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InSe has emerged as a promising candidate for next-generation electronics due to its predicted ultrahigh electrical per-
formance. However, the efficacy of the InSe transistor in meeting application requirements is hindered due to its sensitivity
to interfaces. In this study, we have achieved notable enhancement in the electrical performance of InSe transistors through
interface engineering. We engineered an InSe/h-BN heterostructure, effectively suppressing dielectric layer-induced scat-
tering. Additionally, we successfully established excellent metal-semiconductor contacts using graphene ribbons as a buffer
layer. Through a methodical approach to interface engineering, our graphene/InSe/h-BN transistor demonstrates impres-
sive on-state current, field-effect mobility, and on/off ratio at room temperature, reaching values as high as 1.1 mA/um,
904 cm?-V—1.s~1 and > 10, respectively. Theoretical computations corroborate that the graphene/InSe heterostructure
shows significant interlayer charge transfer and weak interlayer interaction, contributing to the enhanced performance of
InSe transistors. This research offers a comprehensive strategy to elevate the electrical performance of InSe transistors,
paving the way for their utilization in future electronic applications.

Keywords: two-dimensional materials, InSe, van der Waals heterostructure, electrical performances, charge

density difference
PACS: 73.20.—, 73.40.Ns

1. Introduction

Two-dimensional (2D) materials with high electrical per-
formances, including high carrier mobility, on/off current ra-
tio, on current density, etc. are essential for the preparation
of next-generation high-performance electronic devices. The
emergence of graphene inspired the exploration of its applica-
tions in high-performance electronics owing to its atomically
thin structure and many utmost properties.'!=3! In parallel with
bandgap-opening engineering for graphene,*>! the discovery
of novel two-dimensional (2D) semiconducting materials with
intrinsically suitable bandgap has become one of the most fas-
cinating research topics.!%’! Among these, the carrier mobili-
ties of 2D transition metal dichalcogenides (TMDCs) are usu-
ally below several hundred cm?-V~!.s~! which makes them
difficult to be applied to the integration of high-performance

s.[8-111 Black phosphorus is difficult to sta-

electronic device
bilize under ambient conditions and to synthesize large-scale
films although it possesses high carrier mobility.!'>~1>] Dif-
ferent from the aforementioned materials, InSe in the 7-
rhombohedral phase is theoretically predicted to possess high
room-temperature carrier mobility due to small effective mass

and relative stability at ambient conditions, which are compa-
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rable to that of strained silicon.['6-19]

InSe has demonstrated intrinsic high-charge transport be-
haviors experimentally, manifesting intriguing physical phe-
nomena. For instance, ballistic avalanche phenomena within
nanoscale vertical InSe/black phosphorus vdW heterostruc-
tures have been revealed.?%! Moreover, recent studies illus-
trated the emergence of sliding ferroelectricity in y-phase InSe
induced by yttrium-doping and intrinsic ferroelectric behav-
ior, offering an added dimension for advanced electronics and

g.21.221 The device performance of in-

in-memory computin
dium selenide transistors degrades when exposed to atmo-
spheric conditions due to chemical reactions with water and
oxygen. 23] By encapsulating InSe transistor with indium, both
the carrier mobility and stability of InSe are improved, pro-
viding a hopeful route for integrated circuit in the future.>*
Through hard shadow mask deposition, InSe transistor also
shows enhanced performance against degradation.[>! Re-
cently, it is reported that ballistic transport behavior in 2D InSe
transistor can be realized by utilizing yttrium-doping-induced
phase transition and resulting Ohmic contact.*°! InSe emerges
as a promising candidate for optoelectronic applications, ex-
hibiting enhanced photoresponsivity through vdW stacking
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with graphene, owing to efficient charge transport.[?327-28]

However, the interface between dielectric materials and 2D
semiconductors typically hosts diverse carrier scattering cen-
ters and charge traps, significantly impacting InSe transistor

(29391 Consequently, achieving high-

electrical performance.
performance InSe transistors, characterized by attributes like
high carrier mobility, on/off ratio, and on-state current density,
remains a formidable challenge. There exists an urgent neces-
sity to devise a comprehensive strategy to enhance its electrical
characteristics.

