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We report on a “giant” quantum Hall effect plateau in a graphene-based field-effect transistor where
graphene is capped by a layer of the van der Waals crystal InSe. The giant quantum Hall effect plateau
arises from the close alignment of the conduction band edge of InSe with the Dirac point of graphene. This

feature enables the magnetic-field- and electric-field-effect-induced transfer of charge carriers between
InSe and the degenerate Landau level states of the adjacent graphene layer, which is coupled by a van der

Waals heterointerface to the InSe.
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Indium selenide (InSe) is now a well-established member
of the family of van der Waals (vdW) crystals with physical
properties that differ significantly from those of graphene,
hexagonal boron nitride (hBN), and transition metal
dichalcogenides [1-4]. Recent work has demonstrated
the potential of InSe for electronics and optoelectronics
due its high electron mobility and photoresponsivity [5—8].
For example, field-effect transistors (FETS) that incorporate
few-atomic-layer InSe encapsulated in hBN can achieve
areal carrier densities approaching 10'* cm™2 with electron
mobilities u exceeding 10° and 10* cm?> V~'s~! at room
and liquid helium temperatures, respectively, thus enabling
the observation of Shubnikov—de Haas oscillations and the
quantum Hall (QH) effect [8].

Here we demonstrate that InSe can be employed in
graphene-based FETs as an electrically active capping layer
to “modulation-dope” graphene, thus leading to a “giant” QH
effect plateau. Low-temperature measurements of the mag-
netoresistance of this InSe-capped graphene FET reveal the
presence of a well-defined QH plateau at a filling factor v =
2 in the magnetic-field-dependent Hall resistance R,,. The
plateau extends over a wide range of magnetic field B from
6 T to a maximum available field of 14 T. A giant QH plateau
has been reported in epitaxially grown graphene on SiC, a
two-dimensional electron gas system that is likely to replace
II-V compound heterostructures in the next-generation
QH resistance standards [9-14]. Our measurements
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demonstrate that this quantum magnetoresistance phenome-
non is not unique to graphene on SiC. We show that the close
alignment of the conduction band (CB) edge of InSe with the
Dirac point of graphene enables the magnetic-field- and
electric-field-effect-induced transfer of charge carriers
between InSe and the degenerate Landau level states of
the adjacent graphene layer, which is coupled by a vdW
heterointerface to the InSe.

For these studies, we prepared devices in which a freshly
exfoliated flake of y-polytype InSe is placed upon a
lithographically formed section of graphene, configured
as a multiterminal Hall bar with four pairs of Hall voltage
probes; see Fig. 1(a). Single-layer graphene was grown by
chemical vapor deposition (CVD) on a copper foil substrate
and was transferred to a SiO, /n-Si substrate. The graphene
was shaped into a Hall bar geometry using conventional
electron-beam lithography and oxygen plasma etching. The
Au/Ti electrodes (100/10 nm) were formed by means of
electron-beam lithography, metal evaporation, and lift-off.
The InSe flakes were exfoliated onto a polydimethylsilox-
ane membrane from a bulk Bridgman-grown crystal. A
selected flake was dry transferred to the graphene Hall bar,
capping the graphene channel but not contacting the Au/Ti
electrodes. The layer of InSe forms a cap over one-half of
the device to produce an InSe/graphene heterostructure in
the form of a Hall bar. The voltage probes on the uncapped
half of the graphene layer provide us with a “control
sample.” The two halves of the device are in a “series”
resistance configuration with the same electrical current
flowing through both of them. This allows us to study how
the InSe capping layer changes the electrical properties of
the underlying graphene. We have examined a series of
devices with InSe layers of thickness between 10 and
50 nm, all showing a common behavior.
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Left: Crystal structure of InSe and graphene along the axis perpendicular to the layer plane. Right: Schematic and optical

image of a Hall bar containing uncapped and InSe-capped graphene. (b) Hall resistance R,, for InSe/graphene and graphene versus
magnetic field, B, for different gate voltages V, at temperature 7 = 2 K. (c) Hall resistance R,, for InSe/graphene versus B at different 7
(Vg =480V and I = 0.2mA). (d) Magnetoresistance R,, for InSe/graphene versus B for different V, at T =2 K.

