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ABSTRACT: Graphene-like two-dimensional (2D) materials not only are

interesting for their exotic electronic structure and fundamental electronic 3000 ‘

transport or optical properties but also hold promises for device Ky
minijaturization down to atomic thickness. As one material belonging to BEv-Iy
this category, InSe, a III-VI semiconductor, not only is a promising AGGAA 2000 nSe on SIN,
candidate for optoelectronic devices but also has potential for ultrathin field - iy

effect transistor (FET) with high mobility transport. In this work, various
substrates such as PMMA, bare silicon oxide, passivated silicon oxide, and
silicon nitride were used to fabricate multilayer InSe FET devices. Through
back gating and Hall measurement in four-probe configuration, the device’s
field effect mobility and intrinsic Hall mobility were extracted at various
temperatures to study the material’s intrinsic transport behavior and the
effect of dielectric substrate. The sample’s field effect and Hall mobilities
over the range of 20—300 K fall in the range of 0.1-2.0 X 10° cm*/(V s),
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which are comparable or better than the state of the art FETs made of widely studied 2D transition metal dichalcogenides.
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In the current stream of research in finding new materials to
replace the conventional Si-based devices, which are being
widely used in logic circuits, researchers have explored a wide
range of materials to overcome the scaling limit of the Si-based
devices. Since the realization of device fabrication using single
layer graphene and its 2D massless Dirac Fermion,"” there has
been great interest in 2D graphene-like materials, in particular,
transition metal dichalgenides (TMDs)*>"° such as MoS,,” "'
MoSez,12 * WS,,'> and WSe,. 1617 With the maximum carrier
mobility of 2D TMD devices limited to a few hundred cm?/ (v
s),"*7%° other 2D materials with similar layered 2D crystal
structures are being sought after for better charge transport
mobility and device performance.”"** A notable example is the
recent demonstration of multilayer black phosphorus (or
phosphorene) FETs showing field effect mobility of holes
approaching 10° cm?/(V s).>!

InSe is a 2D material made of stacked layers of Se—In—In-Se
atoms with van der Waals (vdW) bonding between quadruple
layers (Figure 1a). In the bulk form, InSe’s mobility could be
near 10°> cm?/(V s) at room temperature (T) and exceeds 10*
em?/(V s) at low T,”>** making it another promising candidate
for the next generation high performance 2D semiconductor
devices. Some recent works also highlight the potential
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applications of InSe and related III-VI 2D materials in
optoelectronics. For example, Lei et al. and Tamalampudi et al.
showed that devices of few-layer InSe obtained by mechanical
exfoliation can be used as photo sensor with high photo-
responsivity.”>>® Additionally, electroluminescence was ob-
served in vertically stacked InSe/GaSe heterojunction fab-
ricated based on the mechanical exfoliation method for 2D
vdW materials.”” In terms of electrical transport device, it was
recently studied by Feng et al. that with PMMA coated on
Al O; as dielectric layer for InSe FET, the two-terminal room
temperature field effect mobility of the sample can be improved
to be ~1000 cm*/(V s) whlch is approaching its best Hall
mobility value in the bulk*® and well above that of the TMDs.*®
However, due to the limitation of two-terminal measurement
and only room temperature behavior was studied, the intrinsic
transport properties and mobility limiting mechanisms in such
devices still remain to be understood.

In this Letter, we report the electron transport character-
ization of multilayer InSe devices and elucidate the effects of
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Figure 1. (a) Layered crystal structure of InSe (blue dots, Se atoms; yellow dots, In atoms). (b, c) Schematic (top) and optical image (bottom) of
InSe nanoflake device for backgating and mobility measurement in the four-terminal (b) and two-terminal (c) configuration. The scale bars in the
optical images are 20 ym. (d) (top) AFM topography of an InSe nanoflake sample with 20 nm thickness (a line scan of height profile is shown in the

bottom panel).
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Figure 2. Typical [-V curves obtained from InSe device on PMMA covered Si/SiO, substrate (flake size ~81.9 X 76.5 um?) at 200 K (a) and 77 K
(b). Variation of two-terminal conductance (V4 = 0.1 V) (c) and four-terminal conductance (V4 = 0.5 V) (d) as a function of back-gate voltage of
InSe nanoflake device on PMMA covered Si/SiO, substrate at different temperatures.

