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The SnSez(1—x)S2x alloy is a van der Waals semiconductor with versatile, tunable electronic prop-
erties and prospects for future applications ranging from electronics to thermoelectrics and supercon-
ductivity. Its band structure and carrier effective masses underlie the quantum behaviour of charge
carriers and hold great promise in future technologies. However, experimental measurement of these
properties remains a challenging task. Here, magneto-transmission spectroscopy of SnSeg(;—x)Sax
thin films at pulsed magnetic fields B of up to 150 T reveals a large electron-hole reduced cyclotron
mass p* > 0.454 m. (m. is the free electron mass). This finding is supported by first-principle
calculations of the band structure and by semiclassical Boltzmann transport theory, which predict
a pronounced anisotropy of the carrier effective masses and electrical conductivity over two orthog-
onal directions (namely in the layer plane and out-of-plane) with a different anisotropy for electrons
and holes. These properties are unique and important features of this class of compounds and are
critical for understanding and using the tunable band structure of SnSej(;_x)S2x in fundamental

and applied research.

I. INTRODUCTION

Tin disulphide (SnS3), tin diselenide (SnSes) and
the ternary alloy SnSej(;_y)S2x belong to the IV-VI
group of layered van der Waals (vdW) crystals.[T], 2]
They can be produced at low-cost, are environmen-
tally friendly and have potential for applications in high
performance thermoelectrics,[3, [4] electronics|5H7] and
optoelectronics[8HI0]. Although this class of vdW ma-
terials has been widely studied, some fundamental elec-
tronic properties, such as the carrier effective masses, are
presently largely unknown. Carrier effective masses influ-
ence the electrical resistivity, optical absorption, thermal-
ization of hot carriers etc. and hence affect the operation
of electronic and optical devices. Thus, their measure-
ment is essential to acquire better understanding of the
SnSey(1_x)Sax alloy and to optimize its use in future ap-
plications.

SnSey(1—x)S2x is known to be an n-type semiconductor
with a carrier concentration of up to 107-10'® em-3. [T+
13] It has been used in high performance field effect tran-
sistors (FETSs),[5] but its relatively low carrier mobility
(up to 85 cm?V~!s7! at room temperature) represents
a bottleneck for electronic device applications[5], [T3H16].
In a simple Drude conductivity model, the carrier mobil-
ity is described by pu = er/m*, where 7 is the average

*

zhuo.yang@issp.u-tokyo.ac.jp
 lijun_zhang@jlu.edu.cn
¥ /Amalia.Patane@nottingham.ac.uk

scattering time, e is the elementary charge and m* is the
carrier effective mass.[I7] Thus, a low mobility for charge
carriers may result from a short scattering time 7 due to
elastic and inelastic collisions, and/or heavy carrier ef-
fective masses m*, whose values are not yet known for
the SnSey(; _y)Sax alloy. Theoretical works in the litera-
ture report large effective masses for holes: the valence
band (VB) edge is located between the I and K points in
the first Brillouin zone (FBZ) and exhibits a flat energy
dispersion, corresponding to m} > 2m..[18-21] However,
there is large discrepancy in the literature regarding the
value of the electron effective mass, which ranges from m;
= 0.26 m, to 0.46 m.. Also, the location of the conduc-
tion band (CB) edge in the FBZ is still debated.[19H21]

