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Abstract. Time-resolved ARPES makes it possible to directly visualize the band dispersion of photoexcited
solids, as well as to study its time evolution on the femtosecond time scale. In this article, we show how this
technique can be used to monitor the ultrafast hot carrier dynamics and the conduction band dispersion in
two typical monochalcogenide semiconductors: direct band gap, n-type indium selenide and indirect band
gap, p-type germanium selenide. With this approach, one can directly estimate the effective electron masses
of these semiconductors. Moreover, the dynamics of hot electrons in the two semiconductors are analyzed
and compared. Our findings provide valuable information for the use of monochalcogenide semiconductors
in future optoelectronic devices.
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1. Introduction

The electronic structure is a unique characteristic of a crystalline solid and encodes crucial
information that determines the material’s electrical, magnetic and optical properties. Therefore,
the efforts to understand the electronic structure in a solid have been one of the central themes
of condensed matter physics, and angle resolved photoemission spectroscopy (ARPES) is one of
the most direct experimental techniques to measure the energy band dispersion E = E(k) [1].
From the functional point of view, not only the equilibrium electronic structure, but also its
out-of-equilibrium properties play a crucial role in the response of the system to an external
excitation. Time-Resolved ARPES, where photoemission spectroscopy is performed in a pump–
probe configuration using ultrafast light pulses, makes it possible to extend to the excited states
all the advantages of this method, providing the time evolution of the non-equilibrium system,
E = E(k, t ). Figure 1 shows a schematic diagram of the way time-resolved ARPES is implemented
on the FemtoARPES setup [2].

In a semiconductor, the band gap is the main parameter determining device performance,
and the dispersion of the conduction band (or valence band) is related to the electron (or
hole) effective mass and consequently to the carrier mobility in a device [3–6]. For example,
in indirect band gap semiconductors, the radiation recombination is far slower compared to
direct band gap, as the absorption or emission of phonons need to be involved in the process,
which is not suitable for light emission devices [7, 8]. In anisotropic semiconductors such as
black phosphorus, the dispersions of conductions band along each high symmetric directions
are significantly different, which corresponds to giant electron effective mass differences, and
the mobility is highly direction dependent [9, 10].

ARPES is the most direct way to observe the electronic structure of a semiconductor with
high energy and momentum resolution. For example, the electronic structure of indium selenide
(InSe) has been directly observed by ARPES in a previous study, and it shows out-of-plane
dispersions by changing photon energy, which indicates a quasi-two dimensional nature of the
bulk material; in addition, if the electronic structure of InSe is modified with surface alkali atoms
doping, the observed ∼1.3 eV band gap in bulk InSe is subsequently reduced as function of
doping [11].

As mentioned above, time-resolved ARPES gives us the possibility to finely observe photoex-
cited empty electronic states as well as their ultrafast dynamics [12,13]. This approach has already
been successfully applied to topological insulators, strongly correlated materials, and some semi-
conductors [14–18]. For example, in gallium arsenide (GaAs) Kanasaki et al. directly determined
the energy-, momentum-, and time-resolved distribution of hot electrons photoinjected into the
conduction band by time-resolved ARPES, and found an intervalley transition time as short as
20 fs [19]. In addition, by using the same method, we transiently occupied the conduction band
of black phosphorus by an ultrafast pump pulse and measured the gap value with a subsequent
probe pulse. The negligible band gap renormalization and Stark broadening have been observed
and explained [10].

Van der Waals stacked monochalcogenide semiconductors such as indium selenide (InSe)
and germanium selenide (GeSe) have attracted a lot of interest in recent years because of the
widely tunable band gap as function of thickness and ultrahigh carrier mobility in field effect
transistors (FETs). The carrier mobility in few-layer InSe is as high as 103 cm2·V−1·s−1 and
104 cm2·V−1·s−1 at room and low temperature, respectively [4, 7, 20–22]. This value is compatible
to that found in graphene and is among the highest in 2D semiconductors. Compared to InSe,
layered GeSe has a unique in-plane anisotropic crystal structure, and its optical properties
also show an extremely anisotropic behavior, which open up possibilities for optoelectronic
applications such as polarization-sensitive photodetectors and optical waveplates [23–26]. In this
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Figure 1. Schematic diagram of a time-resolved ARPES setup.

article we show how time-resolved ARPES can be used to investigate the photoexcited states in
n-type InSe and p-type GeSe, and directly observe the dispersion of their conduction band and
the hot carrier dynamics. The effective mass of the conduction band and hot carrier decay time
are also extracted and compared. The study of the photoexcited states presented in this work
provides important information for further applications of InSe and GeSe in novel optical and
optoelectronic devices.

