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Probing free-carrier and exciton dynamics in a bulk semiconductor
with two-dimensional electronic spectroscopy
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We employ partially collinear two-dimensional electronic spectroscopy to disentangle precisely the ultrafast
dynamics of excitons and free carriers in gallium selenide. Femtosecond temporal and meV energy resolution
in the visible spectral region allows us to observe ultrafast bleaching at the exciton resonance with a relaxation
time of 112 fs that corresponds to the thermal dissociation of excitons at room temperature, and is orders of
magnitude faster than carrier relaxation in the bulk crystal. Our method is applicable to other functional materials,

two-dimensional systems, and nanostructures.
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The development of future semiconducting devices operat-
ing at high frequency and interfacing with fast optical modula-
tion depends on the detailed understanding of nonequilibrium
carrier dynamics in semiconductors at the fundamental level.
These efforts target in particular two-dimensional materials
[1,2] and functional hetero- or nanostructures [3], whose op-
tical properties can be engineered to match a wide range of
applications. Ultrafast spectroscopy is an established tech-
nique for the investigation of carrier dynamics following an
impulsive photoexcitation in a condensed matter system [4].
However, the broadband nature of ultrafast pulses prevents
intrinsically the precise energy resolution of the excitation
process. To disentangle energetic correlations, quasiparticles,
and the interplay of resonances within the spectral profile
of ultrafast pulses, two-dimensional (2D) spectroscopy em-
ploying a sequence of three or more pulses must be applied
[5]. It is a powerful technique that has been widely used to
study the coupling of molecular resonances in the infrared
[6,7], however, its application to femtosecond dynamics of
solid state materials is still new [8,9]. Recent studies on
functional materials show the exciton dissociation measured
by 2D spectroscopy, for example in epitaxial quantum wells
[10-12], nanocrystals [13], hybrid organic-inorganic per-
ovskite materials [14,15], or organic semiconductors [16,17].
The investigation of ultrafast carrier dynamics in classic in-
organic semiconductors with full access to the excitation
dynamics is an important step towards developing modern
photonic devices. Mapping the small relative changes in an
electronic system whose optical properties are defined by
continuum states and many-body interaction instead of indi-
vidual molecular resonances [18] requires high sensitivity of
the optical setup.

In this work, we present 2D electronic spectroscopy ex-
periments with sub-10 fs time and 2 THz (8 meV) energy
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resolution, probing the ultrafast carrier dynamics in bulk gal-
lium selenide (GaSe), a layered semiconductor with a band
gap of approximately 2 eV. With this example, we target
a material with high technological relevance for nonlinear
optics applications [19-21] as well as photonic sensing de-
vices [22,23]. Motivated by the counterintuitive excitonic
suppression [24] and interlayer coupling [25] when approach-
ing the few-layer limit, we measure the ultrafast relaxation
of room temperature excitons in an optically thin crystal
of GaSe (e-polytype) with distinct access to the excitation
energy paving the way to future investigation of few-layer
samples and other 2D materials with impact for novel opto-
electronic devices [26]. Previous 2D spectroscopy studies on
GaSe have investigated excitonic coupling, providing precise
information of temperature dependent linewidth and exciton
ground state splitting [27], however these measurements lack
spectral bandwidth and temporal resolution to resolve the
dynamic evolution and the coupling to the continuum of the
electronic wave functions within the band structure. Our par-
tially collinear three-pulse experiment reveals the transient
absorption change as a function of excitation and detection
energy, allowing us to disentangle exciton (E) and free-carrier
(FC) dynamics despite the broadband excitation pulse, and
mapping the complex many-body interactions in this tran-
sient state. We extract the exciton lifetime tg = 112(£8) fs
at resonant excitation Eg = 2 eV, describing the ultrafast dis-
sociation of excitons as depicted in Fig. 1(a).

Our experimental setup is based on a commercial Yb:KGW
amplifier operating at 50 kHz repetition rate [4]. Broad-
band pump pulses are generated by a noncollinear optical
parametric amplifier (NOPA) and transformed to a collinear
phase-locked pulse pair with variable delay by an in-path
interferometer based on birefringent wedges (TWINS) [28].
We use a white light supercontinuum as probe pulses, which
are resolved in a high-speed spectrograph operating at the
full repetition rate of the laser [4]. Custom chirped mirrors
achieve pulse durations <10fs for pump and probe pulses
despite high material dispersion in the interferometer, which is
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FIG. 1. (a) Sketch of the partially collinear 2D experiment and
time ordering of pulses. TWINS: in-path interferometer; WL: white
light; NOPA: noncollinear optical parametric amplifier. (b) Linear
absorption « and (c) differential transmission signal AT/T o< —Ax
illustrating dynamic changes observed in the experiment (see text).
(d) Normalized pulse spectra and measured absorption of bulk GaSe
at room temperature.

shorter compared to the investigated dynamics. The spectrom-
eter resolution is 0.4 THz (2 meV) and excitation dynamics
can be resolved with up to 1 THz (4 meV), limited by the
scan range of the TWINS interferometer. Figure 1(a) schemat-
ically depicts the pulse sequence and relative delays of the
experiment. Owing to the combination of high pulse energy
and good counting statistics, our system provides an ideal
platform to investigate many-body interactions connected to
population dynamics in solid state functional materials. In this
configuration, the probe pulse itself acts as a local oscillator
for precise phasing of the emitted signal and subcycle phase
stability between pump pulses enables long-term stability on
the order of days without active stabilization.