contact, temperature, and different substrate dielectrics (SiO,,
Si;N,, hexamethyldisilazane (HMDS)-passivated SiO,, and
PMMA). By four-terminal measurement, the intrinsic transport
properties and mobility were obtained. It is found that due to
the inclusion of contact effect, the standard two-terminal FET
configuration tends to underestimate the field effect mobility
compared to the intrinsic value obtained by four-terminal
measurements. Both the intrinsic field effect mobility and Hall
mobility increase with decreasing temperature, indicating the
relevance of phonon scattering in limiting the mobility of InSe
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nanoflakes. The dielectric property of substrate also plays a
major role on the mobility of sample. Although the PMMA
dielectric substrate gives the best mobility (maximum Hall
mobility ~2400 cm?/(V s)) among all the substrates, the
typical value (100—2000 cm?/(V s) for T between 20 and 300
K) of mobilities obtained in multilayer InSe compares favorably
or better than TMDs.

Bulk InSe crystals were grown with the Bridgman method,
similar to ref 26. To grow high-quality single-crystalline InSe,
we used 99.999% pure molar mixture of In and Se compound
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purchased from Sigma-Aldrich. Synthesis of the crystals was
carried out in a quartz ampule by placing the mixture of the
compounds at one end of the ampule, evacuating the ampule to
~107* Pa, and subsequently sealing the other end of the
ampule. Homogenization of the mixture was conducted in a
horizontal furnace at 600 °C for 48 h. The as-grown crystals of
excellent optical quality were easy to cleave to obtain crystalline
planes perpendicular to the trigonal ¢ axis.

The multilayer InSe nanoflake samples were mechanically
exfoliated onto degenerately doped silicon substrate with
different dielectrics (SiO,, Si;N,, PMMA, and HMDS-modified
SiO,) on the surface using the standard scotch tape method.
Four types of substrates were cleaned and prepared. For the
substrates with bare SiO, and Si;N,, substrates were cleaned in
boiling acetone at 100 °C for 1 h and then rinsed with ethanol
and DI water, followed by blow drying with compressed air.
Some Si/SiO, substrates were modified with HMDS (Micro-
Chem) to remove the water adsorbed on the surface and render
a charge-neutral surface. For samples with PMMA dielectric
layer on SiO,, ~200 nm thick PMMA was spin-coated onto the
Si/SiO, substrate, followed by baking at 180 °C for 30 min. It is
noteworthy that the HMDS-modified substrates had the lowest
yield in exfoliation and the exfoliated InSe flakes are
significantly smaller than other types of substrates, presumably
due to the strong hydrophobicity of the surface.

For the best mobility results, flakes that are roughly 20 to 40
nm thick were chosen for this study. To fabricate the electrodes
contacting InSe nanoflake, a StrataTek copper grid was placed
on top of the sample and used as a shadow mask for resist-free
metal evaporation. Cr/Ag (10 nm/80 nm) was used as the
contact metal in most devices and the typical distance between
electrodes is 20 ym. Figure 1b and c illustrate the four-terminal
and two-terminal device schemes, respectively, showing the
InSe nanoflake, metal contact, dielectric layer, and degenerately
doped Si substrate, which was also used as a back-gate to tune
the carrier density. Optical images of devices are also shown.
The prepared samples are loaded in a Lakeshore vacuum probe
station and cooled down with liquid nitrogen to study the
temperature dependence of the field effect mobility, and some
four-terminal samples were also loaded in physical property
measurement system (PPMS) for Hall measurements. Typical
source-drain voltage (V,4) used in the experiments was 0.1—1
V.

