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We report time- and angle-resolved photoemission spectroscopy on SnSe which currently attracts
great interest due to its extremely high thermoelectric performance. Laser-assisted photoemission
signals are observed within ±20 fs of the pump pulse arrival. Around 30–50 fs after the photoex-
citation, the conduction band minima are not populated by the photoexcited electrons while the
valence bands are considerably broadened. In going from 90 fs to 550 fs after the photoexcitation,
the photoexcited carriers are decayed into the multiple conduction band minima. The observed con-
duction bands are consistent with the band structure calculations. The multiple conduction minima
suggest possibility of high and anisotropic thermoelectric performance of n-type SnSe single crystal
if it is realized.

Thermoelectric power generation is one of the key tech-
nologies for sustainable and secure energy supply. Among
the various candidate materials for thermoelectric power
generation devices, the multiband IV-VI semiconductors
such as PbQ (Q=Se, Te) [1–5] and SnQ (Q=Se, Te) [6, 7]
have been attracting great interest due to their high ther-
moelectric performance with relatively good electrical
conductivity, enhanced Seebeck coefficient, and strongly
suppressed lattice thermal conductivity. The large See-
beck effect is derived from the multiple valence band
maxima and the conduction band minima in the multi-
band band structure. The suppression of lattice thermal
conductivity is associated with the lattice disorder and
anharmonic dynamics which are derived from the lone
pairs due to the Pb(Sn) s and p orbitals [8]. In SnSe, it
has been proposed that the small energy separation be-
tween the multiple valence band maxima plays essential
roles for the enhancement of Seebeck coefficient [6]. In-
terplay between the lone pair effect and the multiband
electronic structure provides the unique electron-lattice
coupling to the PbQ and SnQ systems. It is expected
that the specific electron lattice coupling manifests it-
self in their ultrafast optical response. In this context, it
would be interesting to investigate optically induced elec-
tronic and lattice dynamics of the thermoelectric PbQ
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and SnQ systems by means of time-resolved spectroscopy.
In particular, time- and angle-resolved photoemission
spectroscopy (TARPES) enables us to probe dynamics
of photoexcited carriers and temporal evolution of the
band structure.

FIG. 1. (a) The Pnma crystal structure of SnSe created
by VESTA [43]. (b) The Brillouin zone of SnSe. ky (kz)
represents the wave number along the ΓY (ΓZ) direction. The
circles correspond to the valence band maximum points of the
α, β, and γ bands. Photoemission intensity distributions as
functions of energy and ky before photoexcitation for (c) α

band cut of SnSe, (d) γ band cut of SnSe, whose momentum
locations are shown by the solid lines in (b).
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FIG. 2. Time evolution after photoexcitation of the photoemission intensity distributions as functions of energy and ky for
(a) α band cut and (b) γ band cut in SnSe. The photoemission intensities are plotted in the logarithmic scale in order to
emphasize the photo-induced change.

SnSe has a layered structure constructed with strong
bonds along the bc plane and weak bonds along the a-axis
as shown in Fig. 1(a) [9]. Since the discovery of ultra-
high thermoelectric performance in Na-doped SnSe [10],
the electronic structure of SnSe and Na-doped SnSe with
the multiple valence band maxima has been extensively
studied by means of band structure calculations and
angle-resoled photoemission spectroscopy [11–18]. The
observed valence band structure is basically consistent
with the theoretical predictions as well as the transport
properties [10, 19–22]. Compared to the valence band,
the nature of the conduction band of SnSe has not been
studied so far. In addition, dynamics of photoexcited car-
riers may provide useful information for understanding of
the unusual electronic and lattice properties of SnSe. In
the present work, we report a TARPES study on SnSe.
The present results provide interesting insights on the
ultrafast dynamics of the photoexcited electrons of SnSe
in addition to information on the conduction bands. The
observed conduction band minima are consistent with the
prediction of density functional calculations, suggesting
possibility of high thermoelectric performance due to the
multiple conduction band minima for n-type SnSe if it is
realized.