In this work, we achieved improved electrical perfor-
mance in few-layer InSe FETs by employing vdW stacking
with h-BN and graphene to suppress dielectric-induced scat-
tering and enhance the metal/semiconductor contacts. Ini-
tially, we constructed an InSe/BN vertical heterostructure to
mitigate interface scattering originating from the SiO,/Si sub-
strate, which led to a notable enhancement in the electri-
cal performance. Subsequently, by inserting graphene into
InSe/BN heterostructure to enhance the contact behavior,
the InSe FETs demonstrated improved electrical characteris-
tics, including room-temperature carrier mobility exceeding
900 cm2-V~1.s~! current on/off ratio > 10°, and on-state cur-
rent density of 1.1 mA/um at Vgs = 1 V. Further theoretical cal-
culations revealed that the improved electrical performances
originate from evident charge transfer at the interface between
InSe and graphene and preserved charge transport properties
of InSe.

2. Materials and methods
2.1. Material characterizations

We performed optical microscopy (Nikon ECLIPSE Ci),
and Raman/PL spectroscopy measurements (Witec 300R) un-
der a 532.0 nm laser light. The spectra have been calibrated
by the 520.7 cm™! phonon mode of the silicon substrate. We
also performed AFM characterizations (Bruker Multimode 8)
of the mechanically exfoliated InSe, h-BN, and graphene.

2.2. Fabrication and measurement of devices

To prevent oxidation of InSe and ensure a clean het-
erostructure interface, the graphene, InSe, and h-BN mi-
croflakes were mechanically exfoliated onto the substrate in a
glovebox filled with an inert atmosphere. The devices were
fabricated by standard electron-beam lithography (FEI F50
with Raith pattern generation system) and electron-beam evap-
oration (5 nm Ti/45 nm Au). We measured the output and
transfer curves of planar devices at room temperature by us-
ing an Agilent BI5S00A semiconductor analyzer connected
to a probe station at room temperature. The temperature-
dependent electrical measurements were performed in the Ox-
ford cryostat with temperatures between 1.5 K and 300 K. The

field-effect mobility of the device was calculated by fitting the

linear region of the transfer curve with the following equation:

— Ld digs
‘lL - wVys €0 &r dng

width, respectively, & (&) is the vacuum (relative) permittiv-
ity, and d is the thickness of the SiO; layer (300 nm).

, where L and w are the channel length and

2.3. First-principles calculation

The electronic band structure and electron density dif-
ference of monolayer graphene, InSe, and graphene/InSe het-
erostructure were obtained by the CASTEP module based on
density functional theory (DFT) on the platform of Materials
Studio software. We applied a vacuum layer of 20 A thick-
ness along the Z-axis to avoid influence between the adja-
cent layers. The generalized gradient approximation (GGA)
plane-wave pseudopotential method with the Perdew—Burke—
Ernzerhof (PBE) functional was adopted for geometric op-
The Grimme DFT-D2
method was employed to consider the weak vdW interac-

timization for the three structures.

tions. For geometry optimization, charge density difference,
and electrostatic potential calculations, the convergence crite-
ria of the total energy change, the maximum force, stress, and
displacement in this work were less than 5x 107% eV/atom,
0.01 eV/A, 0.02 GPa, and 5x10~* A, respectively. A I'-
centered 5 x 5 x 1 Monkhorst—Pack k-point mesh was used for
Brillion zone sampling. The energy cutoffs of the plane wave
basis were set to 400 eV and 1200 eV for PBE and HSE06
functionals, respectively. The SCF tolerance was set to be
1x107% eV/atom. To ensure the accuracy of the calculated
band structures, hybrid HSEO06 functional was adopted due to
underestimation of PBE functional to the band structure.

