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The unprecedented success of hybrid organic-inorganic lead halide perovskites in photo-
voltaics motivates fundamental research to unravel the underlying microscopic mechanism

for the photoinduced charge generation. Recent studies suggest that most photo-excitations



in perovskites are free charge carriers, although the contribution of the electron-hole pairs
(i.e. excitons) at room temperature has been a matter of debate. We have employed ultra-
fast two-dimensional (2D) electronic spectroscopy to directly probe the elementary optical
excitation of CH3NH3;Pbl; thin films with ~16 fs temporal resolution. We distinctly capture
the ultrafast dissociation of excitons to the free carriers at room temperature and at 180 K.
Interestingly, we also observe that the coherent oscillations of the off-diagonal signals in the
2D electronic spectra live for ~ 50 fs at room temperature. The entropy-driven dissociation
of excitons to free carriers happens within the electronic dephasing timescale and is favored
by the low exciton binding energy which we determine to be ~12 meV at room temperature.
This ultrafast dissociation of excitons to free carriers can be one of the crucial reasons behind

the high efficiency of perovskite based photovoltaics.

1 Introduction

Hybrid lead halide perovskites (LHP) are known to have facile solution processability ! and reason-
ably high charge carrier mobility.>* Therefore, they have become an attractive emerging material
for solar cell, photodetector and lasing applications.*'® Since Miyasaka and coworkers first real-
ized perovskite-sensitized solar cells with a power conversion efficiency (PCE) of 3.8% !! in 2009
and the achievement of highly efficient solid state perovskite cells in 2012 7, the perovskite based
photovoltaics has shown phenomenally rapid rise in PCE. With improved deposition methods and
rational selection of device designs, the PCE has meteorically advanced to 22.1% based on a solid

polycrystalline perovskite absorber layer sandwiched between charge selective contacts.* >~!* For



further rational tailoring of the device efficiency and stability, it is imperative to actively pursue the

fundamental studies of underlying photophysical mechanisms for charge generation.

To advance the understanding of the basic photophysical processes, significant experimental
and theoretical efforts have been expended focusing on different aspects of the problem.? 1>-18:30
Recent studies have converged on the proposal that most elementary photoexcitations in perovskite
are free charge carriers, which behave like III-V inorganic semiconductors. In addition, the sig-
nificant role of bound electron-hole pairs, or excitons, has been realized.'*? These sub-bandgap
excitonic bound states govern key processes such as charge transport and light emission and are
thus the determining factors for the performance of any optoelectronic device.?*"?® In perspective
of photovoltaics, the coupling of the excitons to the bath and their subsequent dissociation into
free charge carriers are the central important processes in device photophysics. The exciton bind-
ing energy ([},) is one of the important parameter that dictates exciton dissociation and hence,
the determination of E}, at room temperature is crucial for accessing and further development of
any material for photovoltaics.’! For LHP, a wide range of exciton binding energies from 2 to
55 meV have been reported using steady state absorption, photocurrent, photoluminescence and

electroabsorption spectroscopies.>>’

In a recent study, using magneto-optics measurements, Fy,
at low temperature has been determined to be ~16 meV.? The value at room temperature could
not be determined by magneto optics measurements due to thermal broadening. The photolumi-
nescence spectrum of the LHP shows a narrow exciton peak at low temperature, which indicates

quite weak exciton-phonon interactions in this material.** In addition to E},, the dynamics of the

exciton is also determined by the exciton-phonon coupling.?’-?° Recent studies suggest that the



exciton screening by the collective reorientation motion of the organic cations at room temperature
weakens this interaction.’*! To gather a comprehensive understanding of the exciton dynamics
at room temperature, it is imperative to directly observe the exciton. The free-exciton peak has
been well-resolved at low temperature by the photocurrent, photoluminescence®? and four-wave
mixing spectroscopy.*? However, at elevated temperature, the exciton peak shifts and is lost within
the broad bandwidth of the free carrier transitions, which makes the detection of free excitons
challenging. Despite enormous experimental and theoretical efforts, there has been no conclusive

report of the direct generation of free excitons after photoexcitation in LHP at room temperature.

