, and is described in
detail elsewhere [64]. The uncertainties for the complex THz conductivity data were determined
using the standard deviation of the ten datasets. Evaluation of the sample under a wide-area optical
microscope showed the filling factor of the microcrystals to be 0.55; the extracted complex THz
conductivity was therefore divided by 0.55 to determine the conductivity within the microcrystals.
Pump-probe measurements of the THz-peak transmission change (—A7/7o) were recorded at the
modulation frequency of the pump for optimal signal-to-noise ratio and averaged over many scans
to minimize drift-related artifacts. Measurements of —A7/7o were not normalized by the filling

factor.
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