3. Results and discussion

We start by introducing atomic structure and material
characterizations of y-phase InSe, which belongs to the R3m
non-centrosymmetric space group with lattice parameters a =
b =4.05 A, as shown in Fig. 1(a).['3!] Furthermore, we
performed Raman characterization to verify its crystallinity.
Raman spectra (Fig. 1(b)) show three prominent peaks lo-
cated at 116.6 cm™!, 178.9 cm™!, and 228.0 cm™~!, which
are assigned to the characteristic modes of y-phase InSe, in

32.33] Moreover, the obvi-

agreement with previous literature.!
ous PL characterisic peaks (see Fig. S2) are also assigned to
InSe, indicating its high crystalline. To improve the electrical
performances of InSe-based FETs, we fabricated transistors
with mechanical exfoliated few-layer InSe on h-BN substrates
since h-BN possesses an atomically flat surface and thus is

s.1341 The output

widely used as a substrate for 2D transistor
characteristic of InSe on h-BN shows linear I3;—Vys charac-
teristics (Fig. 1(c)), suggesting the formation of ideal con-
tact. Moreover, its source—drain currents can be well modu-
lated by back-gate voltages, indicating its semiconducting be-

haviors. The transfer characteristic curves of InSe on h-BN

047302-2
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(Fig. 1(d)) indicate typical n-type transport behaviors, which
is consistent with previous reports.[!”-3% The carrier mobili-
ties are estimated from the transfer characteristic curves to be
931 cm?-V~!.s~!. From the logarithm-type curves, the current
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on/off ratio for the InSe transistor at room temperature reaches
107. We undoubtedly ascribe the improvement of electrical
performances of InSe transistors to the decrease of scattering

effects induced by a dielectric layer h-BN.34!
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Fig. 1. (a) Top view of the atomical structure of monolayer (left region) and AA bernal stacking bilayer (right region) InSe. (b) Raman spectra
taken from various sections of inserted optical microscopy image, respectively, demonstrate the high quality of the as-prepared InSe crystals.
The back-gate voltages-dependent output characteristic curves (c), and transfer characteristic curves (d) in linear and logarithm scales for InSe

FETs on h-BN substrate, respectively.
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Fig. 2. (a) The schematic fabrication processes of graphene/InSe/h-BN vdW heterostructure and corresponding device structure, in which
graphene serves as electrodes to improve the metal/semiconductor contact while h-BN can effectively decrease scattering effect from dielectric
layer. (b), (c) The output and transfer characteristic curves of graphene/InSe/h-BN heterostructure-based transistors, respectively.

We further investigated the electrical performance im-
provement within InSe transistors by inserting graphene be-
Since graphene pos-
sesses ultrahigh conductivity and a dangling-free surface, it

tween metallic electrodes and InSe.

is expected to achieve enhanced metal/semiconductor con-
tact by utilizing graphene as electrodes. First, we achieved
graphene ribbons through the mechanically exfoliated method,
as shown in Fig. 2(a). Then, we transferred the graphene rib-

bons onto the InSe/h-BN heterostructure using the PDMS-

assisted dry transfer method. Finally, graphene/InSe/h-BN
heterostructure-based transistors were fabricated by deposit-
ing metal electrodes on graphene. We also investigated the
thicknesses of InSe, h-BN, and graphene before stacking to-
gether, as shown in Fig. S1. We can see that the thicknesses
of InSe, h-BN, and graphene are around 15 nm, 10 nm, and
1 nm, respectively. The output characteristic curves (Fig. 2(b))
show linear I3s—Vys curves dependent on back-gate voltages,

indicating Ohmic contact. Given the transfer characteristic

047302-3
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curves in Fig. 2(c), the current on/off ratio is > 10°. Interest-
ingly, the room-temperature carrier mobility reaches as high
as 903 cm?-V~!.s~!, which is one of the highest values for
2D materials.!*! As a comparison, the mobility we obtained
is much higher than that of molybdenum disulfide and equal
to that of black phosphorus.3%3¢! It is noteworthy that its on-
state current density can reach 1.1 mA/pm, which is compa-
rable to the value required for practical applications. Such en-
hancement of electrical performances can be attributed to the
drastically improved semiconductor—metal contact by the use
of graphene.