Two-dimensional (2D) electronic spectroscopy is one of the effective tools, which allows for
direct mapping of the electronic dynamics as a function of the absorption and emission wavelength.**
It is particularly useful for examining systems with manifolds of electronic states, i.e., solid-
state materials with band structures, and of systems where static disorder induces strong spec-
tral broadening and highly congested spectra. It has been successfully implemented to reveal the

excitation energy transfer pathways in the photosynthetic protein complex 43

and in inorganic
semiconductors.*>>° Here, we use 2D electronic spectroscopy to capture the electronic dynamics
of sub-bandgap bulk excitons after optical excitation of a LHP thin film at room temperature and
180 K. The high temporal resolution of 16 fs allows us to discriminate exciton and free carrier
transitions and resolve the exciton binding energy of 12 meV at room temperature. Moreover,
we observe the ultrafast dissociation dynamics of the free excitons within the electronic dephas-

ing time scale of ~ 50 fs at 296 K, resulting in primarily free charge carrier population after this

process.



2 Results and Discussion

Thin film of CH3NH3Pbl; perovskite has been prepared over a 2 mm thick quartz substrate. The
details for the sample preparation and its characterization have been discussed in the materials and
methods section. Figure 1(a) represents the absorption spectrum (red line) of the perovskite film in
a spectral range between 12000 cm~* to 15000 cm~! at room temperature. The absorption grows
steeply with photon energy starting at 12900 cm™~!. The peak at 13550 cm™! corresponds to the
bandgap transition from the valence band (VB) to the conduction band (CB). The bandgap energy
(E,) of CH3NH;3Pbl; perovskite has been reported to be 13200 cm™!, marked as a blue dashed
line in Figure 1(a).’>? The feature corresponding to excitonic transition is completely submerged
within the conduction band continuum absorption envelope. The ~16 fs excitation laser spectrum
used for the 2D electronic measurements is shown as blue shaded region in Figure 1(a). The
frequency window of the laser spectrum (12000 cm™! to 14500 cm™!) is sufficiently broad to

cover the bandgap transition as well as the proposed excitonic transition (red arrow in Figure 1(b)).

Two-dimensional electronic spectroscopy provides correlation maps between the excitation
(wt) and the probing wavelength (w;), in contrast to pump probe spectroscopy, which does not
provide resolution on the excitation frequency.** These correlation maps envisage connectivity in
different electronic transitions with high temporal and spectral resolution. To decipher the interplay
of excitonic and bandgap transitions in CH3NH3Pbl;3 perovskite, we measured a series of photon-
echo 2D electronic spectra at room temperature (296 K) and 180 K for different waiting times.

The details of the experimental set up and measurement conditions have been described in the



materials and method section. The measured 2D spectrum at 296 K for the waiting time 7" = 0 fs
is shown in Figure 2(a). The 2D correlation map at 7' = 0 fs is extremely rich and dominated by
a strong bleach signal along the diagonal with the presence of absorption signals as off-diagonal
features. The resonant bleach signature corresponds to generation of free carriers in LHP. This peak
is significantly stretched along the diagonal direction which manifests a strong inhomogeneous
broadening of the free-carrier transition. Moreover, one additional diagonal peak as shoulder is

well resolved at w, = 13100 cm™!

, although with a lower intensity. For better visualization of
this feature, a cut along the diagonal of the 2D spectrum at 7" = 0 fs is plotted in Figure 2(b). In
addition to the resonant features corresponding to different eigenstates of the bandgap transition
(shown as blue and magenta sticks), the sub-bandgap peak at 13100 cm~! (marked as red stick

in Figure 2(b)) is clearly resolved as a shoulder to the central bleach band. This peak is in good

agreement with the excitonic transition resolved by the Elliott model, which lies slightly below the

) 34,36,51 1

free-carrier transition as shown in Figurel(b -3 Hence, we assign the peak at 13100 cm™
to the excitonic transition. Since we can observe the excitonic level, this enables us to determine
the exciton binding energy Ey of the system. As shown in Figurel(b), I}, is the difference in
energy between the exciton and continuous transition. Using our observed value of the excitonic

transition (13100 cm~?) and the reported bandgap energy value (13200 cm™1),3253

exciton binding
energy has been obtained to be ~12 meV. Our value for £, is in the range of reported values of
5 to 55 meV from the previous measurements. Unlike the other approaches, the 2D spectroscopy

allows us to directly observe the resonant excitonic transition just after photoexcitation in LHP.

In addition to the strong diagonal features, the off-diagonal peaks have negative magnitude in the



2D spectrum at 7' = 0 fs. These features possibly come from the excited-state absorption of the
free-carrier band, along with a small contribution originating from the substrate (see Supporting
Information for the details of the substrate and signal contribution, Figure S2). Thus, based on the
observation of the 2D spectrum at 7" = 0 fs, we have clearly demonstrated that the free carriers and
the excitons are simultaneously generated in LHP after the photo-excitation at room temperature,

which is hard to be realized by other spectroscopic techniques.?