The low-temperature (T = 2 K) Hall resistance R,, and
longitudinal magnetoresistance R,, of the capped and
uncapped graphene layers were measured up to magnetic
fields B of 14 T, applied perpendicular to the plane of the
graphene layer and over a wide range of gate voltages V,
applied between the graphene and the Si substrate. As
shown in Fig. 1(b), the InSe-capped graphene layer reveals
abroad QH resistance plateau with R, = (12.9 £ 0.1) k€,
which extends up to our maximum available B of 14 T.
This value is close to that of the resistance quantum,
h/2e* = 12.906 kQ, corresponding to a Landau level
filling factor v = 2. In addition, at a large positive gate
voltage [e.g., V,=+60V; see Fig. 1(b)], the R,,(B) curve
exhibits a well-defined shoulder between 6 and 8 T, with a
resistance of (4.3 +0.1) kQ, close to the value &/ 6e2 =
4.302kQ (v = 6). In stark contrast, for uncapped graphene
R,, increases linearly with B up to 14 T. The v = 2 plateau
persists up to a temperature of 7 ~ 100 K [Fig. 1(c)],
though with a smaller value of R,,. In the vicinity of the
v = 2 plateau, R, (B) approaches zero [Fig. 1(d)]. We have
observed this behavior for several graphene layers capped
with InSe [inset in Fig. 2(a)], although the QH resistance
plateau is obtained for gate biases that vary slightly from
sample to sample.

We use the Hall voltage data at low B and low T
(T = 2 K) to plot the V, dependence of the carrier density,
n, for both the pristine graphene and the InSe-capped
graphene layer [Fig. 2(a)]. Over the range of V, from —60
to 460 V, indicated as region I in Fig. 2(a), the measured
hole density in both the uncapped and InSe-capped

graphene decreases linearly with V, in agreement with
the capacitance equation
n=CV,/q+ n. (1)

Here g = —e is the electron charge, C = egy/t =
115 uF/m? is the “classical” capacitance per unit area of
the graphene/SiO,/Si heterostructure, + = 300 nm is the
SiO, layer thickness, € = 3.9 is the relative dielectric
constant of Si0,, &, is the permittivity of free space, and
no = 7.4 x 10'> and 5.7 x 102 cm™2 are the hole densities
at V, = 0 for the uncapped and capped graphene, respec-
tively. Thus, the hole density for InSe-capped graphene,
deduced from Hall measurements at V, = 0, is signifi-
cantly smaller (An=1.7 x 10'>cm~?2) than for the uncapped
control layer, indicating a “modulation doping” effect in
which electrons are transferred from InSe to graphene. In
contrast, over the range +60V <V <+100V [see region II
in Fig. 2(a)], the sheet density of the InSe-capped graphene
deviates from the linear dependence on V, in Eq. (1),
indicated by the dashed red line in Fig. 2(a). Furthermore,
in region III (V, > 4100 V), the conduction changes from
p to n type and n depends weakly on V.

The V,, dependence of the low T (T = 2 K) magneto-
resistance R, of the uncapped and InSe-capped graphene
was measured at B = 0; see Fig. 2(b). In both cases, R,,
reaches a maximum at a large positive gate voltage, as
expected for the p-type character of CVD graphene on SiO,
[15]. For InSe-capped graphene, the maximum of R, (V)
occurs at a lower gate voltage, shifted by AV, =—15V
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FIG. 2. (a) Hall carrier density in graphene and InSe/graphene
versus gate voltage V, at T = 2 K. Regions [, II, and III indicate
different regimes of applied gate voltages. Blue and red lines
correspond to the carrier density calculated from the capacitance
equation (1) in the text. Inset: QH plateau for different InSe/
graphene samples at 7 = 2 K. (b) Resistance R, of graphene and
InSe-capped graphene versus V, at zero magnetic field and
T = 2 K. Inset: Band diagram of graphene showing the upward
shift of the Fermi level E following its capping by InSe.

relative to the peak for uncapped graphene. The maximum
of R, (V,) corresponds to the alignment of the Fermi
energy Ep with the Dirac point of graphene’s band
structure. For V, values beyond this maximum, the sign
of the Hall voltage is reversed, corresponding to n-type
conduction.

From the measured conductance ¢ at B = 0 and the Hall
resistance R,,, we obtain the Hall mobility yj using the
relation puy = oR,,, where R, is extracted for low B
(=2 T < B <2T) at different V,, 6 = f/R,,(V,), and
f = 1.5 is the length-width ratio of the Hall bar. The V,
dependence of yy is shown in Fig. 3: The data demonstrate
that the InSe capping layer enhances significantly the
carrier mobility in the graphene layer at all V,, with an
enhancement factor by up to ~3 at voltages that are close to
the V, position of the peak in R,.(V,). For InSe-capped
graphene, the Hall mobility uy is also significantly larger
than the field-effect mobility estimated using pr = o/en,
where n(V,) is given by the capacitance equation (1)
(Supplemental Material Fig. S1 [16]).