Given that theoretical results predict a smaller effective
mass of InSe in the out-of-plane direction, it is expected to
achieve ultrahigh electrical performances.[*”] Therefore, we
further designed an InSe/graphene-based vertical electrical de-
vice to investigate its transport behaviors in the out-of-plane
direction, as shown in Fig. 3(a). From the output charac-
teristic curves (Fig. 3(b)), one can see that the device shows
perfect Ohmic contact, ascribed to graphene resulting in per-

fect metal/semiconductor contacts. Moreover, the source—
drain currents show a gradual increase with rising tempera-
tures. This behavior aligns with typical semiconductor char-
acteristics, where higher temperatures boost carrier genera-
tion and mobility, affirming InSe’s intrinsic semiconductor
traits.!!7-38] Interestingly, the Dirac point of graphene exhib-
ited bipolar transport behavior near zero gate voltage, notably
pronounced at room temperature (Fig. 3(c)). As the temper-
ature decreased, this bipolar behavior gradually faded, indi-
cating a shift in dominance towards InSe for transport char-
acteristics at lower temperatures. This transition highlights
the temperature-dependent interplay between graphene and
InSe, where graphene’s behavior diminishes as InSe governs
transport properties at lower temperatures.3°! These findings
provide further proof that the electrical conductivity of InSe
matches that of graphene at lower temperatures, showcasing
the theoretically predicted ultrahigh electrical conductivity of
InSe.37!
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Fig. 3. (a) The schematic vertical device structure of graphene/InSe/graphene heterostructure. (b), (c) The temperature-dependent output and transfer
characteristic curves for the graphene/InSe/graphene vertical transistor, respectively, in which both top and bottom electrodes are graphene.
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Fig. 4. (a) The electron density difference plot for graphene/InSe heterostructure. The upper illustration is the corresponding electron difference
isosurface, in which red and blue regions denote electron accumulation and depletion, respectively. The inserted bottom illustrations are top
and side views of InSe/graphene heterostructure. (b) Electrostatic potential along the z direction and corresponding atomic structure for
graphene/InSe heterostructure (inset). (c)—(e) Band structures for monolayer graphene, InSe, and graphene/InSe heterostructure. The high-
symmetry path of the three structures is ' -M—K-I" as shown in the inserted illustration in (c).
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To unveil the mechanism of graphene-assisted elec-
trical performance enhancement for InSe FETs, we fur-
ther performed theoretical calculations of graphene/InSe het-
erostructure based on DFT theory. The interlayer distance
between graphene and InSe is ~ 3.5 A after full struc-
tural relaxation, in agreement with previous works.[#0:41]
We calculated the charge density difference (CDD) for
graphene/InSe heterostructure according to the following
equation: Ap = p(graphene/InSe) — p(graphene) — p (InSe),
where p(graphene/InSe), p(graphene), p(InSe) represent the
electron densities of graphene/InSe, graphene, and InSe, re-
spectively. The contrast between CDD and electron density
in the inserted figures demonstrates the charge reconstruc-
tion at the interface between graphene and InSe, as shown in
Fig. 4(a). In detail, electrons are depleted from InSe and ac-
cumulated in the graphene layer, indicating effective charge
transfer between graphene and InSe.*”) The electrostatic po-
tential along the z direction (Fig. 4(b)) presents a large po-
tential drop of around ~ 25 eV between graphene and InSe,
indicating a large charge transfer at the interface.*?! In addi-
tion, the band structure for graphene (Fig. 4(c)) shows repre-
sentative linear energy dispersion at the K point. As shown in
Fig. 4(d), monolayer InSe exhibits an indirect bandgap with a
gap of 2.0 eV forming between the conduction band minimum
(CBM) at the I'" point and the valence band maximum (VBM)
at I' to M point, which is similar to previous literature.*!]
The projected band structure for InSe/graphene heterostruc-
ture (Fig. 4(e)) seems to be a sum of isolated graphene and
InSe and thus suggests that the transport behaviors of InSe are
well preserved, which agrees with previous results.[*?! These
results jointly demonstrate that graphene is a promising can-
didate for high-efficiency charge injection in the InSe-based
FETs.

4. Conclusion

In summary, we have systemically investigated improve-
ment strategies of electrical performances for InSe-based
FETs by interface engineering and achieved a high carrier
mobility of 903 cm?-V~!.s~! at room temperature, current
on/off ratio of 10°, and current density of 1.1 mA/um at
Vs = 1 V. It is demonstrated that graphene serves as the buffer
layer to enhance the semiconductor-metal contact while h-
BN effectively suppresses the dielectric layer-induced scatter-
ing effects. Theoretical calculations also unveil that graphene
weakly interacts with InSe, which ensures the intrinsically ul-
trahigh carrier mobility of InSe. This work provides a general
route towards high-performance electronics based on 2D vdW

heterostructures.
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