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Indium selenide (InSe) has attracted tremendous research interest due to its high mobility and potential
applications in next-generation electronics. However, the underlying transport mechanism of carriers in thin
InSe at low temperatures remains unknown. Here we report the gate voltage and temperature-dependent
magnetotransport properties of y-InSe transistor devices with Hall mobility up to 2455cm?>V~'s™! at the
temperature of 1.7 K. We observe a gate-tunable weak antilocalization behavior at lower magnetic field B, which
shows a transition to weak localization at higher B region. We find that the magnetotransport data agree well with
the Hikami-Larkin-Nagaoka theory. The conductivity and temperature dependence of phase-coherence length
reveal that the electron-electron (e-¢) interactions are dominated dephasing mechanism for electronic transport
in y-InSe at low temperatures. The maximum phase-coherence length is found to be 320 nm at 1.7 K, larger than
that of monolayer MoS, and few-layer black phosphorus. These results enrich the fundamental understanding of

electronic transport properties of InSe.
DOI: 10.1103/PhysRevB.98.125414

I. INTRODUCTION

Conventional two-dimensional (2D) materials [1], such as
graphene [2], transition-metal dichalcogenides (TMDs) [3],
and black phosphorus [4], have been studied extensively over
the last decade, not only for their fundamental physical prop-
erties [5-8], but also for their potential electronic, optical, and
thermal applications [9,10]. Recently, layered-structure III-VI
semiconductors have generated great interest among the sci-
entific community, with their excellent electronic and optical
properties [11-15]. One of the candidates among layered-
structure III-VI semiconductors is indium selenide (InSe),
which has been extensively studied in experiments [13—19].
Most experiments on studying InSe focused on utilizing its
high photoresponsivity to explore optoelectronic applications
[16,18,19]. The carrier transport properties of few-layer InSe
have been rarely investigated. A most recent work has shown
that the mobility of few-layer InSe encapsulated in hexagonal
boron nitride (hBN) can be up to 10* cm? V! s~! at liquid-
helium temperature [15]. The reported room-temperature mo-
bility (~2000 cm? V~! s~1) of the thin InSe [15] is higher than
that of silicon (~1000cm? V~!s~1) [20], and much higher
than that of few-layer 2D TMDs (~150 cm? V™' s71) under
the similar field-effect measurement [21], making 2D InSe
an ideal electronic material for new-generation field-effect
transistors (FET). Despite this significant progress, scattering
mechanisms of electronic transport in few-layer InSe remain
elusive.

Previous works have shown that studies of quantum in-
terference corrections to conductivity in mesoscopic Sys-
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tems give a fundamental understanding of intrinsic carriers’
transport properties [22,23]. For example, measurement of
magnetoresistance is often regarded as an effective method
to investigate the microscopic origin of scattering mech-
anisms of quantum decoherence in 2D materials [24-28].
The weak localization (WL) or weak antilocalization (WAL)
phenomenon, determined by constructive or destructive inter-
ference between time-reversed paths, is expected to occur in
the quantum diffusive transport regime and usually associated
with scattering mechanisms.

In this work, we perform electrical transport measurements
of few-layer y-InSe at low temperatures. The gate voltage and
temperature dependence of magnetoresistance was studied
to reveal the specific electron dephasing mechanisms. The
observed WAL effect indicates that spin-orbit interaction in
y-InSe induced by gate voltage plays a key role in the mag-
netotransport characteristics. The extracted phase-coherence
length [, [based on the fitting using the Hikami-Larkin-
Nagaoka (HLN) model] is 320 nm at 1.7 K, larger than that
of monolayer MoS;, [26] and few-layer black phosphorus
[24,25]. Furthermore, [, exhibits a quasilinear dependence
on conductivity, and is proportional to T~%° for fixed gate
voltage, indicating that the electron dephasing mechanism in
y-InSe originates from electron-electron interactions at low
temperatures.