Single crystals of SnSe were grown as reported in the
literature [6, 10]. The crystals were well characterized
using x-ray diffraction, electron microscopy, and trans-
port measurements as described in Ref. [6]. TARPES
experiments have been performed at LASOR, Institute
for Solid State Physics, University of Tokyo [23]. The
base pressure of the spectrometer was in the 9 × 10−11

Pa. The samples were cleaved and measured at 80
K. The energy of the Ti:sapphire laser was 1.55 eV
and the energy of the probe light was 21.7 eV. The
repetition rate was set to 10 kHz, and the fluence of

the incident pump was set to ∼0.95 mJ/cm2. The
pump and probe photons were p-polarized relative to
the sample surface. The photoelectrons were detected
by using a hemispherical electron analyzer (Omicron-
Scienta R4000). The total energy resolution was 227
meV. The pulse duration of the fundamental laser was
35 fs. Local density approximation (LDA) calculations
were performed by Quantum ESPRESSO 5.30 [24, 25].
Pseudopotentials of Sn.pz-dn-rrkjus psl.0.2.UPF and
Se.pz-n-rrkjus psl.0.2.UPF were used for the calcu-
lations.

Figures 1(c) and (d) show the photoemission intensity
distributions as functions of energy and ky for SnSe be-
fore the pump pulse arrives. Here, ky represents the wave
number along the ΓY direction. The valence band max-
ima near the Z point are included in the cut of Fig. 1(c)
(α band cut). The γ band cut shown in Fig. 1(d) includes
the zone center and the valence band maxima near the
Y point. These results are consistent with the previous
ARPES results [11–18].

Figure 2(a) shows the relaxation process after the
pump pulse arrival for the photoemission intensity dis-
tribution along the α band cut of SnSe. In order to em-
phasize the photoinduced change, the logarithm of the
photoemission intensity is plotted. Within ±20 fs of the
pump pulse arrival, a downwardly convex parabolic sig-
nal is observed just above the valence band maxima. The
intensity distribution of the photoinduced signal resem-
bles that of the valence band. The energy difference be-
tween them is ∼1.55 eV which corresponds to the pho-
ton energy of pump pulse. This indicates that the pho-
toinduced signal is due to laser-assisted photoemission
(LAPE) process [26–30]. This assignment is consistent
with the p-polarized pump pulse which can enhance the
LAPE effect [29]. The reference (0 fs) of the delay time
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FIG. 3. LAPE signals at (a) −17 fs for α band cut and (b)−9
fs for γ band cut, which correspond to triangles in the panel
(c). The dashed lines are guides to eyes for the valence band
structure and these LAPE signals. (c) Temporal evolution of
the integrated photoemission intensity (0.5–1 eV) for the α

band cut and γ band cut in SnSe. The solid lines are fitting
results using the Gaussian functions.

is determined by the peak position in the temporal evo-
lution of the LAPE signal. At 36 fs after the photoexci-
tation, the LAPE signal is almost depleted.

As for the γ band cut including the Γ point [Fig. 2(b)],
a flat signal is observed around 0.5 eV above the Fermi
level within ±20 fs of the pump pulse arrival. The inten-
sity distribution of the photoinduced signal also resem-
bles that of the valence band, and the energy difference
between them is ∼1.55 eV. Therefore, the photoinduced
signal can be assigned to LAPE. At 43 fs after the pho-
toexcitation, the LAPE signal is almost depleted. Inter-
estingly, at 97 fs and 550 fs, residual populations of the
conduction bands are observed at three points along the
cut. The three points may correspond to the three local
minima of the conduction bands predicted for the Pnma

phase of SnSe.

Figures 3(a) and (b) show the LAPE signals for α band
cut and γ band cut respectively. As discussed in the
previous paragraphs, the energy difference between the
LAPE signals and the valence band signals is 1.55 eV.
Figure 3(c) shows temporal evolution of the integrated
intensity between the energy of 0.5 eV and 1 eV for α
band cut and γ band cut. The LAPE peaks in the tem-
poral evolution are fitted to Gaussian functions. The
peak positions of the fitted Gaussians are assigned to the

FIG. 4. Difference of photoemission intensity distributions
between before and after (∼550 fs) the photoexcitation for
(a) α band cut and (b) γ band cut in SnSe. The green dots
indicate calculated band dispersions.

reference (0 fs) of the delay time.