2. Experimental details

All the experiments have been performed on the FemtoARPES setup, using a Ti:sapphire laser
system delivering 6 µJ pulses with a 250 kHz repetition rate [2]. Part of the laser beam (50 fs
pulse, 1.57 eV) is used to pump the sample while the rest is employed to generate the 6.3 eV
photons as probe pulse through cascade frequency mixing in BaB2O4 (BBO) crystals. The overall
energy resolution of the experiment is ∼=30 meV and the cross correlation between pump and
probe pulses has full width at half maximum (FWHM) of 150 fs. High-quality single crystals of
InSe (doped with Sn, 0.01%) we used have been grown using the Bridgmann method from a
nonstoichiometric melt [11]. High-quality single crystal of GeSe was purchased from company
of HQ graphene. The samples were cleaved and kept at the base pressure of 8×10−11 mbar. Our
samples have been oriented by low energy electron diffraction and measured at the temperature
of 135 K.

3. Results and discussion

The crystal structures of layered InSe and GeSe we used in this work are shown in Figure 2(a).
InSe belongs to ε polytype and has hexagonal structure. The unit cell contains two parallel layers
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Figure 2. (a) Crystal structure of layered monochalcogenide semiconductors. Left: InSe.
Right: GeSe. (b) Schematic of 3D Brillouin zone of InSe. (c) Schematic of 3D Brillouin zone
of GeSe.

obtained by a translation of one layer onto another [27]. GeSe has a puckered structure similar
to black phosphorus, and presents an orthorhombic crystal structure [28]. The schematics of the
3D Brillouin zones of InSe and GeSe are shown in Figure 2(b,c). Bulk InSe has a direct band gap
of ∼1.3 eV, with both conduction band minimum (CBM) and valence band maximum (VBM)
centered in reciprocal (k) space, at the Γ point of the Brillouin zone [11, 29]. The Fermi level is
inside the gap even though the sample is largely n-doped, as shown in the experimental data
of Figure 3(a). After being pumped by the infrared-laser (1.57 eV), electrons in the valence band
(occupied states) can be only photoexcited into the Γ valley of the conduction band (unoccupied
states); other valleys cannot be reached as the maximum excess energy (Eex) of electrons is
∼0.27 eV (Eex = 1.57 eV–1.3 eV) and the minimum energy difference between the adjacent valleys
is ∼0.7 eV (Γ valley to M valley). After a delay time, the photoexcited electrons are photoemitted
by the ultraviolet laser probe (6.3 eV) from the conduction band to vacuum: the electron kinetic
energy and momentum in k space can be thus determined by the electron energy analyzer
(Figure 1). This makes it possible to observe the dispersion of the conduction band at time delay
t = 0 and the dynamics of photoexcited electrons as a function of time delay.

Figure 3(a–d) shows the photoelectron intensity maps of InSe acquired along Γ−K at differ-
ent time delays between pump and probe. At negative delay of 1 ps, the system is in equilib-
rium conditions, and we don’t observe electrons in CBM as the surface chemical potential is lo-
cated below VBM, as shown in Figure 3(a). The position of the surface chemical potential de-
pends on the doping level of the sample and also on band bending which can be slightly different
for each cleaved surface. After photoexcitation, the excited electrons are transiently subject to the
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Figure 3. (a–d) Photoelectron intensity maps in InSe acquired along the Γ−K direction and
plotted for different delay times. The conduction band is fitted by a parabolic function and
indicated by a red dashed line. (e) Dynamics of photoelectron intensity integrated in the
wavevector interval [−0.15,0.15] Å−1. (f) Intensity of electrons in the conduction band as
a function of pump–probe delay. The black solid line is an exponential fit with decay time
τ= 0.40 ps.