As a family member of III-VI group metal chalcogenides,
y-InSe is a van der Waals layered semiconductor with a
layer-dependent band gap. Monolayer y-InSe is composed of
four atomic layers with Se-In-In-Se arrangement, which forms
a honeycomb lattice [Fig. 1(a)] [15,29]. Figure 1(b) shows Ra-
man spectra of the InSe sample used for the magnetotransport
measurements. Four prominent peaks appear at 116.6, 176.7,
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FIG. 1. y-InSe/hBN devices. (a) Schematic of y-InSe crystal
structure. Left panel shows a honeycomb lattice in basal plane and
right panel displays a bulk unit cell. (b) Raman spectra of the InSe
device. (c) Optical image of a typical fabricated y-InSe/hBN field-
effect transistor device. The scale bar is 10 um.

197.8, and 227.7cm™!, corresponding to A/l(l"f), E’(I‘31) —
TO and E”"(I'3), A”(I'}) — LO, A|('}) modes, respectively,
which is consistent with the previous works [16,30].

II. METHODS

To fabricate high-quality y-InSe devices, we transfer me-
chanically foliated few-layer y-InSe onto the insulating hBN
substrate, which is produced by mechanical exfoliation onto
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Si wafers covered by 300-nm oxide. The entire process de-
scribed above was carried out in a glove box filled with
pure nitrogen to avoid undesirable contaminations or material
reactions. Using standard electron-beam lithography (EBL)
and electronic-beam evaporation of Ti/Au (5/50 nm) for metal
electrodes, we fabricate the y-InSe FET devices for electrical
transport measurements in a He* cryostat. Before the step
of cooling down, the devices were annealed in a pure argon
atmosphere at a temperature of 270 °C for 3 h to remove
polymer residues arising from the preceding EBL process,
and to reduce contact resistance. Figure 1(c) shows an optical
image of a typical y-InSe FET device. To study the effect of
hBN substrate on the mobility of InSe devices, we have mea-
sured the transfer curves of three different InSe/hBN devices
and four different InSe/SiO, devices at room temperature.
Figure 2(a) shows the two-terminal conductivity oy, [09p =
(L/W)(4s/Vas)], where L, W is the length and width of
the channel, respectively, Iy is the drain-source current as a
function of back-gate voltage Vi, under a drain-source bias
voltage of 0.1 V for different devices, exhibiting a typical
n-type behavior of InSe/hBN devices (red lines). Compared to
the InSe/SiO, FET devices (blue lines), we find that the on-
state current in InSe/hBN devices increases by over one order
of magnitude. We calculate the corresponding field-effect
mobility by the Drude model, [urg = 9(0)/3(CqVig), where
C, is the capacitance per unit area between the conducting
channel and back gate]. The results are shown in Fig. 2(b) with
a histogram plot. We can see that the mobility of InSe/SiO,
devices is smaller than that of InSe/hBN devices. Thus the
hBN substrate is an ideal candidate for InSe to improve the
mobility.

II1. RESULTS

By employing both two- and four-terminal resistance mea-
surements, we study FET characteristics of InSe/hBN devices
with temperatures ranging from 1.7 to 70 K (Fig. 3). Fig-
ure 3(a) shows the curves of oy, vs Vi with Vg = 0.1 V. The
variation of o, with 7 may be due to the effect of Schottky
barrier at the contacts, which is consistent with the previous

4001

300f

cm?V-1s)

~
w

& 200f

100f

1 2 3 4 5 6 7
Device number

FIG. 2. (a) The conductivity o3, vs W, of three InSe/hBN devices (red lines) and four InSe/SiO, devices (blue lines). (b) The histogram
of mobility of three InSe/hBN devices (red pillars) and four InSe/SiO, devices (blue pillars).
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FIG. 3. Transfer curves at various temperatures. (a) Two-terminal conductivity o, varies with back-gate voltage Vi,. (b) Four-terminal

conductivity oy, as a function of V.

