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ABSTRACT

We use time-resolved multi-terahertz spectroscopy for the range 4-40 meV to probe coherent and incoherent ultrafast charge carrier and
exciton dynamics in the low temperature orthorhombic phase of the hybrid metal halide perovskite CH;NH3Pbls. Time- and energy-resolved
terahertz reflectivity maps reveal strongly damped but coherent oscillations in the 2-4 THz reststrahlen band, indicating charge coupling to
a distribution of low energy phonon modes centered at 0.9 THz (3.7 meV or 30 cm ™). First-principles calculations reveal that these modes
are entirely of mixed organic/inorganic sublattice character, with the power spectrum of the coherent oscillations showing a high frequency
cutoff just at the onset of organic cation-only vibrations. Two anomalous reflectivity signatures are observed which are not phonon related,
which we assign to a free exciton at 12 meV appearing on a 0.5 ps time scale and a defect bound exciton at 29-32 meV appearing on slower
1 ps time scale. Our measurements reveal the coherent coupling of charges to low energy vibrations of mixed sublattice character and the
presence of two distinct populations of free and bound excitons at low temperatures.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127992

I. INTRODUCTION

The nature and dynamics of charge carriers in hybrid organic-
inorganic perovskites (HOIPs), a class of materials that are being
widely applied to new and efficient optoelectronic devices, ~ are still
poorly understood on a fundamental level. Underlying the efficien-
cies of perovskite-based devices (e.g., solar cells) are the extremely
long carrier lifetimes that can be as high as several microseconds,”
despite their seemingly direct bandgap. Such long carrier lifetimes
beyond the kinetic Langevin model translates into carrier diffu-
sion lengths much larger than device dimensions; however, the
mechanism is currently under debate and is a topic of intense
research. Lattice coupling plays an important role, with the organic

cation undergoing relaxation dynamics similar to polar liquids and
the inorganic cages held by relatively weak molecular bonds.” The
polarizability of the lattice has led to a proposal that photoex-
cited charge carriers in bulk HOIPs exist as large polarons, which
could explain the relative insensitivity of mobilities to the pres-
ence of defects, and long charge carrier lifetimes that while benefi-
cial for devices are uncharacteristic of direct bandgap semiconduc-
tors.'’"'* Regarding their light emitting properties, optical emission
and absorption experiments have led to a wide range of reported
exciton binding energies, spanning 2-50 meV.' " Low temperature
measurements have shown anomalous two-state emission, suggest-
ing a more complicated excitonic state’*’ and perhaps the influ-

ence of shallow defects or domain formation.”*”” Understanding the
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nature of these distinct emitting states and their connection to crys-
tal structure is therefore paramount for tailoring their light emitting
properties.

Time-resolved multi-terahertz spectroscopy (TRTS) is a pow-
erful technique capable of probing mobile carriers, excitons,
polarons, and optical phonon dynamics on a femtosecond time
scale with submillielectron volt energy resolution.”” Recently, we
showed that coherent polaron correlations in room temperature
methylammonium lead tri-iodide (CH3NH;3PbI; or MAPI for short)
are directly observable through a terahertz (THz) intraband quan-
tum beat. This beat arose from a competition between center-of-
mass motion and intraquasiparticle harmonic motion within the
polaron potential.”” The effective LO phonon involved in the Froh-
lich interaction and leading to polaron formation was identified
to be 3.7 THz (15.3 meV), present in static THz spectroscopy
measurements.”’

Here, we report temperature dependent ultrabroadband TRTS
measurements on single crystal MAPI spanning the tetragonal-
orthorhombic phase transition at transition temperature T = 164 K
to explore the influence of lattice structure. In the low temperature
orthorhombic phase, there is a decrease in the MA cation rota-
tional entropy as it becomes sterically bound. It then remains to be
seen whether polaron correlations, as seen in TRTS data, persist in
the orthorhombic phase. The time-energy resolved THz reflectivity
exhibits coherent but strongly damped oscillations reminiscent of
a solvation response immediately following charge injection; how-
ever, the intraband quantum beat observed at room temperature is
not present in the 80-190 K temperature range studied, suggest-
ing that exciton correlations are dominant over polarons. Following
the relaxation of this vibrational coherence after ~500 fs, a second
anomalous and longer-lived peak appears at 7-8 THz (30 meV). This
feature is identified as a defect bound exciton.