In this work, we report a magneto-transmission study
of SnSey(1_x)S2x at high pulsed magnetic fields B of up
to 150 T. A strong magnetic field can quantize the elec-
tron and hole motions into Landau level (LL) states, thus
increasing the band gap energy of the semiconductor by
hw! /2, where w!, = eB/u* is the cyclotron frequency and
w* is the electron-hole reduced cyclotron mass. By mea-
suring the energy of the absorption edge at high mag-
netic fields B of up to 150 T, we determine a lower limit
for p* (> 0.454 m.). This estimate is supported by
first-principle calculations of the electronic band struc-
ture of SnS, and SnSe;, and by semiclassical Boltzmann
transport theory of the conductivity effective masses for
electrons and holes, indicating that these values have
been underestimated in previous theoretical studies.[I9-
21] Furthermore, our work reveals that the carrier effec-
tive masses take distinct values along different crystallo-
graphic directions (namely in the layer plane and out-of-
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Figure 1. (a) Optical images of CVT-grown SnSes(1_x)Sax.
(b) Crystal structure for MX2 (M = Sn and X = Se, S) and
the orientation of magnetic field B relative to the a, b and ¢
axis in the Faraday configuration. The red dashed line shows
the semiclassical cyclotron motion of the electron in the ab
plane. (c) Photos of single turn coil setup before and after the
magneto-transmission measurements. (d) Schematic view of
a specially-designed liquid-He flow-type cryostat for magneto-
transmission measurements.

plane) and that this anisotropy is different for electrons
and holes. The observation of these electronic properties
provides a foundation for further investigations.

II. METHODS

SnSey(1x)S2x (0<x<1) single crystals were grown by
a chemical vapour transport (CVT) reaction method in
a quartz ampoule using stoichiometric concentrations of
high purity (>99.999 %) reactants (Sn, S and Se) and
iodine I as the transport agent. The ampoule was kept
in a furnace with a temperature gradient from 7= 650
°C to T= 500 °C over a length of ~10cm: the reactants
are introduced in the hot-region of the furnace tube and
they crystallize in the cooler region over a period of 24
hours. As shown in Fig.[[[a), the as-grown crystals have
the shape of flat platelets with mirror-like surfaces and in-
plane areas of up to ~ 1 cm?. They have thickness L of up
to ~ 100 pm and can be readily exfoliated mechanically
into nanometre-thick layers with a uniform composition
x that can be adjusted over a wide range by changing the
growth conditions.[22] For the polytype phase 2H - MX,
(metal M = Sn; and chalcogen X = S, Se), the hexag-

onal unit cell consists of two weakly coupled vdW lay-
ers along the c-axis and strong covalent metal-chalcogen
bonds within each layer (Fig.[I[b))

For the magneto-optical transmission experiments on
the SnSey(;_x)Sax alloys, a single-turn coil (STC) tech-
nique was employed to generate pulsed destructive mag-
netic fields of up to B = 150 T with typical pulse dura-
tion of 8 us. During the pulsed magnetic field generation
process, the single turn coil is destroyed by the strong
electromagnetic force, as shown in Fig.c). To obtain a
measurable transmission signal, the thickness of the mea-
sured samples was reduced to ~ 1 pm by mechanical exfo-
liation of the SnSey(;_x)Sax single crystals. The samples
were placed in a specially-designed liquid-He flow-type
cryostat, where the temperature can be controlled from
5K to room temperature (see Fig.[[(d)).[23] The temper-
ature of the sample was monitored by a type-E thermo-
couple (Nickel-Chromium/Constantan) and the value of
the magnetic field was measured by a calibrated pick-up
coil wound close to the sample. A Xenon arc-flash lamp
was used as the light source. The light was guided and
collected by 800 wm diameter optical fibres. The geome-
try of the single-turn pulsed magnetic field experiments
with B up to 150 T is restricted to the Faraday configura-
tion with BLE (the applied magnetic field B is perpen-
dicular to the optical electric field E and to the ab layer
plane of the crystal, as illustrated in Fig.[I{b)). The time-
dependence of the transmitted light was measured by a
high-speed streak camera coupled with a polychromator.
For experiments in the Voigt configuration with B|E,
we used a non-destructive pulsed magnet field of up to B
= 60 T with typical pulse duration of 36 ms. The sample
was placed in an optical probe equipped with two 400 pm
diameter optical fibres and two prisms. A broad band
halogen lamp was used as the light source and the out-
put signal was guided to a spectrometer equipped with a
charge-coupled device (CCD) camera.