The extended QH plateau with v = 2 observed in the
InSe/graphene/SiO, heterostructure [Fig. 1(b)] is similar
in form to that reported for graphene grown epitaxially
by the thermal decomposition of the surface layer of SiC
[9-14]. Because graphene on SiC can maintain a QH state
up to higher critical current densities and higher temper-
atures than GaAs-based heterostructures at comparable
magnetic fields, it is regarded as an ideal candidate for
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FIG. 3. Hall mobility py (dots) and field-effect mobility pup
(dashed lines) of uncapped and InSe-capped graphene at
T =2 K. The Hall mobility uy is measured at different applied
gate voltages V. up is estimated by modeling the measured
R, (V,) curve. Continuous lines are guides to the eye.

the next generation of QH resistance standards [13-14].
The remarkable giant v = 2 QH plateau in graphene on SiC
has been explained in terms of the transfer of charge
carriers from the underlying SiC substrate to the graphene
layer, so that the Landau level at the Dirac point remains
completely filled when its degeneracy, 2eB/h, increases
with increasing B [14,17].

Whereas it is difficult to achieve gate voltage control
of graphene on SiC, the design of our device provides a
means of controlling and studying charge transfer across
the InSe-graphene interface by applying a gate voltage to
the n-Si substrate. In order to understand the electron
transfer process in our device, we consider the band
alignment at the InSe/graphene interface taking into
account the electron affinities and work functions of
InSe and graphene. For simplicity, we assume that the
effect of defects introduced by the InSe layer is negligible.
This assumption is reasonable, as the cleaved surface of
InSe contains a low density of surface states and the layers
are functional optically and electrically down to a few
atomic layers [8]. Nevertheless, we do not exclude that a
small density of defects may form during the device
fabrication and that this may affect the charge transfer.

The electron affinity of graphene (yg, = 4.5 eV) is only
slightly smaller than that of bulk InSe (yq,5. =4.6eV)
[7,18]. These values of y and the measured concentration of
carriers in bulk InSe (electron density ~10'> ¢m~2) and the
uncapped graphene (hole density ~7 x 10'> cm™2) indicate
that at V; = 0 the work function of our CVD graphene on
SiO; (g, = 4.8 eV) is larger than that of the n -type InSe
(Prnse ® 4.7 €V). At V, =0, equilibrium is achieved by a
transfer of electrons from the n-InSe to graphene. This
electron transfer process is evident from the data shown in
Fig. 2. It induces a depletion layer and an upward bend of
the InSe CB edge near its interface with graphene, shown
schematically in Fig. 4(a). Also, photoluminescence studies
of InSe flakes with and without an underlying graphene
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FIG. 4. Energy band diagram of the graphene/SiO,/Si and
InSe/graphene/SiO, /Si heterostructure at different gate biases
V, corresponding to (a) region I (V, =0 V) and (b) regions II
(60V<V,<100V) and 1 (V,>100V). The red regions in-
dicate states filled with electrons. The green curves indicate the
band bending in InSe. The bottom inset in part (b) illustrates the
capacitance contributions to the total capacitance of the hetero-
structures. (¢) Landau levels of graphene at B =0, 1,5,and 10 T
(region II). For InSe-capped graphene, the Fermi level is pinned
between the n = 0 and n = —1 Landau levels over a wide range
of B.

layer indicate that the optical emission for the InSe
flakes on graphene is weaker, suggestive of a charge
transfer at the InSe/graphene interface (Supplemental
Material Fig. S2 [16]).

We use the equivalent circuit shown in Fig. 4(b) (lower
right inset) to model the electrostatics of the device, noting
that the chemical potentials of the graphene and InSe layers
remain aligned in the heterostructure at all V, and B
because no voltage is applied between them. The total
capacitance C, of the InSe/graphene/SiO,/Si heterostruc-
ture is a series combination of the classical capacitance C,
of the SiO, and the InSe depletion layer and the quantum
capacitance C,, of graphene: C;' = C;' + C'. The quan-
tum capacitance accounts for the nonclassical dependence
of graphene’s carrier density, n, on the applied gate voltage
when the Fermi energy Er is close to the low density of
states at the Dirac point: C,=e?(dn/dEr)=2¢*Er/nh*v}.
When the Fermi level is far from the Dirac point, the effect
of the quantum capacitance becomes negligible, and the
carrier density in graphene varies with V, according to the
capacitance equation (1), i.e., gdn = C.dV , as observed
experimentally in region I of Fig. 2(a). The measured
values of the field-effect mobility yr = o/en and the Hall

with V.