The 2D correlation map at 7' = 0 fs manifests the information about the fundamental line-
shape of the transitions under study and hence, can be used to extract respective time scales of
electronic dephasing.’* The lifetime of the electronic coherence generated by the coherent laser
excitation is mainly determined by the electron-phonon and exciton-phonon interactions in LHP.
Thus, the anti-diagonal bandwidth can be used as a reporter to compare the strengths of these in-
teractions. For a quantitative analysis, we fit the profile along the anti-diagonal direction for both
peaks to Lorentzian lineshapes as shown in Figure 2(c) and (d). We obtain the lifetimes of 41 fs
and 47 fs for the electronic dephasing of the free carriers and the excitons, respectively. Inter-
estingly, it is comparable to the value of a rather small solvated cyanine dye molecule.>* Hence,
the electron-phonon and exciton-phonon interactions in LHP thin film can be considered as quite
weak. This is probably caused by the protection of the free carriers and excitons in LHP by charge

screening.®

In order to track the fate of the observed excitons at 13100 cm™—! in CH3NH;Pbl;, we have

analysed the 2D spectra at different waiting times after photoexcitation. Figures 3(a), (b) and (c)



represent the 2D spectrum obtained at the waiting times 7' = 20, 50 and 200 fs, respectively. At
T = 20 fs, the 2D spectrum is significantly shrinked along its diagonal direction which indicates
a dramatically reduced inhomogeneous broadening. This is due to the loss of initial correlations
between excitation and the detection window as the time progresses and is known as spectral diffu-
sion. In addition to the changes in the diagonal features, the excited-state absorption (blue peaks)

shows separated cross peaks above 13500 cm™!

, which possibly indicates the absorption from dif-
ferent states of the continuum band. The magnitude of the exciton peak at 13100 cm ™! significantly
decays for increasing waiting times and is hard to be observed at 7' = 50 fs, as can be seen in Figure
3(b). Meanwhile, one new cross peak appears at (wy, w;) = (13550 cm™!, 12950 cm™!) (marked by
C in Figure 3(b)), although it strongly overlaps with the diagonal peak at w, = 13550 cm~!. This
cross peak C is the evidence of an electronic coupling between the exciton and the free carriers. To
gain insight to the population dynamics, we extract the time evolution traces of the selected peaks
C and D marked in the 2D spectrum at 7' = 50 fs in Figure 3(b). The kinetic traces corresponding
to these off-diagonal cross-peaks are shown in Figure 3(d). We observe that the magnitude of the
cross peak C (red line) dramatically increases and reaches its maximum within 50 fs. Interestingly,
the rise of the cross peak is complemented by the observed decay of the excitonic band at 13100
cm~!. Thus, we can conclude that photo-generated excitons undergo an ultrafast dissociation to
free carriers. Moreover, the time-dependent trace of the second off-diagonal peak (marked by a
blue line in Figure 3(d)) shows evidence of oscillations within the initial time window of 50 fs,

which also matches with the timescale of electronic dephasing extracted from the anti-diagonal

bandwidth discussed in Figure 2(c) and (d). To explore the temperature dependence of the exci-



ton dissociation process, we measured the 2D spectra of a CH3NH3Pbl3 thin film at 180 K. The
excitonic peak is better separated from the bandgap absorption at low temperature, as shown in
the supporting information, Figure S5. The kinetic traces of the cross peaks C and D at 180 K are
shown in Figure 3(d) as green and magenta dashed lines, respectively. They show similar feature
of the population transfer within the initial 50 fs (green dashed line) and the short-lived oscilla-
tions (magenta dashed line), as has also been observed at room temperature. To further resolve the
observed oscillations, a Fourier transform analysis has been performed which shows a broadband
peak centered at 750 cm™ ! (see supporting information, Figure S6). Additionally, the central peak
in the 2D spectra for 7' = 50 fs has decayed further and the magnitude of the off-diagonal peaks
corresponding to the excited-state absorption is significantly reduced, as shown in Figure 3(b). At
T = 200 fs, we do not observe excited-state absorption in the free-carrier region nor is there any
evidence of significant inhomogeneous broadening. Instead, the cross peak between the exciton

and the free carriers can be seen more clearly as a stretch along w; in the 2D spectrum.