Il. EXPERIMENTAL AND COMPUTATIONAL METHODS

A single crystal MAPI was grown by the temperature-rising
method (TRM) from y-butyrolactone (GBL) solution. Specifically,
1.4M precursor solution in GBL was prepared with a stoichiomet-
ric ratio of 1:1 for MAI and Pbl; at 60 °C, and the crystal started to
nucleate around 110 °C. The detailed growth method is described
in a previous work.” A well-shaped single crystal of MAPI with
approximate dimensions of 5 x 5 x 5 mm? was obtained after crystal
growth. The sample was mounted to a cold finger of a liquid nitro-
gen cryostat equipped with diamond windows at a base pressure of
107° Torr. Measurements were conducted at temperatures of 190 K,
135 K, and 80 K, spanning the tetragonal to orthorhombic phase
transition. All measurements were performed under vacuum con-
ditions. Crystal cooling rates were kept low, estimated at 1.2 K/min,
to avoid cracking of the crystal due to the relatively large internal
stresses related to the large thermal expansion coefficient.”

Ultrabroadband terahertz (THz) pulses were generated using
two-color laser plasma’ and detected by air-biased coherent
detection. Briefly, the fundamental 35 fs duration, 792 nm output of
a regenerative Ti:sapphire femtosecond laser amplifier and its sec-
ond harmonic are focused in dry air to create a plasma. Single cycle
THz pulses with power spectra that continuously span 1-25 THz
are generated by strong laser field plasma dynamics.”*® For these
measurements, the peak electric field was below ~20 kV/cm, with
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no compensation for the group delay dispersion between the pump
w and 2w pulses. The THz pulses were normally incident on the
(110) facet [in the cubic setting or (100) facet in the tetragonal set-
ting] of the MAPI crystal, following a near-infrared 792 nm pulse
photoexcitation at a pump fluence of 100 yJ/cm?® near to the band
edge at a variable delay time 7, schematically depicted in Fig. 1(a). A
more realistic configuration of the setup is provided as Fig. S1 in the
supplementary material. The amplitude and phase of each Fourier
component of the reflected THz electric field were resolved with
sub-millielectron resolution, and its modulation was followed with
a 35 fs temporal resolution determined by the pump pulse duration.
The reflected THz electric field in the presence of an optical pump,
Epump(t, 7), and the differential signal, AE(t, 7) = Epump(t, 7) — Eyef(t),
where 7 is the delay time, are measured simultaneously using a vari-
ation of a double modulation scheme.””* Following Fourier trans-
formation of the time-domain signals, the pump-induced transient
reflectivity was then calculated as AF(w,7)/fo(w) = (Epump(w, 1)
- Eref(w))/Eref(w)'

First-principles calculations were carried out on the low-
temperature Pnma orthorhombic phase of MAPIL. We studied
structural properties using density functional theory (DFT) and
vibrational properties using density functional perturbation theory
(DFPT) as implemented in QUANTUM ESPRESSO.””*" Norm-
conserving pseudopotentials and plane wave as basis sets were
adopted. The generalized gradient approximation (GGA) with form
of Predew-Burke-Ernzerhof (PBE) was applied for the exchange-
correlation potential.”*** The kinetic energy cutoffs were 50 and 600
Ry, and the Brillouin zone was sampled usinga 7 x 7 x 5 Monkhorst-
Pack grid. The atomic positions were optimized until the largest
force was smaller than 5 x 10~ eV/A. The vibrational frequencies,
as well as the electron-phonon matrix element | My, (k, q)|, which
indicates the electronic response of the state nk due to an atomic
perturbation qv placing the system in a new state mk + q,” were
calculated at the T point as

Moo (K, q) = ﬁ(wmk+q<r)\aqvv“fu)mk(r)). M
Here, y,x is the electronic wavefunction for band n with wavevector
k and Oy, is the derivative of the self-consistent potential associated
with a phonon of wavevector q and branch index v. The primitive
unit cell of MAPI contains 48 atoms as shown in Fig. 1(a), leading to
144 modes in total, considering x, y, and z dimensions. Vibrational
frequencies were calculated based on optimized lattice parameters of
a=87823 A,b=28.3810 A, and ¢ = 12.5093 A, which are all within
2% deviation from the corresponding experimental values."