The slope of the measured n(V,) dependence for InSe-
capped graphene changes twice between V, = +60 and
4100 V [i.e., the beginning and end of region II, Fig. 2
(b)]. This behavior indicates a regime in which the upward
bend of the InSe CB edge is reduced due to the positive
space charge of ionized donors and electrons start to fill
donor states below the CB edge of InSe [region II,
Fig. 4(b)]. The Fermi energy aligns with the Dirac point
at V, =~ +100 V [Fig. 2(b)]. The change in the slope of
n(V,) tends to saturate for V, > +100 V [region III,
Fig. 2(a)]. We attribute this to the movement of the
Fermi level into the high density of states in the CB
continuum of InSe, leading eventually to the formation
of an electron accumulation layer at high positive V,
[region III, Fig. 4(b)]. Since the density of states of
graphene at energies close to the Dirac point is much
lower than in the CB of InSe, the chemical potential tends
to remain pinned near the InSe CB edge. The gate voltages
V,=+60and +100 V, at which the slope of the measured
n(V,) dependence changes can be used to estimate the
binding energy of the donor states in InSe. These are
around 50 meV below the CB edge (Supplemental
Material Fig. S3 [16]), in qualitative agreement with
results of optical studies [19].

The favorable band alignment between InSe and gra-
phene is an important factor that enables effective modu-
lation doping of graphene over a wide range of gate biases.
The appearance of the extended v = 2 QH plateau relies on
this charge transfer and on the “pinning” of the chemical
potential in the energy gap between the n = 0 and n = 1
Landau levels when their degeneracy increases with
increasing B [Fig. 4(c)]. The extended v =2 plateau
persists up to 7 ~ 100 K, though with a smaller value of
R,,, which decreases with increasing 7T [Fig. 1(c)]. We
attribute this decrease to thermally activated parallel con-
duction along the InSe capping layer. Using a model based
on two resistances “in parallel]” [20], we express the
measured Hall conductance Ry as Ry, = Ry, + 2€%/h,
where Ry,g. = eny,s./B is the Hall resistance of the InSe
layer and h/2¢? is the QH resistance of graphene. Our data
indicate that parallel conduction can be neglected at
T =2 K; also, we estimate that the carrier density in
the InSe layer, nyg., increases from ~10° cm™ at T =
2 K to ~10'"' em™2 for T > 100 K; correspondingly, Rynse
decreases from ~90 MQ to 90 kQ (Supplemental Material
Fig. S4 [16]).

The significant increase of carrier mobility in region II
(Fig. 3) can be explained by partial screening of the negatively
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charged (defect) acceptors at the SiO, / graphene interface by
positively charged donors in InSe and by the dielectric
screening due to the static dielectric constant of InSe
(émse = 10 [21]). In CVD graphene on SiO,, the main
mechanism limiting the carrier mobility is electron scattering
by negatively charged acceptors. It has been described
phenomenologically by the relation 4 = a(Ny/N), where
N is the concentration of the charged acceptors and N, and
are empirical parameters [22]. Our measured enhancement of
mobility in the InSe-capped graphene layer indicates an
electrostatic compensation of these charged acceptor impu-
rities. This effect is analogous to that observed recently in
p-type CVD graphene decorated with n-type quantum dots
(QDs), where the largest increase of mobility is observed
when the concentrations of donors in the QDs matches the
concentration of impurities in graphene [15]. However, an
extended QH plateau was never reported for graphene capped
with QDs. This difference can be attributed to the absence of
Fermi level pinning due to the low density of states in the QDs
compared to that in the CB of InSe.

In conclusion, we have reported on a giant QH plateau
in monolayer graphene capped with InSe. The favorable
alignment of the band structure of these two materials
enables a transfer of electrons across their vdW interface.
This modulation doping of graphene is controlled by
applying a gate voltage to the doped Si substrate and
leads to an extended v =2 QH plateau. Prospects for
further research include the investigation of the charge
transfer for different InSe layer thicknesses and the
optimization of the QH plateau by further advances
in the design of multilayered vdW heterostructures.
InSe/graphene therefore represents a novel heterostruc-
ture for exploring the giant QH plateau phenomenon,
with potential for metrological applications and for future
technologies that exploit modulation doping and con-
trolled charge transfer between the component layers of
vdW heterostructures.

The data on which this manuscript is based are available
as an online resource with digital object identifier [23].
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