To ensure that the exciton decay has no contribution from exciton-exciton scattering, the
energy of the pump beam has been tuned to generate the excitons well below the Mott density
(more details are given in the supporting information). The kinetics of the exciton and free-carrier
peaks are extracted from the 2D spectra and shown in Figure 4(a) and (b), respectively (marked
by A and B in the 2D spectra at 7' = 0 fs in Figure 2(a)). Unlike free carriers, excitons decay
independently of the pump energy which signifies the linear regime for the exciton dynamics.
The exponential decay of the exciton peak with a 30 fs time constant shows that the free excitons

undergo an ultrafast dissociation process to free carriers. In contrast to the exciton decay, the



decay rates of the free carriers show strong dependence on the pump power, as shown in Figure
4(b). The observed increased rate of recombination of free carriers at higher intensities is caused
by second-order non-geminate recombination process.*® Thus, the decay of the exciton to free
carriers happens on an ultrafast timescale which has been observed to be similar to the electronic
dephasing timescale. This unusual energetic uphill transition can possibly be explained as an
electronic process which is entropically driven by the electronically coupled much higher density
of states in the conduction band. For the analogy of this process, Zu and co-workers also observed
coherent electronic coupling in tetracene molecules which overcome the energy barrier in singlet
fission.> To verify this, we compared the kinetic traces of the exciton peak at room temperature
and 180 K (as shown in Figure 4(c)). We observe that the rate of exciton dissociation is not
sensitive to the temperature factor, which is strongly related to acoustic phonons in the lattice. This
temperature-independent dissociation validates our understanding of entropically driven ultrafast

exciton decay.

To gain further insight, we have generated the three-dimensional matrix of time-evolved 2D
electronic spectra and analyzed the kinetics by the global fitting approach.’® Additionally, we have
also performed the correlation analysis (see the supplementary information for details) of the resid-
uals obtained by subtracting the underlying global kinetics from the measured data. This analysis
provides the 2D correlation map as shown in the supporting information, Figure S4. We observe
that the cross peaks in the correlation map can generally be divided into two parts along the diago-
nal direction. First, many cross peaks are present above the frequency 13500 cm™! with a negative

magnitude, which clearly shows evidence of the associated oscillations during the free-carrier dy-

10



namics. The cross peaks are marked by the black dotted lines to illustrate the possibility of related
vibrational levels in the conduction band. Secondly, two cross peaks are clearly resolved with
positive magnitude (although being weak), which corresponds to the correlation of the exciton and
free-carrier band. Earlier reports from different groups have shown that the positive correlation in
this correlation analysis provides evidence of electronic coherence. *>7 Thus, based on this corre-
lation analysis and the timescale of the electronic dephasing, our measurements on CH3NH3;Pbls
perovskite hint towards the possible role of electronic coherence in ultrafast exciton dissociation
into free carriers. However, the short lifetime of the coherence along with the small magnitude of
the exciton signal renders it extremely hard for us to ascertain the functional role of the electronic
coherence. Thus, we cannot exclude the possibility that the energy-uphill transition of the exciton
to the free carriers is barely driven by entropy which is facilitated by the electronically coupled

much higher density of states in the conduction band.

In order to resolve the relative contributions of the vibrational frequencies that produce the
beating in the 2D spectra, a Fourier transform of the residuals from the global analysis has been
performed (see the supplementary information for details). In order to show the signal-to-noise
ratio, the power spectrum in the particular region of the free-carrier band is plotted in Figures
4(d), (e) and (f). To visualize these vibrational modes, we have plotted the 2D vibrational maps
as shown in the supporting information, Figure S7. In addition to a strong peak at 190 cm™?,
two low-frequency vibrational modes at 48 and 96 cm™! are clearly resolved. Based on the re-

59,60

ported quantum calculations, they are assigned to the “breathing” modes of the inorganic oc-

trahedra, which have been suggested as the central important modes related to the charge-carrier

11



dynamics in LHP.5! In the light of the weak electron-phonon coupling in perovskite, the role of
these lattice modes should be revised using other spectroscopic techniques. Finally, a few high-
frequency modes associated with CH3NH; have also been observed which are primarily centered
in the conduction band (see the supplementary information) and are in agreement with the reported