report [14]. To eliminate the effect of contact resistance,
we also conduct the measurements of four-terminal sheet
resistance Ry by an ac technique (with a Stanford Research
830 lock-in amplifier). The four-terminal conductivity [oxx =
(L/W)(1/Rxx)] as a function of Vi, is shown in Fig. 3(b).
In contrast to the two-terminal measurements presented in
Fig. 3(a), oxx increases as the temperature decreases, indi-
cating the presence of metallic conduction of y-InSe at the
regime of Ve 2> 30V. From the curves of oy vs Vpg, we
can extract the field effect mobility g, with the maximum
value up to 3450cm?> V~'s™! at T = 1.6K [Fig. 4(b)]. An
effective dielectric screening from hBN substrate may account
for the observed high field-effect mobility of the y-InSe
devices [15,31,32]. By carrying out the measurement of Hall
effect [Fig. 4(a)], we can obtain the Hall mobility uy with
the equation of uy = oy/ne and (n = l/e)dTBXy (Ryy 1is the
Hall resistance) [Fig. 4(b)]. uy increases with decreasing T
and exhibits a maximum value of around 2455cm? V—!s~!
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at T = 1.6K and Vg = 50 V. The Hall mobility is less than
the field-effect mobility due to an additional term resulted
from the gate-dependent py included in the field-effect mobil-
ity [ure = pu + (Vg — Vth)%:,, where Vj, is the threshold
voltage]. )

To further study the underlying quantum-scattering mech-
anisms in y-InSe FET devices, we also examine gate-voltage
dependence of magnetoresistance under a perpendicular mag-
netic field at temperature of 1.7 K. Because a quantum cor-
rection to the electrical transport of y-InSe can be manifested
in the WL or WAL effect, the variation in conductivity could
reveal the inelastic scattering mechanisms. In Fig. 5(a), we
plotted magnetoconductivity (MC) as a function of the applied
magnetic field for different gate voltages ranging from 30 to
47.5 V. The MC is defined as Aoy (B) = ox(B) — 0x(0),
where oxx(B) = (L/W)[1/Rxx(B)] (the absolute value of
oxx(B) shown in Supplemental Material Fig. S1 [33]),
with Ry (B) being magnetic-field-dependent four-terminal
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FIG. 4. (a) R,y as a function of B at fixed gate voltage V,, = 50V and different temperatures between 1.6 and 70 K. (b) Temperature-

dependent Hall and field-effect mobility.
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FIG. 5. Analysis of the gate-voltage-dependent magnetotrans-
port of y-InSe at 7 = 1.7K. (a) Aoy as a function of magnetic
field B at different gate voltages. The black solid lines are the
fittings of the MC data with HLN model. (b) Gate-voltage-dependent
characteristic field B, Bso extracted from the fittings in (a). (c) The
corresponding phase-coherence length [, and spin-orbit scattering
length I5o versus gate voltage.

resistance (similar to previous work [26,34], R« (B) has been
symmetrized to eliminate the contribution from Hall resis-
tance: Ryx(B) = {[Rxx(—B) + Rxx(+B)]/2}). No significant
change in Aoy (B) was detected at low magnetic field (| B| <
0.13T) and low gate voltages (Vyg < 30V). At larger Vg,
the Aoy (B) curves show a sharp cusplike feature with a
peak at B = 0T, which is a typical manifestation of the WAL
effect. Additionally, we find that the amplitude of the drop
in Aoy(B) increases with Vpg, and the conductivity also
increases with Vi, indicating that the WAL behavior is en-
hanced by conductivity [35]. At higher magnetic-field region,
we find that MC increases with B for all the gate voltages,
showing a crossover between the negative and positive magne-
toconductivity. The similar phenomenon has been reported in
the topological insulators [36]. Note that the band bending and
disorder may also induce such a crossover. The band-bending
effect can be negligible due to the weak bias voltage between
source and drain (Vg = 0.1 V). The disorder-induced transi-
tion from negative to positive magnetoconductivity generally
occurs at the regime of lower carrier concentration (higher
disorder strength) [37,38]. However the transition in Fig. 5(a)
is observed in higher carrier concentration regime. Thus, the

quantum interference effect is more reasonable to explain the
crossover between the negative and positive magnetoconduc-
tivity. Note that the WAL effect is usually present in the
materials with strong spin-orbit interaction (SOI) [26,39], and
can also exist in the systems with a = Berry phase [40,41].
Recently, the WAL behavior has been also observed in GaSe,
one of II-VI layered-structure compounds, and has been
claimed to be dominantly determined by the Rashba SOI [42].
Since the previous experiments have demonstrated that the
Berry phase is absent in 2D y-InSe [15], the observed WAL
effect is expected to be induced only by the SOI in y-InSe,
which will be discussed next.