The complex index of refraction, 7 = n + ik, and the associ-
ated amplitude reflectivity spectrum are shown in Fig. 1(b), mod-
eled using temperature dependent Lorentzian phonons measured in
Ref. 33 with modified oscillator strengths to reproduce the observed
reststrahlen band. Below 2 THz, the modes of mixed inorganic and
organic character dominate the dielectric response. In the tetragonal
phase at 190 K, two broadened TO modes at 0.9 THz and 1.9 THz are
evident. At temperatures below 164 K and in the orthogonal phase,
these phonons each split into two resolvable modes and narrow sig-
nificantly. For frequencies between the dominant TO phonon at 1.9
THz and the LO phonon at 3.7 THz, there is a high reflectivity rest-
strahlen band corresponding to a region where n < 1. In this region,
the reflectivity is governed by the polar lattice efficiently screening
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FIG. 1. (a) Schematic of the experiment showing the lattice structure of MAPI in orthorhombic phase. Femtosecond excitation at 800 nm injects photocarriers near the band
edge. The change in lattice and electronic contributions to the THz reflectivity are energy resolved and measured with variable pump-probe delay time 7. (b) The complex
refractive index and static reflectivity of MAPI for various temperatures extracted from Ref. 33 reporting the temperature dependence of MAPI films. Complex refractive index
n and x and static reflectivity ro are plotted as red, blue, and green curves, with temperatures at 70 K, 130 K, and 190 K indicated as solid lines, dashed lines, and dots,

respectively.

the THz field. The static reflectivity reaches a minimum at 4.7 THz,
where the lattice is least effective at screening the incident THz pulse
field. There is also a small reflectance minimum at ~1.2 THz asso-
ciated with the lowest energy optically active phonons. When pho-
toexcited mobile carriers, either as free charges or mobile polarons,
are introduced, the THz field is further screened, which increases the
reflectance. The transient reflectivity subsequently exhibits a peak at
frequencies corresponding to minima of the static reflectance.””"
At frequencies at and above 4.7 THz, dynamics are determined
primarily by electronic degrees of freedom.

lll. ULTRAFAST THZ REFLECTIVITY DYNAMICS

Time- and energy-resolved transient reflectivity amplitude
maps are shown in Figs. 2(a)-2(c) at temperatures of 190 K, 135 K,

and 80 K, respectively, with constant delay time cuts shown in
Figs. 2(d)-2(f). At various pump-probe delay times, |Ar/ro| shows
several expected peaks, which correspond to static reflectance
minima at ~1.2 THz and ~4.7 THz. In addition, two distinct
temperature-dependent peaks at ~3 THz and 7-8 THz are observed,
which do not correspond to features in the static reflectance spec-
trum. The 3 THz peak (12 meV) corresponds well with the measured
exciton binding energy Ep in the orthorhombic phase, consistent
with magnetoabsorption measurements reporting Eg = 12 meV in
the orthorhombic phase of MAPI'® and in agreement with theo-
retical estimates.’” The growth of this peak at low temperature is
consistent with an excitonic origin.

Solutions to the Bethe-Salpeter equations yield exciton bind-
ing energies on the order of 30 meV; however, it has recently
been theoretically shown that dielectric screening from low energy
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FIG. 2. Two-dimensional time- and energy-resolved maps of the transient reflectivity Ar/ry at (a) 190 K, (b) 135 K, and (c) 80 K, represented by the color scale, showing the
early delay time region of the first 2 ps for the probe frequency up to 10 THz. (d)—(f) indicate constant delay time 7 cuts at selected 7 = 1.35 ps (purple lines) and = = 0.45 ps
(black dashed lines), respectively, for corresponding temperatures, with important peaks marked by arrows and circles, shown as purple lines and black dashed lines in the

2D maps.