First-principles calculations were performed by den-
sity functional theory (DFT) using a plane-wave pseu-
dopotential method, as implemented in the Vienna ab
initio simulation package.[24] [25] The electron-ion inter-
action was described by means of projector-augmented
wave pseudopotentials with Sn 5s25p2, S 3s23p* and
Se 4s%4p* as the valence electrons. The exchange-
correlation functional was treated by the generalized gra-
dient approximation within the Perdew-Burke-Ernzerhof
(PBE) formulation.[26] 27] The plane-wave cut-off en-
ergy was taken as 364 eV and a k-point grid spacing of
2mx0.04 A=! was used for electronic Brillouin zone in-
tegration. For structural optimization, both atomic po-
sitions and cell parameters were relaxed until the resid-
ual forces of atoms were less than 0.05 eV/A. To prop-
erly treat the dispersive vdW interaction in our sys-
tem, the optB86b-vdW functional was adopted,|28] 29]
which gives a satisfactory description of the binary Sn-S
systems. [I0] [30] Since the standard DFT-PBE methods
suffer from problems which arise from under-estimation
of the band gap due to spurious self-interaction, we em-
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Figure 2. Normalized transmission spectra measured at 7'
= 293 K and 77 K for thin films of SnSez, SnSez(1_x)Sa2x
(nominal composition x = 0.5) and SnSz. The absorption
edge energies of the three samples at T' = 77 K are marked
with arrows. Dashed lines are guide to the eye.

ployed the Heyd-Scuseria-Ernzerhof (HSE06)[31] hybrid
functional to give a more accurate description of the elec-
tronic band structures and thus of the band-edge second
derivative carrier effective masses. The averaged carrier
conductivity effective masses at 300 K were obtained us-
ing the semiclassical Boltzmann transport theory using
the BoltzTraP code.[32] This takes into account the ef-
fects of non-parabolicity and anisotropy of the energy
bands, and their degeneracy. Different electron (n) and
hole (p) concentrations from 1.0x10' to 1.0x10%° cm—3
were used for such calculations. The band energy iso-
surfaces were calculated by the method of Wannier in-
terpolation based on the use of a unique set of Wan-
nier functions[33] and were visualized through the Fer-
miSurfer code.[34]

III. RESULTS AND DISCUSSION

Fig.2] shows the normalized transmission spectra
(I/Iy) measured at 293K and 77K for films of SnSey
(thickness t = 1.4 pm, see Sec.I in the Supplemental Ma-
terial [35] and references [36] [37] therein) and SnSy (¢ =
0.6 um, see Sec.I in the Supplemental Material [35] and
references [38, [39] therein) together with the spectrum of
the ternary alloy SnSey(;_)Sax (nominal composition x
= 0.5). Here, I is the intensity of the light transmitted
through the system in the absence of the layers. The
spectra reveal clearly the large blue shift of the absorp-
tion edge with increasing S-content and with decreasing
temperature, consistent with previous measurements.[40]
For all three layers the spread in energy across the trans-
mission edge is large, ~0.3 €V (see grey dashed line in
Fig.[2)), consistent with the indirect band gap nature of
these van der Waals semiconductors.[22] [40] We observe

no clear evidence of an excitonic absorption feature even
at low temperatures. The composition of the alloy can be
adjusted over a wide range, indicating good miscibility
of the SnSy and SnSe; compounds. The composition-
dependence of the indirect bandgap energy E, corre-
sponds to a large bowing coefficient b ~ 1 eV, arising from
volume deformation and charge exchange effects due to
the different sizes and orbital energies of the S- and Se-
atoms. This also causes a composition-dependence of the
phonon energy modes, electron—phonon interaction, and
temperature dependence of E,.[22]