We can gain further insights into the gate-voltage-
dependent magnetotransport by fitting the Aoy (B) with the
HLN theory [43-45]

AUXX(B)———{I[ ( >_ln<%>]
+[w<%+BS°;B ) h‘(@)}
Sl ()

where e is the elementary charge, h is the Planck constant,
W is the digamma function. Here B; = h/(Sneliz) i=o,
SO, e) refers to the characteristic fields of phase coherence,
spin-orbit, and elastic scattering, respectively, where [; is the
corresponding scattering length of each process (I; = /D1,
where D is the diffusion constant, and t; is the corresponding
scattering time). B, is introduced into the HLN model to
study how the elastic scattering affects the magnetotransport
of y-InSe FET devices [44].

As can be seen in Fig. 5(a), the experimental results are
in excellent agreement with the HLN theory for all the Vig.
Although o, < €*/h occurs at Voe = 30V, the experimental
data can be still well described by Eq. (1) similar to previous
work [35]. This may be due to the fact that Fermi wavelength
is less than the mean-free path (/), which can be justified by
the estimation of krl = 1.4 (where kr is Fermi momentum).
Based on the fittings of HLN theory to the experimental data,
we are able to extract the parameters (B, Bso), which are
shown in Fig. 5(b) as a function of gate voltage for compari-
son. B, is found to decrease by one order of magnitude when
increasing Vg from 30 to 47.5 V. Bso changes from 0.030 to
0.018 T, indicating that the spin-relaxation processes can be
tuned by gate voltage. Furthermore, we investigate Vyg depen-
dence of /, and I at the temperature of 1.7 K, with results
shown in Fig. 5(c). [, exhibits a superlinear dependence on
Vog, and reaches 320 nm at Vg = 47.5V; it is larger than
that of monolayer MoS, [26] and few-layer black phosphorus
[24,25] and comparable to that of graphene [27], which can be
attributed to the small effective mass and the high mobility of
y-InSe. On the other hand, the spin-orbit scattering length Iso
slightly increases with V;,, ranging from 74 nm at V,, = 30V
to 96 nm at Vye = 47.5V. The W, weak dependence of /so
may result from competition between the shortened spin-orbit
scattering time 7so due to the gate-tuned Rashba SOI and
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FIG. 6. Temperature-dependent phase-coherence length of y-InSe. Fitting of the MC data with HLN model (the black solid lines) for
Vog =40V (a) and 45 V (b). (c) Characteristic field B, estimated from the fitting with HLN model. The black solid lines are guides for the
eye. The Inset shows curves of 7, vs T~! for V;,y = 40 and 45 V. (d) Phase-coherence length /,, varies with temperatures, showing a power-law
rule of 777 (the black solid lines) with the y = 0.431 £ 0.01, y = 0.483 £ 0.01 for V;,; = 40 and 45 V, respectively.

diffusion constant which increases with Vi [Fig. 5(c)] (D =
U%‘L'p /2, where vr is the Fermi velocity, 7, is momentum
scattering time). Usually, two primary factors in the quantum
interference regime determine magnetoresistance behavior:
phase coherence of electron and SOl-induced scattering. As
shown in Fig. 5(c), the WAL effect occurs when coherence
length [, is larger than SOI-induced scattering length g0
[46]. As Vg further increases, the WAL effect becomes more
prominent with both Rashba SOI and [, increasing with Vy,.
The strength of spin-orbit interaction Agp can be estimated by
using the relation of zi'so = A3, Itincreases from 1.1 meV at