The samples’ two-terminal current—voltage (I;—V,4) char-
acteristics were first characterized to check the quality of
contacts at different temperatures and different strength of
applied back gate voltage V,. Figure 2a and b show typical I,4—
Viq curves of an as prepared sample at T = 200 and 77 K. As
can be seen, large positive gate voltage induces higher current,
indicating n-type conduction in the InSe device. It is also
evident that the I;—V4 curves at low T are less linear (Ohmic)
than high T curves, showing the effect of Schottky barrier in
limiting the current through metal-InSe interface at low T. The
effect of Schottky barrier and nonideal contact creates some
differences between the conductance measured in standard
two-terminal FET setup (Figure 1c) and the intrinsic value. To
illustrate, we show in Figure 2c and d a comparison of the two-
terminal conductance and the four-terminal conductance for
the same device (PMMA-2). With the influence of temper-
ature- and gate-voltage-dependent contact resistance effects
removed, the intrinsic four-terminal conductance is about ten
times higher than the two-terminal value.
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The two-probe gate transfer curve is analyzed to extract
several key metrics of FET. Our multilayer InSe FETs have
On—Off ratio on the order of 107 and subthreshold swing (SS)
on the order of 1 V/decade (Supporting Information Figure
S1). The conductance G vs V, curves in Figure 2c and d can
also be used to extract the field effect mobility ppy through the
trans-conductance g,, = dG/dV,. Related to the switching speed
of FET, pgg is an important character of FET. For our planar
few-layer InSe device, the two-terminal field effect mobility was
calculated from the relation: ppy = (L/W) (dIy/ C,-VsddVg) =
(L/W)(g,/C;), where L and W are the length and width of the
sample, C,; is the capacitance per unit area of the corresponding
dielectric layer (which is given by C; = (€4€,/d) where ¢ is free
space permittivity, €, is the substrate’s dielectric constant and d
is the dielectric layer’s thickness). The extracted two-terminal
and four-terminal peak ppp at different temperatures are
included in Figure 3a, using calculated geometric C; listed in
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Figure 3. Comparison between the field effect mobility of two-
terminal and four-terminal measurements of InSe on PMMA coated
Si/SiO, substrate (a) and Si/Si;N, substrate (c). (b) Comparison
between the field effect mobility of two-terminal InSe FET devices on
different substrates.
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Figure 4. Carrier density (a) and Hall mobility (b) of InSe samples on PMMA and SizN,.

Table S1 of Supporting Information. (The gate voltage
dependence of field effect mobility can be found in Figure S2
of Supporting Information). Likely due to the impact of
worsened contacts at low T, the two-terminal field effect
mobility continuously drops at lower T. The four-terminal field
effect mobility shows a weak temperature dependence, in
contrast to the T-dependent Hall mobility to be discussed later.
This discrepancy is likely due to that the actual gate capacitance
of PMMA-InSe device increases with T between 200 and 300
K, as shown by our Hall density measurement (see Figure S3
and related discussion in the Supporting Information). Note
that in calculating the four-terminal field effect mobility, we
used the equation pgp = (g./C;)/(#/In2) to account for the
square shaped geometry of the measurement, according to the
relation between resistance per square and the directly
measured resistance in the van der Pauw method.”

The high field effect mobility in FET device of InSe on
PMMA at room temperature was attributed to the dielectric
screening from PMMA in ref 28, similar to a previous work on
MoS, FET."" Our experiments confirmed that InSe FET on
PMMA substrate indeed has higher field effect mobility than
other commonly used substrates. As shown in Figure 3b, typical
upg of two-terminal InSe FET on SiO,, Si;N,, or HMDS-
modified SiO, substrates is 50—200 cm?/(V s) at room T,
whereas InSe on PMMA has pgp; higher than 1000 cm?®/(V s).
The 2-terminal device with PMMA as dielectric layer shows
mobility of 1250 cm®/(V s) at room temperature, well above
any other type of substrates and generic values for TMDs.
However, the InSe FET supported on PMMA also exhibits a
rapidly decreasing trend in ppg as T decreases, whereas other
conventional solid dielectrics yield increasing ppy as T
decreases. This may be related to be the more severe
degradation of PMMA at cryogenic temperatures, which caused
worsened electrical contacts. Indeed, we more frequently
experienced failure of PMMA supported InSe devices at low
temperature than devices made on other substrates. Figure 3c
plots the field effect mobility of an InSe device on Si;N,
dielectric for which we could perform both two-terminal and
four-terminal measurements. Although the two-terminal pigg is
lower than the four terminal value due to the contact effect, one
sees that both mobilities show similar trend of increasing with
lowering T, a characteristic of reduced phonon scattering in
typical semiconductors. This suggests that conventional
dielectrics do have the advantage of being stable against
temperature cycling, despite the somewhat lower mobility
compared with PMMA polymer. It is also worth noting that
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devices made directly on SiO, or Si;N, substrates generally
showed significant hysteresis in the conductance vs gate voltage
curve. The hysteresis effect reduces as the temperature is
reduced (Supporting Information, Figure S4). Such hysteresis is
likely due to charge trapping on SiO,/InSe interface or
hydration on SiO, or nitride surface.’*~*> We observed weaker
hysteresis in devices on PMMA or HMDS-modified SiO,,
presumably owing to the surface being passivated and
dehydrated.*