phonons reduces this binding energy by a factor of 2, yielding
Eg ~ 15 meV." The dynamics of the 12 meV exciton peak are shown
in Fig. 3(a), showing coherent oscillations superimposed on a ~1 ps
rise time to a steady state population, indicating that this is a global
dielectric modulation due to the impulsive screening of the lattice
polarization by free carriers and consistent with our previous work
revealing polaronic correlations,”” as well as other works.'>*” ' The
oscillations are well resolved inside the reststrahlen band but crit-
ically damped, for instance, at 2.5 THz as illustrated in Fig. 3(a),
possibly owing to phonon-phonon interactions’ with a signifi-
cant anharmonic contribution to phonon relaxation processes. This
could also be cause by the presence of structural disorder, either
static (vacancies and nanodomains) or dynamic (thermal vibra-
tions and fluctuations of octahedra) in nature.””*> They reveal a
low energy mode below 1 THz when Fourier transformed. Cal-
culations of vibrational modes weighted by electron-phonon cou-
pling element, g shown in Fig. 3(b), indicate several low energy

modes overlapping with this broadened peak. In the orthorhom-
bic phase of MAPI, both organic cation and inorganic sublat-
tice motions are responsible for up to No. 42 phonon mode cen-
tered at ~2.7 THz (yellow shaded areas), while only CH;NHj;
motions are active for higher energy phonon modes (blue shaded
areas). Full calculation data are accessible in the supplementary
material. The lowest energy mode with significant electron-phonon
coupling strength corresponds to a rocking-type mode at 0.9 THz,
as depicted in Fig. 3(c), which overlaps well with the coherent
oscillation frequency.

The second higher energy and broader peak in the 8 THz
(~30 meV) region appears nearly 1 ps after initial photoexcitation,
as marked by circles in Figs. 2(e) and 2(f). In Fig. 2(d), any peak
that may exist is poorly resolved; however, a general blue shift on
the order of ~5 meV is observed as the temperature is lowered to
80 K. The dynamics of the main 4.75 THz peak, representative of free
charge carrier dynamics, and the anomalous 8 THz peak are shown
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in Fig. 4 at temperatures of 80 K and 135 K, in the orthorhombic
phase. The data can in general be well described by an exponential
rise and biexponential decay,

r(tto) = O(t —to) x 1 x [1— e 70)/™]

x [}72 x e—(f—fo)/Tz 113 X e—(t—fo)/fs]) (2)

where 1 is time zero, 7 is the rise time, and 7, and 73 are the biex-
ponential decay time constants. #1, 2, and #3 are the corresponding
amplitudes, respectively. Time constants for |Ar/rg| of the major
peaks at 80 K and 135 K are summarized in Table I.

tions after removing slow responses. The
vibrational modes weighted by electron-
phonon coupling element g are shown
as orange lines in the 0-10 THz range.
(c) Lattice structure of MAPI and cor-
responding atomic motions indicated by
black arrows at 0.9 THz mode.

The peak in |Ar/ro| located at 4.75 THz has a sub-500 fs
rise time, which is consistent with the polaron formation time
observed in previous studies on these perovskites.”””*”’ Note
that this is well resolved by our setup, with a temporal resolu-
tion of ~35 fs. The subsequent decay of the intraband polaron
polarization is found to be temperature dependent, rising to a
steady state for T > 130 K but showing a fast, 7, ~ 0.6 ps
decay to a steady state for T = 80 K. Hot carrier cooling effects
are not likely to play a role due to pumping near the tem-
perature dependent band edge. We estimate a maximum excess
energy of ~30 meV and initial photoexcited carrier density to be

80 K o
a
( )2-0- 2.0}
150 1\ 15
- 475THz | o
£10 2 £10
< <
05| { 8 THz 05
0.0 0.0

FIG. 4. Transient reflectivity dynamics for
the two major peaks at (a) 80 K (4.75
THz and 8 THz) and (b) 135 K (4.75 THz
and 7.5 THz): Orange dots and green
dots indicate raw data, and the solid lines
are fitted curves.
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TABLE I. Time constants/ps.

Probe 4.75 THZ" 8 THz' 4.75 THz" 7.5 THZ"
- 049+0.03  092+0.15 045+0.03  0.52+0.06
T 0.59 + 0.05 .

3 >50 11.99 + 3.62 >50 12.42 + 4.99
280 K.

b135K.