Fig.[3|shows the low temperature (7' = 10 K) magneto-
transmission spectra of SnSy and SnSey(; ) S2x (nominal
composition x = 0.5) with magnetic field B of up to 150 T
in the Faraday configuration. We focus on the magneto-
transmission data in Fig.[3land Sec. III in the Supplemen-
tal Material [35] at low temperature (T' = 10K) to avoid
thermal broadening of the Landau levels. The time de-
pendence of the magnetic field pulse is shown in Fig.(a),
(d). Fig.(b), (e) are the streak camera images of the
transmission. Here, the normalized transmission, I/,
is represented by a colour scale. During the pulsed field
measurement, the streak camera is synchronized with
the magnetic field pulse. Therefore, the streak image
in Fig.[3(b), (e) shows the dependence of the transmis-
sion spectrum on B. To compare the spectra measured
from zero magnetic field to the maximum field, we ex-
tract the transmission spectra at 0T, 50T, 100 T and
150 T from the cross-section of the streak camera image
(see the color markers in Fig.[3[b),(e)), and plot them on
the same frame, as shown in Fig.[3[c),(f). The data show
that a magnetic field of 150 T has no observable effect on
the transmission spectra. Similar results were obtained in
the Voigt configuration (see Sec.II in the Supplemental
Material [35]). Also, the SnSes samples were measured
under the same conditions described above for SnS, and
SnSey(1—x)Sax (nominal composition x = 0.5), and for all
samples, no measurable changes were observed in high
magnetic fields (see Sec.III in the Supplemental Mate-
rial [35]).

Magnetic fields are often used to probe funda-
mental properties of semiconductors. However, for
SnSey(1_x)Sax, even magnetic fields as high as 150 T can-
not reveal any change of the transmission spectrum. The
absence of a measurable effect at such large magnetic
fields (up to 150 T) for a bulk semiconductor is sur-
prising and rarely observed. At first glance, this may
raise questions about the reliability of the data and ex-
perimental setup. To rule out these possibilities, we
also performed magneto-transmission studies of the well-
known vdW semiconductor InSe under the same condi-
tions used for SnSey(;_y)Sax. As shown in the Sec.IV of
the Supplemental Material [35] (see, also, references [41-
45) therein), the magnetic field dependence for InSe sam-
ples agree well with the previous magneto-optical study
of InSe by Millot et al., revealing Landau level quantiza-
tion at high B.[43] 44] The shift of the absorption edge
for InSe in a magnetic field is due to the diamagnetic
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Figure 3. (a), (d) Time dependence of the magnetic field B pulse with values sweeping from B = 0T to B = 150T. (b),
(e) Streak camera image of the optical transmission of SnS; and SnSey(;_x)Sa2x (nominal composition x = 0.5) at 10K with
magnetic field of up to B = 150 T. Color markers indicate the cross-section positions in the streak camera image at B = 0T,
50T, 100 T and 150 T. (c), (f) Normalized transmission spectra at indicated magnetic field (7' = 10K).

shift of an exciton state. At low B (< 30T), this is well
decribed by a quadratic dependence.[44] However, for a
cyclotron energy hw, larger than the exciton binding en-
ergy, the shift in magnetic field increases linearly with B,
fully consistent with the shift of the N = 0 Landau level
(Aw./2).[23] Finally, we point out that our set up has
been used previously to measure different systems, in-
cluding: GaAs/AlGaAs superlattices,[46] GaSe[d7] and
2D halide perovskites. [48]

To interpret our findings, we consider the behaviour
of indirect band gap semiconductors in magnetic field.
For an indirect band gap semiconductor such as the
SnSey(1_x)Sa2x alloy, the dependence of the band-edge
absorption energy on magnetic field can be expressed

as[49, [50]

1 1
E(B) = Eg & hwo + (N + 2)hwg + (N'+ D)t (1)

where F, is the indirect band gap energy, ﬁwg/ " is the

cyclotron energy of carriers, wf;/h = eB/mZ/h, and mz/h
is the cyclotron mass for electrons/holes. Here, N and
N’ are the Landau level quantum numbers for electrons
and holes, respectively. Indirect gap optical transitions
are assisted by the emission or absorption of phonons of
energy hwy. The sign =+ in Eqn.[I]refers to the absorption
(4) or emission (—) of the phonon energy in the optical
transition. As shown in Fig.[}[c)(f) and Sec.III in the
Supplemental Material [35], the measured transmission
reveals a clear absorption edge. However, no Landau
quantization is observed and the absorption edge energy
does not change with increasing B.