literature.®0- 62

3 Conclusions

In conclusion, we have established direct spectroscopic evidence for the co-existence of excitons
and free carriers in the LHP after photo-excitation at room temperature and 180 K using 2D elec-
tronic spectroscopy. Direct observation of the exciton after photoexcitation allows us to obtain the
binding energy of 12 meV for LHP at room temperature. This shows that the binding energy E,
does not completely collapse at room temperature, but retains a similar value to that determined
at lower temperatures.®> Additionally, the high temporal resolution enables us to capture the ultra-
fast decay of free excitons to the charge carriers occurring in a time span of 50 fs. Based on the
correlation analysis, we show that this entropically driven uphill transition is probably favored by
the coherence between excitonic and conduction band of states. The timescales of the electronic
dephasing, 41 fs and 47 fs, have been resolved by measuring the anti-diagonal bandwidth of the
2D spectrum at zero waiting time. This indicates the relatively weak exciton-phonon and electron-
phonon interaction in the LHP. Moreover, it indirectly provides indication that excitons and elec-
trons in LHP are possibly protected by charge screening effects.® This possibly provides a degree

of immunity to mid-gap state trapping and associated non-radiative decay losses. Our results pro-

12



vide important fundamental insight into the nature of photo-generated species at the band-edge of
LHP which elucidates the photophysical mechanisms underlying the remarkable performance of

this material in optoelectronic devices.

4 Matierials and methods

Sample preparation. The precursor solution for the perovskite film was prepared by dissolving
442.2 mg of methylammonium iodide (Dyesol) and 351.2 mg of lead(IT)acetate trihydrate (Sigma-
Aldrich) in 4 ml of anhydrous N, N-dimethylformamide (Sigma-Aldrich). The perovskites films
were prepared by spin-coating the precursor solution at 2000 r.p.m on quartz substrates for 45 s
under a nitrogen atmosphere in a glove box. Then, the films were left for drying for 10 minutes
followed by annealing at 100 °C for 5 minutes in the glove box. The UV-Vis spectrum of the
thin film was taken on a Carry 300 UV-Vis spectrometer. The steady-state photoluminescence
measurement was done on a Flourolog Horiba Jobin Yvon. A scanning electron microscope image

was taken on a Hitachi S-4300 (see Supporting Information for the characterization data).

Experimental setup and measuring conductions. Ultrashort coherent pulses were generated by
a home-built nonlinear optical parametric amplifier pumped by a commercial femtosecond laser
Pharos (Light Conversion). A broadband spectrum with a linewidth of 100 nm (FWHM) was cen-
tered at 13300 cm™! such that an overlap with the near infrared region of the absorption spectrum
of Perovskites is achieved. The excitation pulse was further compressed to the Fourier transform-

limited with duration of 16 fs by the combination of a prism pair (F2) and a deformable mirror

13



(OKO Technologies). Their temporal profiles were characterized by means of frequency-resolved
optical grating (FROG). The measured FROG traces were analyzed using a commercial program
FROG3 (Femtosecond Technologies). The 2D spectra were collected in an all-reflective 2D spec-
trometer based on a diffractive optic (Holoeye) with a phase stability of A/160 whose configu-
ration is described elsewhere %. Further components were the Sciencetech spectrometer model
9055 and a high-sensitive CCD linear array camera (Entwicklungsburo Stresing). The 2D spectra
were collected at each fixed waiting time T by scanning the delay time 7 = ¢; — ¢, in the range
of [—128fs, 128fs] with a delay step of 1 fs. At each delay point, 200 spectra were averaged to
improve the signal to noise ratio. The waiting time 7" = t3 — ¢, was linearly scanned in the range
of 0 — 2 ps in steps of 10 fs, and with a logarithmically spaced delay time-step up to 100 ps. The
energy of excitation pulse is limited to 18 nJ with 1 KHz repetition rates for room-temperature
measurements. To check the pump fluence dependence, we also carried out measurements with
different pump energies (see Fig. 4(a), (b) and Supporting Information for details). Three pulses
are focused on the sample with the spot size 100 ym and the photon echo signal is generated in the
phase-matching direction. To avoid oxidation, the sample was kept in the cryostat (MicrostatHe2
(Rect. Tail) from Oxford Instruments) under vacuum condition (1.7 x 1076 Pa). To check for re-
producibility of the results, measurements are performed on different spots on the perovskite films

as well as films prepared from three different batches which showed similar spectral features.