attractive Coulomb potential from the holes as well as to the semiconductor polarization, which
gives rise to two image potential states that are shown below the CBM. Image potential states are
well understood on polarizable surfaces such as on bare metal surfaces, metal layers on metals,
rare gas adlayers on different metallic substrates, and organic thin films on metal surfaces. To
our knowledge, this is the first time that the image potential states are found on the surface of
inorganic semiconductors. Moreover, we observe photoexcited electrons in the conduction band
with the maximum excess energy of ∼0.25 eV, as we estimated before. Such hot carrier cooling
is a complex process that involves carrier–carrier, carrier–phonon, and phonon–phonon interac-
tions. The dominant cooling process in InSe is carrier–phonon interaction, and generally there
are two coupling mechanisms that drive electron–phonon scattering in inorganic semiconduc-
tors. The first one is polar Fröhlich interactions due to electron–LO phonon scattering for po-
lar materials, that result from Coulomb interactions between the electrons and the macroscopic
electric field induced by the out-of-phase displacements of oppositely charged atoms caused by
the LO phonon mode. The second one is the electron-acoustic phonon scattering that is efficient
at very low temperature. In InSe, the polar Fröhlich interactions via LO phonon emission is the
dominant relaxation for hot carriers, allowing hot electrons to dissipate the energy in Γ valley
and eventually cool down to CBM. In order to gain quantitative insight on the evolution of the
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photoexcited states, we fit the dispersion of the Γ valley along Γ−K by the parabolic expression
E = E0 ±p2/2mc, where mc is the effective mass for the conduction band. As shown by the dotted
lines in Figure 3(b–d), the fitting curves reproduce with high accuracy the band dispersion with
mc = 0.1±0.01me, where me is the free electron mass. The mc of InSe extracted from the disper-
sion of the conduction band along Γ−K in InSe is consistent in the values from other measure-
ments such as transport and optical spectroscopy [20, 30]. Figure 3(e) shows the photoelectron
intensity I (E , t ) integrated in the wavevector window [−0.15,0.15] Å−1 and plotted as a function
of pump–probe delay. The total intensity of photoelectrons in the conduction band follows an
exponential decay with time constant τ = 0.40± 0.1 ps, as shown in Figure 3(f). This timescale
elucidates the main relaxation mechanism of hot carriers in the Γ valley, which is very similar to
pristine InSe without Sn doping [29]. Therefore, we ascribe the short-time cooling process to the
polar optical coupling with small momentum transfer.

Totally different from n-type bulk InSe with a direct band gap, pristine bulk GeSe is a p-
doped semiconductor and has an indirect band gap. The CBM of GeSe locates at the center
of Brillouin zone shown in Figure 2(c) and the gap is ∼1.35 eV, which enables us to directly
measure conduction band dispersion and hot carrier dynamics by time-resolved ARPES. From
the photoelectron intensity maps along the zigzag direction (Γ− Y ) shown in Figure 4(a–d),
we observe the dispersion of photoexcited electrons in the conduction band at zero delay and
positive delay. The chemical potential is ∼0.7 eV below CBM, which confirms the p-type nature of
the sample considering the indirect band gap of ∼1.13 eV. Like for most semiconductors, we don’t
observe any image potential states, which can be explained by the different surface properties
with respect to InSe. The maximum excess energy of hot electrons pumped by the infrared pulse
is ∼0.2 eV, which is similar to what found in InSe. However, the conduction band displays much
less dispersion and one can fit it by the same parabolic function with mc = 1.8±0.1me. It is worth
noticing that the mc in GeSe is one order of magnitude larger than that of InSe, which might be the
reason of significant mobility difference between the two materials. The photoelectron intensity
I (E , t ) integrated in the wavevector window [−0.2,0.2] Å−1 and the total photoelectron intensity
in the conduction band as a function of pump–probe delay are shown in Figures 4(e) and 4(f),
respectively. The time constant of the hot carrier decay process is τ = 1.58 ± 0.1 ps by fitting
the experimental data with exponential function, which indicates a much slower cooling process
than that of InSe. Considering the similar maximum excess energy of photoexcited electrons in
the conduction band of both materials, the time constant difference can be explained by the
difference in energy or the phonons participating in the electron–phonon coupling process. On
the other hand, the electron effective mass in GeSe is much larger than in InSe, and consequently
the hot electron distribution in k space is very different. The distribution of hot electrons in InSe
is within ±0.1 Å−1 in k space, while their range is significantly lager (±0.2 Å−1) for GeSe. All of this
can contribute to the difference between the hot carrier cooling processes in a direct band gap
semiconductor like InSe and an indirect band gap semiconductor like GeSe. Further theoretical
investigations will be necessary in order to clarify this issue.

4. Conclusions

In conclusion, we performed time-resolved ARPES on two different monochalcogenide semicon-
ductors: direct band gap InSe and indirect band gap GeSe. The dispersion of the conduction band
around the center of Brillouin zone and the corresponding hot electron dynamics are directly ob-
served. The electron effective mass is extracted from the parabolic dispersion and the time con-
stant of the decay process is obtained by exponential fittings. The electron effective mass in GeSe
is much larger than that of InSe, and this is consistent with the significant large mobility in InSe
found in previous studies. However, the decay process is much slower in GeSe, which might be
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Figure 4. (a–d) Photoelectron intensity maps in GeSe acquired along the zigzag direction
and plotted for different delay times. The conduction band is fitted by a parabolic function
and indicated by red dashed line. (e) Dynamics of photoelectron intensity integrated in the
wavevector interval [−0.20,0.20] Å−1. (f) Intensity of electrons in the conduction band as
a function of pump–probe delay. The black solid line is an exponential fit with decay time
τ= 1.58 ps.

related to the smaller matrix elements of the polar electron–phonon coupling [31]. Our observa-
tion of photoexcited states presented in this work provides useful information for further appli-
cations of InSe and GeSe in novel optical and optoelectronic devices.
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