Figures 4(a) and (b) show the difference spectra ob-
tained by subtracting the intensity distribution before
the pump pulse arrival from those after the arrival (543
fs for α band cut and 550 fs for γ band cut). For the
α band cut in Fig. 4(a), photoinduced electrons are ob-
served around 1.3 eV above the Fermi level. In the γ
band cut in Fig. 4(b), they are more clearly observed
around 1.0 eV above the Fermi level. Interestingly, there
are three segments of the photoinduced spectral weight
in the γ band cut. In addition to the photoinduced elec-
trons in the conduction band, the valence band is con-
siderably broadened involving the conduction band due
to the photoexcitation. The intensity distributions above
the Fermi level are compared with the LDA band struc-
ture calculations which are shifted upwards in order to
adjust the conduction band bottom. In the γ band cut,
the three segments correspond to the three local minima
of the conduction band.

Around 40 fs after the pump pulse arrival in the γ band
cut, there are residual signals within the band gap rang-
ing from the Fermi level to 1.0 eV (see Fig. 2). On the
other hand, around 500 fs after the pump pulse arrival,
the in-gap spectral weight is completely suppressed. The
photoinduced spectral weight below the conduction band
bottom resembles that observed in Ta2NiSe5 [31], which
is considered to be a candidate of excitonic insulator [32–
36]. In the photoinduced gap collapse of Ta2NiSe5, the
photoexcited carriers screen the Coulomb interaction be-
tween the valence band hole and the conduction band
electron which provides the insulating ground state. A
similar mechanism is proposed for another excitonic insu-
lator candidate TiSe2.[30] As for SnSe, the photoinduced
in-gap state may indicate electron-hole correlation effect
on the formation of its band gap. However, there is no
indication of excitonic instability in SnSe. Here, we spec-
ulate that the strong Sn 5s, p-Se 4p hybridization with the
lone pairs formation [8] is destroyed by the photoexcited
carriers. If the Sn 5s, p-Se 4p hybridization is weakened
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and the chemical bonds in the Sn-Se polyhedral are sup-
pressed, then the band gap is expected to be reduced or
collapsed. For example, in the GW calculation for the
Cmcm phase with stacked rocksalt layers (without the
distortion by the lone pairs), the magnitude of the band
gap is predicted to be 0.464 eV [22]. On the other hand,
it is calculated to be 0.829 eV for the Pnma phase with
the distortion due to the lone pairs [22]. Therefore, it can
be deduced that the residual spectral weight in the band
gap is associated with the photoinduced suppression of
the lone pairs.
The α band and γ band cuts in Fig. 4 are consistent

with the calculations, confirming the anisotropy between
the b and c axes. The experimental confirmation of the
conduction-band anisotropy between the b and c axes us-
ing TARPES provides valuable information for under-
standing electrical properties in the n-type single crys-
tals. However, the TARPES experiment with the fixed
photon energy cannot observe the band dispersion along
a axis that is perpendicular to the cleaved surface. The
anisotropy between the b and c axes indicates that the
n-type SnSe single crystal would show anisotropic ther-
moelectric performance if it is realized. The present ob-
servation of the multiple conduction band minima sug-
gests the high thermoelectric performance of n-type SnSe
due to the multiple conduction band minima. Actu-
ally, high-performance thermoelectricity with ZT & 1 at
∼800 K was reported in recent studies on n-type electron-
doped SnSe polycrystals and nanocrystals [37–41]. Be-
sides, the electronic structure including the band-gap
and conduction-band anisotropy in n-type semiconduc-
tors (e.g., ZrNiSn [42]) can be uncovered using ARPES.

In the future, ARPES of single-crystalline electron-doped
SnSe is desired to design high-performance thermoelec-
tric n-type SnSe comparable to p-type one.

In conclusion, we have performed TARPES on SnSe
with extremely high thermoelectric performance in order
to investigate their conduction bands as well as ultrafast
dynamics of photoexcited electrons. The valence bands
of SnSe are considerably broadened due to the photoex-
citation. Around 40 fs after the pump pulse arrival, the
conduction bands are not populated by the photoexcited
electrons and there are residual signals within the band
gap. In going from ∼90 fs to ∼550 fs, the photoexcited
carriers are decayed into the multiple conduction band
minima. The observed conduction bands are consistent
with the band structure calculations. This observation
suggests high thermoelectric performance of n-type SnSe
due to the multiple conduction band minima.
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