Data Analysis. 2D spectra are obtained from the measured photon-echo (PE) signals according
to an established earlier reported procedure.** Briefly, the PE-traces extracted from the heterodyne

signals were transformed along the delay axis 7 in a whole measuring range (which results in

14



a frequency axis w;) using numerical Fourier transform. The spectra along the observation axis
which corresponds to the wavelength scale in the spectrometer were interpolated to the equally-
spaced frequencies w;. Phasing of the obtained 2D spectra, i.e., finding the correct delay of the
local oscillator (LO)-filter used, was performed using an “invariant theorem”.* It states that the
real parts of both heterodyne-detected PE and transient grating (TG) spectra are equal at zero
delay time, 7 to the pump-probe (PP) spectrum measured at the same waiting time, 7. We perform
phasing of the PE heterodyne signal based on the PP signal at the particular waiting time. The

stability of the measurement can be examined by the LO delay.
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Figure 1: (a) Absorption spectrum of CH3NH3Pblj; thin film at room temperature (296 K) is shown
as red trace. The laser spectrum used for 2DES measurements is depicted by the blue shaded curve.
The bandgap energy, E, has been marked as blue dotted line at 13200 cm™'. (b) Free-energy
diagram depicting sub-bandgap exciton levels in relation to the conduction band edge. The energy
gap between conduction band (CB) minima and exciton level is defined as the exciton binding

energy, Fy. Black and red arrows represent the bandgap and excitonic transitions, respectively.
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Figure 2: (a) Measured 2D electronic spectrum (total) at room temperature with the waiting time
(Red: ground state bleaching, blue: excited state absorption), 7" = 0 fs. At7T" = 0 fs, the central
peak, B at w, = 13550 cm ™! is significantly elongated along the diagonal direction, which indicates
strong inhomogeneous broadening of the free carriers. An additional central peak has been labeled
by A atw, = 13100 cm ™! which corresponds to the sub-bandgap excitonic transition; (b) a diagonal
cutoff from 2D spectrum at 7" = 0 fs is projected to w,. In addition to the features in free carrier
band (marked by the blue and magenta sticks) above 13500 cm™?, the exciton peak at 13100 cm ™!
(marked by the red stick) can clearly be resolved. The dashed line at 13200 cm™! indicates the
bandgap energy for the CH3NH3Pbl3; (c) and (d) represents the cut along anti-diagonal profile
from the 2D electronic spectrum at 7' = 0 fs, which has been marked as (black) and (red) dashed
line in (a), respectively. The corresponding bandwidths are resolved by fitting it to a Lorentzian

lineshape function, which yields the associated t%rzle scales of the electronic dephasing of 41 fs and

47 fs for free carriers in (c) and excitons in (d), respectively.



140 F
i I
e 135
O
=3
g 180 F
125 F
125 13.0 135 14.0 125 13.0 135 14.0
-1 -1
oy (kem™) oy (kem™)
(c)
L] n n L
(d)
14.0 F 0.08 ’
— = 002 fime o TYMAL/
- 135 F = : ' : : '
5 3 oo
< s
© 13.0 | o okl e T : ]
C} 3 —C (296 K)
2 oot} C (180 K)|
125 | 1& : : :  |—D 96K
—0.02F R ----------- ‘‘‘‘‘‘‘ -=--D (180 K)}-

125 130 135 14.0 0 50 100 150 200 250 300 350 400

O (kcm"1)

Figure 3: The time-evolving 2D electronic spectra at 20 fs, 50 fs and 200 fs after photoexcitation
are presented in (a), (b) and (c), respectively. The time traces of the cross peaks at (w,, wy) =
(13550, 12950) cm~! and (12950, 13550) cm™! are shown in (d). The corresponding peaks are
marked as C and D in the 2D spectrum of 7" = 50 fs. For the comparison, the kinetic traces of
cross peaks in 2D spectra at 180 K are shown as the dashed lines in green (C) and magenta (D).
For the better visualization, the magnitude of the blue line (296 K) has been magnified by a factor

of 3.
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Figure 4: (a) Pump fluence dependence on the exciton and free carrier decay for different exci-
tation energies (5, 10 and 18 nJ). All the traces show the initial fast exponential decay with the
time constant of 30 fs. This power-independent exciton dissociation clearly demonstrates the pro-
hibition of exciton-exciton annihilation in our measurement; (b) Dynamics of the free carrier with
different excitation energies. The power-dependent decay traces of the free carrier peak show evi-
dence of non-geminate recombination at higher pump-fluence; (c) A comparison of kinetics of the
exciton peak, (w;, w;) = (13150, 13100) cm~! at different temperatures 296 K (red line) and 180
K (blue square); (d), (e) and (f) The power spectrum of vibrational modes in particular region of
2D spectra. One strong vibrational mode of 190 cm™ can clearly be observed in all power spectra
extracted from different regions of the 2D map.219n addition, several low-frequency vibrations can

be resolved at (w-, wy) = (13500, 13300) cm™!. The high-frequency modes carry low intensities.