In the magneto-absorption spectra of a semiconduc-
tor, the Landau level transitions may become unre-
solved due to energy broadening effects caused by dis-
order. However, our transport measurements on SnSes
shows a quadratic magnetoresistance at relatively low ap-
plied magnetic fields (B ~ 5T) (see Sec. VI in the Sup-
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Figure 4. (a) Schematics of two-dimensional (top) and three-dimensional (bottom) Brillouin zones. (b)-(c) The calculated band
structure of SnSy and SnSe;. The valence band maximum (VBM) is set to zero energy. The red dots indicate the conduction
band (CB) and VB edges. (d) Three-dimensional band energy isosurfaces and cross sections containing the band-edge k-points
of SnS2 highlighting several hole and electron pockets. The band energy isosurfaces correspond to an energy of 0.69 eV below
the VBM and 0.55 eV above the CB minimum (CBM). (D) is the k-point of the CBM and B-C-D plane is parallel to the -K-M
plane: B (0.00, 0.00, 0.33), C (-0.33, 0.67, 0.33), D (0.00, 0.50, 0.33). The colour bar corresponds to the group velocity vy from

low (blue) to high (red) values.

plemental Material [35] and references [51l 52] therein),
which would not be expected in a highly disordered
system.[51] [52] Therefore, we exclude the possibility
that our findings arise from a broadening of LLs caused
by disorder. Furthermore, we note that our magneto-
transmission spectra do not reveal any broadening or nar-
rowing of the absorption edge with increasing B. This
would be expected due to the magnetic-field quantization
of the electron motion: as B increases from B =1T to B
= 150 T, the magnetic length, {5 = /(h/eB), decreases
from ~ 26 nm to 2 nm. At B = 150T, Ip is less than
an order of magnitude larger than the lattice constants
of the SnSey(;_x)Sax alloy (¢ = b = 0.36 nm and ¢ =
0.59 nm for SnSy; a = b = 0.38 nm and ¢ = 0.61 nm for
SnSe,).[22] For potential fluctuations on a large length
scale (> Ip), a decrease of g would induce a narrowing
of the absorption edge.[53] On the other hand, for poten-
tial fluctuations on a short length scale (< I5), a decrease
of I would broaden the absorption edge.[53] Neither of

these scenarios are observed. In addition to the disor-
der, another possibility is that the cyclotron energy shift
is cancelled by a simultaneous Zeeman shift. To mea-
sure the Zeeman shift, we have conducted the magneto-
transmission experiments with left /right circularly polar-
ized light (see Sec.V in the Supplemental Material [35]).
However, no observable energy shift was observed. Thus,
we exclude this possibility. Alternatively, the absence of
a measurable change in the magneto-transmission under
high magnetic fields can be assigned to intrinsic electronic
properties. According to Eqn.[I} the shift of the band gap
energy due to the magnetic field is AE ~ (hw! + hw) /2.
Here we assume that the phonon energy fwy does not
change with B since the magnetic field does not induce
any structural change of the SnSey(;_4)Sax alloy. Our
data indicate no measurable energy shift at B = 150 T,
suggesting a large reduced electron-hole cyclotron mass
w* =mim}/(m}+m}). To estimate its value, we should
compare AFE with the energy uncertainty AFEy of the