Voe =30V t0 2.0 meV at Vpg = 47.5V, which is comparable
to previous theoretical results of InSe in other phases [47] and
the value for MoS, [26]. It is worthwhile to point out that the
elastic scattering length /, (15-40 nm) is one order of magni-
tude smaller than the inelastic phase-coherence length [, with
the same V. In the regime of [, < I,, a number of elastic
collision events occur before an electron’s phase is random-
ized. Thus the magnetotransport in y-InSe FET devices at low
temperatures is in the quantum diffusive regime. To further

examine the effect of inelastic scattering on the carrier trans-
port, [, is presented as a function of conductivity in the inset
of Fig. 5(c). For e-e interactions, /, can be expressed as [, =
%[ln(%)m*kg T17'/2, where kg is the Boltzmann constant
[25,48]. The quasilinear conductivity dependence of [, is con-
sistent with the e-e interactions mode at fixed temperature, im-
plying that the main phase-relaxation mechanism at low tem-
peratures is likely dominated by the e-e interactions. We will
further discuss the origin of the dephasing scattering below.

IV. DISCUSSION

In general, two processes would give rise to the inelastic
electron scattering at low temperatures: the e-e interactions
with small energy transfer and the electron-phonon (e-ph)
interactions [23,25]. To establish an understanding of the ori-
gin of inelastic dephasing scattering of electrons, we present
the temperature-dependent magnetoresistance measurements
with the same configuration of the magnetic field at fixed
gate voltages. Figures 6(a) and 6(b) show Aoy vs B at
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various temperatures from 1.7 to 20 K for Vpg =40 and 45V,
respectively. The sharp cusplike MC curves become flat as the
temperature is increased. For temperatures above 20 K, the
WAL effect disappears, due to the phase destruction resulting
from increasing thermal fluctuations.

As expected, the HLN theory [Eq. (1)] also shows an
excellent agreement with the experimental data in Figs. 6(a)
and 6(b). The fittings enable the extraction of characteristic
fields of phase coherence. In Fig. 6(c), we plot the character-
istic field of phase coherence B,, as a function of temperature
for Vpg¢ =40 and 45 V, which displays a linear dependence.
Furthermore, we utilize the relation of 7, = 7/(4eDB,) to
obtain 7, at different temperatures from 1.7 to 70 K for
Voe = 40 and 45 V [see the inset of Fig. 6(c)]. We find that 7,
is inversely proportional to 7: 7, o« T~ ! at low temperatures,
which is consistent with the theoretical estimation in Ref. [49].
To reveal the inelastic scattering mechanism, we show the
temperature dependence of phase-coherence length [, [/, =
Vh/@meB,)] in Fig. 6(d) for Vi =40 and 45 V. Both
cases exhibit 777 dependence of [, over the entire studied
temperature range, with y = 0.43 £0.01, y =0.48 £0.01
for Vyg = 40 and 45 V. respectively. For carrier transport in
2D systems, both the e-e interactions and e-ph interactions can
contribute to electron dephasing, and the corresponding y for
e-e (or e-ph) interactions is 0.5 (or 1) [23,25]. The measured
values of y are close to 0.5 for both gate voltages. Thus, we
conclude that the e-e interaction with small energy transfer
is the main mechanism, responsible for the phase relaxation
in the quantum diffusive regime within temperatures ranging
from 1.7 to 20 K. This conclusion is also consistent with the
quasilinear trend of [, vs oy [shown in Fig. 5(c)]. At lower
temperatures, since other underlying dephasing mechanisms
have been observed in certain 2D materials [26,50], they could
also exist in thin y-InSe, which is worth to be further explored

in future work. Note that the magnetoresistance properties of
InSe are different from that in topological insulator [51], in
which the conventional HLN model has to be modified to
include the e-e interactions to interpret the measured magne-
toconductivity behavior.

V. CONCLUSION

In summary, we have observed the WAL effect in y-InSe
FET devices at low magnetic field, with a transition to WL at
higher magnetic field. The observed WAL behaviors suggest
that the SOI in y-InSe tuned by gate voltage plays a key role
in the magnetotransport characteristics at low-field region. By
fitting the magnetotransport curves with the HLN model, a
maximum phase-coherence length /,, is found to be 320 nm at
T = 1.7 K. Furthermore, we find a linear conductivity depen-
dence of [, and a power-law temperature (77, with y close
to 0.5) dependence of /,, indicating that the e-e interactions
are the dominant mechanism for electron dephasing in y-InSe
at low temperatures.
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