GaSe features a strong excitonic resonance even at room
temperature mediated by the strong binding energy of 10 meV
[29,30]. Such strongly bound exciton transition is due to the
relatively flat dispersion of valence and conduction band orig-
inating from the layered structure of the lattice [31]. In the
linear absorption spectrum [black line in Fig. 1(b)] the exciton
is revealed by the absorption peak at Eg, just below the fun-
damental band gap of free carrier excitation Eg. Differential
absorption of the bulk sample can be linked to the dynamic
change of transmission measured in the experiment: —Aw
AT/T. A gray dashed line in Fig. 1(b) schematically indicates
the continuum absorption by free-carrier interband excita-
tions. In a typical pump-probe experiment, upon impulsive
photoexcitation, the signal associated to the excitonic absorp-
tion peak in GaSe bleaches and redshifts. This is the result of
competing processes including Coulomb screening [32] and
many-body effects induced by free carriers that renormalize
the linear absorption profile on ultrafast time scales [33]. In
addition, the depopulation of states near the band edge can
reduce transiently the absorption at the exciton resonance. In
a differential spectrum [Fig. 1(c)] the observed effects relate
to a derivate-shape feature (shift, red line) and bleaching of the
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FIG. 2. 2D spectra of differential transmission change (A7/T)
as a function excitation and detection energy. (a) Spectral profiles
obtained by integrating the 2D map over the excitation energy (black)
and for = Ofs (red, dashed) as discussed in the text. (b) Standard
pump-probe spectrum obtained at fixed 7 = 0fs. (c¢)—(f) 2D spectra
at increasing delay time Af. Red (4) and blue (—) areas show in-
duced transparency (bleaching) and photoinduced absorption (PIA)
respectively. Colored dashed lines and circles highlight excitation
energies for the analysis of temporal dynamics. Solid black lines
mark the spectral diagonal and dashed lines at hv = 1.99eV serve
as a guide to the eye.

optical transitions (blue line). Importantly, these two distinct
spectral signals overlap and clutter the spectroscopic inves-
tigation, rendering extremely difficult their precise untangling
for the extraction of the timescales at which they occur. Hence,
the detailed understanding requires a multidimensional spec-
troscopy approach that allows the decluttering of the signal at
frequency neighboring the excitonic transition while preserv-
ing the temporal resolution.

For these reasons, we perform the 2D spectroscopy investi-
gations on a free-standing 2-um-thick flake of e-GaSe, which
provides an ideal compromise of a large optical response and
sufficient transmissivity at resonant photon energies. Figure 2
shows two-dimensional (2D) maps of differential transmis-
sion change AT/T color coded as a function of detection (v,
horizontal axis) and excitation energy (hv,, vertical axis) as
well as increasing pump-probe delay time A¢ in different pan-
els (c)—(f). These spectra are obtained by scanning the pump
pulse interference t at fixed delay Az and recording the spec-
trally resolved relative transmission of probe pulses, hence
expanding lines of fixed delay At from the standard pump
probe spectrum [Fig. 2(b)] by an excitation axis with 2 THz
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(8 meV) spectral resolution. Through appropriate phasing and
calibration measurements the real part of the Fourier trans-
form along the coherence time t yields the excitation energy
[28]. Differential transmission of the 2D spectra is scaled in a
two-step procedure. At first the 2D differential transmission is
rescaled such that the spectral integration (average) along the
excitation axis of 2D spectra (black) matches the differential
profile measured at T = O fs (red, dashed), before performing
the Fourier transform [Fig. 2(a)]. The perfect agreement of
both spectral profiles emphasizes that the 2D spectra fully
contain and only expand the information obtained in standard
pump-probe experiments (single excitation pulse) by adding
the excitation axis. In a second step, the resulting spectrum
is normalized along the vertical axis by the spectral intensity
profile of the excitation pulse to account for different spectral
weight. For this, we scale the average spectral intensity of the
excitation pulse in the range 1.8-2.45 eV to unity. As a result,
the maximum amplitude of differential transmission change
in the 2D spectrum can exceed the maximum modulation
AT /T = 0.05 of the integrated spectrum [Fig. 2(a)]. This em-
phasizes the role of competing effects at different excitation
energy that can be extracted in the 2D spectrum, while they
cancel out in a standard pump-probe experiment. In fact, the
2D spectrum at At = 20 fs [Fig. 2(c)] disentangles the contin-
uum response, showing photoinduced absorption (PIA) below
and a positive signal above the diagonal. While PIA relates to
the renormalization of continuum absorption [Fig. 1(b)], the
temporal evolution of 2D maps shows clearly bleaching on
the diagonal that diffuses towards lower detection energies as
expected by thermalization of the free carriers and visible in
the region above the diagonal that is characterized by weak
positive signal. It should be noted that the signal associated
to free carriers is rather faint due to the large density of states
and the weak pump excitation. The integrated response of free
carriers in a pump-probe measurement [Fig. 2(b)] is restricted
to very short delays and remains at its peak one order of
magnitude weaker, providing a measure for the instrument
response with full width at half maximum (FWHM) < 30fs
centered at At = Ofs.