measurement. Thus, we write

heB
= 22 < AR, (2)
2u*

AFE

Two methods were used to estimate AEy (see Sec. VII
in the Supplemental Material [35] and reference [3§]
therein). The first method is based on the energy resolu-
tion of the measurement equipment, which yields AE,
= 0.019eV. As for the second method, we fitted the
transmission data using a theoretical model for the trans-
mission of an indirect band gap semiconductor. The fit
uncertainty is estimated using an R-squared method to
evaluate the scatter of the data points around the fit-
ted line. This method gives AEy = 0.017eV. Based on
the two models above, we estimated that the lower limit
for the cyclotron mass pj is 0.454m. (AEp = 0.019eV)
and 0.511m, (AEy = 0.017eV), respectively. These two
values correspond to reduced effective masses that are
significantly heavier than those of most well-known semi-
conductors. Since p* is smaller than the individual cy-
clotron masses m? ,,, we infer that both the electron and
hole cyclotron masses should be larger than 0.454 m..
Gonzalez et al.[20] have calculated the band structure of
SnSes and SnS,, indicating a reduced mass value of u* =
0.345 m. and 0.365 m. for SnSes and SnSs, respectively.
If we assume these values, we should be able to observe
a band edge energy shift of AE ~ 50meV at B = 150T,
which is well above the energy uncertainty AEy. Thus,

our data for SnSy and SnSey(; ) Sax (x = 0.5) in Fig.[

and those for SnSey in the Supplemental Material [35] are
strongly indicative of heavy carrier masses. As discussed
below, these findings are supported by our first-principle
density functional theory (DFT) of the electronic band
structure (for details, see Methods section).

Fig.[] shows the calculated electronic band structure
for SnS»> and SnSe,. As can be seen in Fig.(b-c)7 both
compounds have indirect band gaps (E,): the values of
E, =2.19¢eV for SnS, and 1.23eV for SnSes are close to
our measured values (E, (SnSz) = (2.14 + 0.03) eV and
E,(SnSez) = (1.20 £ 0.03) eV at 300 K.[22] For both com-
pounds, the conduction band minimum (CBM) is located
along the M-L line in the Brillouin zone; the valence band
maximum (VBM) is instead along the line I'-K, close to
T, at about 30% of the I'K wave-vector. This is con-
sistent with angle-resolved photoemission spectroscopy
measurements on SnSey, which indicate a VBM in prox-
imity of the I'-point.[I4] Also, we note that in the vicinity
of the VBM there is an additional lower energy band edge
along the line I'-M, leading to a VB that takes the form
of an inverted, asymmetric “Mexican hat”.

The CB and VB are both weakly dispersed and highly
anisotropic. To illustrate the anisotropy more clearly, we
show in Fig.d) the three-dimensional band energy iso-
surfaces and the cross sections containing the band-edge
k-points for SnSs, as calculated using the method de-
scribed in the Methods section. The band energy isosur-
faces are plotted at an energy of 0.69 eV below the VBM
(top panel of Fig.[d(d)) and 0.55 eV above the CBM (bot-

tom panel of Fig.[d{d)). The conduction band is more
dispersive in the plane than along the out-of-plane di-
rection, resulting in a larger carrier group velocity and
a lighter effective mass for conduction electrons in the
layer plane. The behaviour for holes is opposite, with
a lighter effective mass along the out-of-plane direction.
Also, the valence band exhibits a complex structure with
multiple degenerate, anisotropic bands near the valence
band-edge. Similar findings apply to SnSes. The com-
plex, anisotropic electronic band structure of these com-
pounds requires a careful analysis of the carrier effective
masses and their comparison with the experiment.

Table[] shows the calculated band-edge second deriva-
tive effective masses for electrons (m}) and holes (m})
along the k,, ky, k. directions of the Brillouin zone of
SnS,; and SnSe,. Due to the anisotropic band structure,
the band edge dispersion is non-parabolic, making it im-
possible to assign a single effective mass value for each
k-direction. We calculate the hole effective mass from the
energy dispersion along K-X and X-I" near the VB edge.
Similarly, we calculate the electron effective mass from
the energy dispersion along M-Y and Y-L near the CB
edge. Here, X and Y represent the band edge for the VB
and CB, respectively. From Table[l] it can be seen that
the second derivative effective masses for electrons (m})
and holes (m}) take distinct values for each k-direction.
Considering that optical measurements probe the energy
levels near the band edge regardless of the k-direction,
the anisotropic second derivative effective mass values
cannot be used for a comparison with the experimental
data.