~1 x 1018 cm ™. While long carrier cooling times have been reported
under a variety of pump conditions,”” *’ the reported initial cooling
rates vary between 0.1 meV/fs and a few tens of millielectron volts
per femtosecond. Should the cooling rate substantially slow down
for small excess energies of 30 meV once carriers form polaron cor-
relations,”’ these dynamics should occur on a much longer 100 ps
time scale than the initial correlation dynamics investigated here.
We assign the fast decay dynamics to trapping into defect states,
whose origin can be structural defects and vacancies, or nanoscale
domains of tetragonal phase surviving below the transition temper-
ature due to the effects of strain.”” While defect states are observed
in the tetragonal states, shallow localized states in the orthorhombic
phase have been observed by photocurrent beat spectroscopy.”’ This
picture is consistent with recent four-wave mixing (FWM) spec-
troscopy measurements’’ reporting the existence of both free and
defect bound exciton states with binding energies of 13 meV and
29 meV, respectively. This is in excellent agreement with the spec-
tral positions of our lowest energy exciton peak at 12.4 meV and
the broad 7-8 THz peak (29-33 meV). Thus, we assign the anoma-
lous peak to defect bound excitons, which decay on time scale of
73 ~ 12 ps. The rise time of the localized exciton peak, best isolated at
T = 80 K, is measured to be 0.92 + 0.15 ps, approximately twice that
of the mobile polaron formation time (0.49 + 0.03 ps). This is again
consistent with a trapping picture into defect sites, as excitons are
likely injected initially as free carriers or excitons and must diffuse
to a defect. The localization energy of such defects is estimated to be
on the order of 12-15 meV given that the peak appears to completely
broaden and disappear between 135 and 190 K. The lack of an intra-
band quantum beat, which requires both coherent center-of-mass
and intraquasiparticle excitations at hwro,” may be due to the influ-
ence of these defects, the appearance of excitonic correlations, or the
reported anharmonic nature of electron-phonon coupling.” Given
this added complexity or disorder that appears to rapidly destroy any
coherence except within the reststrahlen band, the role of the lattice
structure and dynamics remains difficult to extract. Future work will
focus on a more detailed temperature dependence in the vicinity of
the transition, perhaps combined with ultrafast structural probes.”

IV. CONCLUSION

We have performed ultrabroadband TRTS to a single crys-
tal MAPI, followed by near band edge photoexcitation at temper-
atures spanning the tetragonal to orthorhombic phase transition.
Strongly damped and spectrally broad coherent oscillations with
peak frequencies of 0.9 THz are observed in the transient THz reflec-
tivity at probe energies lying in the high reflectivity reststrahlen
band from 2 to 4 THz. The nature of these low energy phonons
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is probed through first-principles calculations including electron-
phonon coupling, which suggest that these modes derive from mixed
inorganic and organic sublattice motion. Contrary to room temper-
ature measurements, no clear intraband quantum beat is observed
at probe frequencies above the reststrahlen band, indicating that
band motion of charges is not correlated with a single, distinct lattice
mode at low temperatures as it is at room temperature but rather to
a distribution of modes similar to a solvation-type response. This is
despite the persistence of a long carrier lifetime in the orthorhombic
phase, suggesting a more complicated, dynamic mechanism than a
classic polaron response. We note that this could be complicated by
recent observations of low temperature domain formation on length
scales that are small compared with a THz wavelength (<10 ym),
which would degrade the spatially averaged coherent response.”””’
Furthermore, we identify two spectral features at 12 meV and 28-
33 meV, which we assign to THz absorption by free and defect
bound excitons. The two peaks are found to be temperature depen-
dent, reducing in strength as the temperature increases and thermal
dissociation occurs on a 12-15 meV energy scale. These measure-
ments help explain the wide spread in reported exciton binding
energies by experiments that are intrinsically sensitive to only one
population, either free or defect bound. Moreover, the presence
of these defect bound excitons indicates that their passivation is a
route toward increasing the efficiency of light emission in the low
temperature orthorhombic phase.

SUPPLEMENTARY MATERIAL

See the supplementary material for TRTS setup schematic, THz
reference pulse, temperature-dependent carrier dynamics in more
probe frequencies, and complete first-principles calculation results.
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