Colored arrows and horizontal dashed lines in the 2D
spectra in Fig. 2 highlight specific excitation energies: reso-
nant exciton excitation at 2 eV (blue), free carrier interband
excitations at high photon energy > 2.1eV (green), and the
intermediate regime (red). The fluence of the excitation pulse
employed in the experiment is 1.5 mJ/cm? in free space, cor-
responding to an approximate photocarrier density of 1.4 x
10'8 cm™3 [34]. At this fluence two-photon excitation remains
negligible as no differential signal is present at energies below
1.98 eV. The maximum relative change of transmission of
the integrated spectrum is on the order of 0.05, matching to
the differential pump-probe spectrum at T = O fs [Fig. 1(a)].
All panels in Fig. 2 show a derivative-shape differential sig-
nal along the horizontal axis that represents the dynamic
renormalization shift of the exciton resonance as sketched in
Fig. 1(c). The vertical extension of this transient signal to-
wards high excitation energy emphasizes the dominant optical
response of the excitonic resonance due to renormalization
effects, while the diagonal response [35] due to direct Pauli
blocking remains negligible in comparison. At short delays
At < 500fs [Fig. 2(c)-2(e)] this signal is superimposed by
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FIG. 3. Horizontal slices from the 2D maps in Fig. 2 highlight
the temporal evolution of differential absorption spectra at specific
excitation energy: (a) at the exciton resonance hv, = 2¢eV, and (b) at
photon energies higher than the band gap E;. A vertical dashed line
marks the detection energy 7v = 1.99 eV as a guide to the eye. Black
arrows highlight transient dynamics as discussed in the main text.

a strong enhancement of the differential transmission (red).
This ultrafast bleaching is distinct to photon energies near
the excitonic resonance at 2 eV, and hence a measure for
the total exciton population [3,36,37]. In condensed matter
systems, optically excited excitons may also scatter out of the
light cone, i.e., to dark excitons with nonzero center-of-mass
[38]. However, the main signal observed in the experiments is
due to the renormalization and bleaching of the direct exciton
transition caused by all quasiparticles created by the excitation
and as such is insensitive to the excitonic character.

The waterfall plots in Fig. 3 compare the temporal evolu-
tion of ultrafast bleaching at two distinct excitation energies:
(a) at the exciton resonance hv, = Eg, and (b) free carrier
excitation hv, > Eg. Profiles correspond to horizontal cuts
along 2D spectra in Fig. 2 showing the transient dynamics
at additional pump-probe delay steps At. Free-carrier excita-
tion and Coulomb renormalization of the excitonic transition,
causing the derivative-shape spectral profile of differential
transmission [Fig. 3(b)], is instantaneous and remains steady
in the range of investigated delay times owing to the slow
(> 100 ps) carrier relaxation. In contrast, excitation resonant
to the excitonic transition at 2 eV [Fig. 3(a)] emphasizes the
ultrafast exciton dynamics captured by the fast relaxation of
the predominantly positive peak associated to the bleaching
of the transition. In addition to the shifting and bleaching
illustrated in Fig. 1(c), our data may contain a transient in-
crease of the exciton linewidth at sub-50-fs delay identified by
a differential transmission proportional to the second deriva-
tive of the excitonic absorption, as highlighted with black
arrows for At =20fs in Fig. 3(a). The limitation of this
effect to resonant excitation [not seen at higher excitation
energy in Fig. 3(b)] directly relates it to the exciton population
of the system, also known as excitation induced dephasing
[12,39], which can dominate bleaching at short delay [40]. At
time delays Ar > 500 fs, the bleaching effect fully disappears
and spectral profiles resulting from free-carrier and exciton
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FIG. 4. (a),(b) Ultrafast relaxation of differential transmission
change AT/T extracted at the position of colored circles in Fig. 2.
Dashed lines (dark blue) show an exponential fit as described in the
text. Gray data points (Ar < 50 fs) are not included for the fit. (c) Fit
amplitude A (squares) and relaxation time T« (circles) as a function
of excitation energy. Shaded areas denote the fit uncertainty.

excitations appear strikingly similar, with minor differences
discussed in the following.