With the four contacts available in our square shaped four-
terminal device, Hall effect measurement can be performed
along with the resistance measurement to obtain the electron
density n and Hall mobility py;. For Hall measurement, four-
terminal devices were subjected to magnetic field B applied in
perpendicular direction to the sample surface where the
transverse or Hall resistance R,, was extracted for Hall
coefficient Ry = R,,/B. In all devices measured, Ry was
determined from linear fitting ny(B) data within +2 T
magnetic field. The electron density was calculated using n =
—1/eRy, giving a range of 0.1—2.0 X 10"* cm™ as presented in
Figure 4a.

The Hall mobility was calculated using the equation py =
—0Ry, where o is the sheet conductance per square averaged
over multiple directions as per the van der Pauw method. The
Hall mobility vs temperature plot on samples with PMMA and
SizN, dielectric is shown in Figure 4b. The sample on PMMA
showed Hall mobility as high as 2000 cm?/(V s) below 100 K
at V= +50 V (n ~ 4 X 10"/cm?), much higher than the field
effect mobility in either the two-terminal or four-terminal
configuration (in Figure 3). The Hall mobility data also
revealed significant temperature dependence. Figure 4b shows
an increasing trend of Hall mobility as the temperature
decreases for both PMMA and Si;N, substrates, reflecting the
reduced phonon scattering effects as the temperature lowers.
Meanwhile, similar to the gate dependence of the field effect
mobility (Figure S2, Supporting Information), the Hall mobility
also varies significantly over the carrier density range studied
(10"2-10"/cm?). From Figure 4, a sharply increasing Hall
mobility of density is observed in PMMA supported InSe
sample (e.g., yy at S0 K doubled from 1 to 2 X 10°> cm?/(V s)
as n increased from ~2 to 4 X 10**/cm?). However, for silicon
nitride supported device with density in the range of 10"*/cm?,
the Hall mobility change is weaker. Additionally, the fact that
the Hall mobility increases sharply with the decreasing
temperature also implies that the reduction of 2-terminal field
effect mobility over the decreasing temperature shown in

DOI: 10.1021/acs.nanolett.5b00493
Nano Lett. 2015, 15, 3815-3819


http://dx.doi.org/10.1021/acs.nanolett.5b00493

Nano Letters

Figure 3a can be more likely due to the worsened contacts at
lower temperature and the T-dependent gate capacitance rather
than enhanced interface scattering between InSe and frozen
PMMA. Thus, it is hopeful that such density and dielectric
effects on the mobility could be further engineered to enhance
the mobility.

In summary, multilayer InSe FET devices with two-terminal
or four-terminal configuration were fabricated using shadow
mask method on different kinds of dielectric materials. The
effect of the dielectric on the samples’ mobility was explored
over a wide range of temperature. Although PMMA substrate
has the highest field effect mobility (>10° cm?/(V s) at room
T), the intrinsic four-terminal field effect mobility of InSe falls
in the range of 100—1000 cm*/(V s) at room temperature for
all the dielectrics investigated (silicon oxide, nitride, and
HMDS-passivated silicon oxide). The Hall mobility of InSe
nanoflake also exceeds 2000 cm?/(V s) at low temperatures
(~20 K) and exhibits phonon scattering effect. Our work
demonstrates the promises and potential of III-VI semi-
conductor InSe as a 2D material for high performance
electronics.
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