Table I. Band-edge second derivative electron (m}/m.) and
hole (mj,/me) effective masses in the ks, ky, k. directions of
the Brillouin zone and their geometric average (mm*/m.) for
SnS» and SnSez. These are calculated using DFT.

Compound my, /Me my/me
K-X X-I' M-Y Y-L
ka 8.973 6.150 7.547 6.233
SnSo ky 39.639 34.563 8.494 12.254

k. 9.706 9.685 65.460 98.711

m*/me 12.515 10.177 11.300 11.897

ks 6.285 23.427 6.285 5.105

SnSez ky 7.257 4.735 7.257 10.811
k.  38.795 12.552 38.795 62.667

m*/me 9.297 8.995 9.297 9.857

Alternatively, we use Boltzmann transport calculations
applied to the calculated band structures to extract the
conductivity effective mass for electron and hole motions
along different crystallographic directions, in the layer
plane (m}) and out-of-plane (m;), and their geometric
average m”. In this model, we consider a range of car-
rier concentrations for electrons and holes (from 10%° to
10%° ¢cm~3). Tablel[ll| shows the calculated conductivity
effective masses for a non-degenerate semiconductor with
a hole and electron density of 10'° cm™3. These values
change by less than 10 % with increasing the electron and
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hole density up to 10'® ecm™2 (see Sec. VIII in the Sup-
plemental Material [35]).

Table II. Conductivity effective masses in the plane (m;})
and out-of-plane (mj) for electrons (m}), holes (mp,), and
electron-hole pairs () in SnS2 and SnSes, as calculated us-
ing the semiclassical Boltzmann transport theory at 300 K
and a carrier density of 10'® cm™3. The Cartesian directions
are x along a, y along b, and z normal to x and y (c-axis).
The values for the geometric average of my and m; (m™/me)

and \/mjm; /me are also shown.

Compound my/me  mj[/me \/mim]/me M /m.
x Yy z

my,/me 4.124 4.124 0.481 1.408 1.169

SnSa m;/me 0.447 0.447 1.117 0.707 0.559
w*/me 0.403 0.403 0.336 0.471 0.378

my, /me 1.101 1.101 0.649 0.845 0.893

SnSexs  mZ/m. 0.392 0.392 0.689 0.512 0.458
u*/me 0.289 0.289 0.334 0.322 0.302

As shown in Table[[T} the geometric averaged conduc-
tivity effective mass for electrons and holes in SnSsy is
m*= 1.169 m, and 0.559 m,, respectively. The corre-
sponding values in SnSes are m*= 0.893 m, and 0.458
me. These large carrier effective masses originate from
the dispersionless nature of the band-edge states. This
is rooted in the chemical bonding between the Sn and
the chalcogen (S and Se) atoms within the particu-
lar crystalline symmetry associated with the 2D layered
structure. 20, [54] The calculated electron masses (see Ta-
ble and are significantly larger than in other semi-
conductors, such as GaAs (0.067 m,),[55] hybrid organic-
inorganic perovskites (0.09 to 0.14m.),[56H59] and sev-
eral vdW semiconductors, such as WSey(;_y)Sax (0.15
to 0.21m,),[60, [61] SnSe (0.17 to 0.21m,)[62] and InSe
(0.138 my).[41] [44] These heavy carrier effective masses
can account for the relatively low electron mobility re-
ported in SnSep and SnSy (<85 ¢cm?V~!s~! at room

temperature),[5, [I3HI6] which is one or two orders of
magnitude lower than in other vdW crystals, such as
InSe[63] or traditional semiconductors, such as GaAs.[64]