The ability to distinguish precisely the ultrafast optical
response related to different excitation energies within the
broadband spectrum is a key ingredient to fully explore and
understand the carrier dynamics of functional materials. The
combination of energy resolution enabled by 2D electronic
spectroscopy and exceptional sensitivity in the experiment
allow us to focus our attention to extremely narrow spectral
features of the 2D map. Figures 4(a) and 4(b) show the tem-
poral evolution of differential signals extracted at different
spectral positions, highlighted by colored circles in Fig. 2(c),
using a 2D Gaussian filter with 1 THz (4 meV) FWHM spec-
tral bandwidth. The spectral interval of detection energy for
this analysis is centered at 1.99 eV and chosen such that the
optical response from free carriers at hv, > 2.15eV levels to
zero. By choosing the excitation energy resonant to the exci-
ton transition, a strong and clear signal arises. An exponential
fit AT /T (At) = Aexp(—At/Twelax) + C captures the ultrafast
relaxation, providing amplitude A, relaxation time Tyej,x, and a
static offset C as a function of excitation energy. Figure 4(c)
presents the dependence of fit parameters on excitation energy
in the vicinity of the exciton resonance, with shaded areas
denoting the fit uncertainty. The relaxation time reaches a
maximum Tjx = 112(£8)fs at hv, = 2eV, revealing the
most efficient excitation of excitons, which we identify with
the thermal dissociation of excitons to free carriers 7g. A
slightly increased signal amplitude at energies just below this
resonance relates to a reduced density of states in the band
structure and hence a stronger differential signature of the
bleaching process.

The offset C of the transient signal at resonant excitation
energy highlighted in Fig. 4(b) is inherent to our measure-
ments and remains static in the range of investigated delays.
It relates to a weak static bleach near the band edge caused by
the increased lattice temperature that becomes insignificant at
reduced excitation pulse fluence <1 mlJ/cm?. At very short
delays (At < 501fs), when the exciton population is high, the
encircled area of the 2D spectrum in Fig. 2(a) highlights pho-
toinduced absorption (PIA) at photon energies of interband
free-carrier excitations. This transient increase of absorption
is related to the strong depopulation of electronic states near
the valence band edge when pumping the system at high flu-
ence, which recovers with refilling through intraband carrier
scattering within 100 fs of the excitation.

Independent measurements with different sample thickness
reveal identical relaxation dynamics. At reduced excitation
pulse fluence (0.6mJ/cm?), we find an exciton relaxation
time of 113(£9) fs (not shown). Considering a reduction of
excitation fluence by a factor of 3, this confirms that the ob-
served effect is nonthermal and widely independent of carrier
population in the material. By setting the lower fit limit to
50 fs (vertical line), thereby not including coherent effects
near the overlap, the extracted exciton relaxation time is iden-
tical for all measurements and at all investigated fluences
underlining a negligible dependence on carrier population for
this relaxation process. Indirect excitons at the M point of the
Brillouin zone, which have 10 meV lower excitation energy
[41], remain inaccessible in the experiment due to insufficient
momentum of photons.

In conclusion, we have shown how 2D electronic spec-
troscopy is capable to disentangle ultrafast dynamics in a
semiconductor with 10 fs temporal and down to 1 THz
(4 meV) spectral resolution in the visible frequency range.
The higher dimensionality of the data obtained with our
three-pulse experiment allows us to precisely determine the
optical response as function of excitation frequency without
sacrificing temporal resolution. In an optically thin but bulk
sample of GaSe, we were able to extract the precise lifetime
of the excitonic ground state at room temperature, which is
112(£8) fs with resonant excitation at 2 eV. The presence
of bound excitons manifests itself in a transient reduction
of absorption at the exciton resonance. This feature is not
noticeable in standard pump-probe measurements due to the
broadband nature of ultrashort pulses that causes a dominant
response from free carriers. Our sophisticated phasing and
calibration procedures allow us to reconstruct the differential
transmission in 2D spectra independent of the spectral pulse
profiles, and hence provide valuable information beyond the
pure temporal dynamics. We envision to target GaSe thin films
and other 2D materials in future experiments [24].

The experiments in GaSe discussed throughout this work
strikingly demonstrate the power of this technique and its
applicability to bulk solid-state materials in order to disen-
tangle the distinct exciton and free-carrier dynamics in a bulk
semiconductor. The quantitative mapping of interesting fea-
tures seen in 2D spectra especially at short delay motivates
ongoing theoretical investigations. Our findings pave the way
for future investigation of materials exploring energetic and
quasiparticle correlations.
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