We note that the conductivity effective masses in the
plane (m;) and out-of-plane (m]) are significantly differ-
ent (Table: for holes, out-of-plane masses tend to be
smaller than in the layer plane, particularly for SnSs.
In contrast, electron masses tend to be lighter in the
layer plane than out-of-plane. The anisotropic energy
dispersions of these compounds imply that careful con-
sideration should be paid to the orientation of the ap-
plied magnetic field when assessing the cyclotron mass.
In the Faraday configuration, the measured cyclotron
mass reflects primarily the in-plane carrier masses (mj).
We find that the calculated in-plane electron-hole re-
duced mass for SnSy (u*= 0.403m,, Table[ll]) is slightly
lower than p} (0.454m, - 0.511m,) obtained experimen-
tally. To probe the out-of-plane effective mass (m;) in
SnS,, we measured the magneto-transmission spectra of
SuSs in the Voigt configuration (see Sec.II in the Sup-
plemental Material [35]). In the Voigt geometry and for
an anisotropic material, the cyclotron mass is a square
root average of the in-plane and out-of-plane masses
(y/m;mf).[65] The reduced electron-hole mass derived
from the measurements for SnSy indicate p* > 0.4me,
which is consistent with the calculated value of u*
0.471 m, (Table. For SnSe,, the calculated masses are
lighter than for SnS,; and smaller than pj (0.454 m. -
0.511m.) suggested by the experiment. This discrepancy
may arise from the contribution of the electron-phonon
interaction, which is important in these compounds due
to the strong Sn-S and Sn-Se covalent bonding and
charge localization around the S- and Se-atoms.[22] The
contribution of the electron-phonon interaction to the ef-
fective mass was not considered here and requires further
investigation. This interaction can distort energy disper-
sions leading to the mass renormalization.



Our findings on the anisotropic band structure and
large effective masses underlie important functionali-
ties of SnSey(;_)Sax, including its transport properties.
Fig.[5(a) and (b) show the calculated dependence of the
ratio between the components of the conductivity tensor
Oxx, Oyy, and o0,,, and the relaxation time 7, versus the
carrier concentration for SnS, and SnSes, respectively.
To calculate the conductivity, we have used the semiclas-
sical Boltzmann transport theory and the simplifying as-
sumption of a constant relaxation time 7. From Fig.[5]
it can be seen that for all directions the conductivity
varies almost linearly with the electron (n) and hole (p)
density. This is expected from a simple Drude model in
which the conductivity increases linearly with the car-
rier density. Furthermore, within the range of n and p
considered here (up to 10'® cm~3), the carrier mobility
remains approximatively constant due to a weak depen-
dence of the carrier effective mass on n and p. For both
SnSs and SnSez, n-type conductivity is more favourable
along the x and y directions than along the z-direction.
Thus, the electron current is expected to flow more easily
in the layer plane than from one layer to the adjacent one.
The behaviour of holes is qualitatively different: p-type
transport is more favourable along the z-direction. Such
anisotropy arises from anisotropic band structures and
distinct anisotropic properties for electrons and holes. It
indicates that SnSep(;_y)Sax is a semiconductor with a
quasi-1D character for holes and quasi-2D character for
electrons.

IV. CONCLUSIONS

In conclusion, we have shown that the magneto-optical
transmission spectrum of the SnSey(;_y)Sax compound
does not show a statistically significant change with ap-
plied magnetic fields of up to 150 T. This observation in-

dicates that hole and electron effective masses are large,
in good agreement with first-principle band structure cal-
culations and semiclassical Boltzmann transport theory.
The dispersionless nature of the band-edge states orig-
inate from the chemical bonding between the Sn and
the chalcogen (Se and S) atoms within the crystalline
symmetry associated with the polytype phase 2H-MXs.
This also produces strongly anisotropic carrier effective
masses, which are distinct for electrons and holes. The
anisotropy of the band structure is an interesting feature
of this class of compounds and should lead to anisotropic
conductivity: we estimate a change of conductivity by a
factor of 2-3 along two orthogonal directions (namely in
the layer plane and out-of-plane) and in opposite direc-
tions for electrons and holes. Improved understanding
of how these large effective masses manifest themselves
in optical and electrical properties is key to the ratio-
nal design of electronic and optical components based on
SnSey(1—x)Sax for future applications.
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