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We demonstrate reversible carrier density control across the Dirac point (An ~ 103 cm™2) in epitaxial
graphene on SiC (SiC/G) via high electrostatic potential gating with ions produced by corona discharge. The
method is attractive for applications where graphene with a fixed carrier density is needed, such as quantum
metrology, and more generally as a simple method of gating 2DEGs formed at semiconductor interfaces and

in topological insulators.
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Graphene, discovered in 2004}, is rapidly emerging as
a revolutionizing material for the enhancement or devel-
opment of novel electronic devices.? In view of appli-
cations, an industrially relevant way to produce high-
quality graphene on wafer scale is the thermal decompo-
sition of silicon carbide (SiC) at high temperatures.® In
particular, graphene grown on the Si-face of SiC (SiC/G)
has demonstrated its enormous potential in electronics
by being the material of choice for the fabrication of
graphene-based high performance electronic devices such
as high-frequency analogue transistors*, sensors,” and
quantum resistance standard?® .

In SiC/G the two-dimensional system is formed by
graphene situated on top of a non-conducting buffer car-
bon layer (0-layer), covalently bonded to SiC. Charge
transfer between graphene and the localised donor states
in the buffer, driven by the work function difference
A ~ 1 eV, leads to a significant electron density in the
as grown SiC/G, typically n ~ 10 cm~2.% This charge
transfer leads to a robust quantum Hall quantization,
making this material a superior embodiment of the quan-
tum resistance standard compared to conventional GaAs
heterostructures.”® Charge transfer from the substrate
manifests in quantum magnetotransport as anomalously
wide quantum Hall plateux and high breakdown currents
that have lead to the most accurate resistance quantisa-
tion measurements to-date.®

The ideal technique for carrier density control would
preserve the rich interplay between the graphene layer
and the substrate. The standard GFET configuration
applied to epitaxial graphene shows promise for transis-
tor applications, but, as far as precision metrology is con-
cerned, suffers from unacceptable gate dielectric leakage,
up to nanoamperes per square micrometre of the gate
area, even at modest voltages of a few volt.”

A possible approach to carrier density control of
SiC/G is the intercalation of gases such as hydrogen!®
or oxygen'! at the graphene/SiC interface, with the fur-

ther possibility to ion-implant a bottom gate.'> However,
these techniques suffer from instability under ambient
or high temperature conditions and more importantly,
suppress the SiC/G-substrate interaction limiting their
use in quantum metrology applications. Other carrier
density control methods which preserve the graphene-
SiC charge transfer include chemical doping of graphene
by non-covalent functionalization'® and photochemical
gating.!* Drawbacks of chemical doping are instability in
ambient conditions and degradation of carrier mobility
due to the introduction of charged scatterers. In pho-
tochemical gating the photo-generated dopants are spa-
tially decoupled from the graphene to preserve its carrier
mobility. This technique proved effective for gating in the
range An ~ 10'2 cm~2 and was instrumental in the suc-
cess of the quantum resistance metrology work. However
it is insufficient to achieve charge neutrality or charge
inversion in most as-grown SiC/G samples.

Here we present an alternative approach for reversible
tuning of the carrier density of SiC/G in a range ~ 10'3
carriers-cm ™2 by ions generated by corona discharge.'®
Using this method we have been able to control the
doping levels of large area (~ mm?) SiC/G so that
charge neutrality and p-doping were achieved in initially
strongly n-doped devices. Gating by corona discharge
has been widely used in semiconductor industry to con-
trol carrier concentration in oxidized semiconductors in
a contact-less fashion.'61? In this technique the metallic
gate of a FET is replaced by ions deposited on the di-
electric layer, which induce a surface charge density on
the underlying semiconductor. A significant advantage of
using corona ions instead of the metallic top gate is the
larger range over which the carrier concentration can be
tuned, due to the low mobility of the ions in the dielectric

which suppresses the effect of dielectric breakdown™.

The devices used in this study are Hall bars fab-
ricated on SiC/G grown on Si-face at T = 2000°C
and P = 1 atm Ar (Graphensic AB).® Hall bars of
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FIG. 1. Controlling carrier density in a SiC/G Hall bar (30 x 180 pum) by ions generated using corona discharge in ambient
conditions. a) A sketch of the measurement setup. The evolution of the longitudinal resistance R, was measured in real-time
as the sample was exposed to ions. b) Evolution of pzz = RezW/L and the Hall coefficient Ry = dR.y/dB as a function of the
number of ion discharges, with different distance between the ion source and the sample. The Dirac point (maximum in pgs) is
reached after 375 discharges at the distance of 50 mm. c¢) Longitudinal resistivityp., as a function of carrier concentration n. The
increased uncertainty of Ray(B) for p-type doping is due to a faster drift of carrier density observed at high hole concentration.
d) Time evolution (drift) of carrier density after the maximum p-doping of ~ 5 - 10'? was reached. All measurements taken at

room temperature.

different dimensions were patterned on SiC/G using
standard electron-beam lithography, lift-off and oxygen
plasma etching, as reported elsewhere.?? The sample was
then spin-coated with a thin layer (50, 100 or 400 nm)
of poly(methy lmethacrylate- co -methacrylate acid),
henceforth P(MMA-MAA) (MicroChem Corp., PMMA
copolymer resist solids 6% in ethyl lactate). For this let-
ter we focus on two Hall bars: device A with dimensions
30x 180 pm? and millimetre-sized (1.25x 2.5 mm?) device
B. All results reported in this work were obtained with
100 nm thick layer; room temperature measurements
were repeated for 50 nm and 400 nm thick layer but no
significant effect of polymer thickness was observed.

Carrier density control of Si/C samples was performed
in ambient conditions employing a piezo-activated anti-
static gun to generate the corona discharge. The device
produced a 1 — 2 s long pulse of positive or negative ions
with the polarity determined by the sign of deformation
(compression or expansion) of the piezo-crystal.

Changes in the electronic properties of SiC/G upon
exposure to corona ions were monitored in real time
through continuous measurements of the longitudinal re-
sistance R, and sampling of the transversal resistance
R;y,. The measurement setup is shown in 1a; the Hall bar

under study was connected to a multimeter and grounded
at all time.

Corona ions allow reversible tuning of the carrier den-
sity in SiC/G in a range of ~ 102 cm~2. The evolution of
the longitudinal resistivity pys = Ry W/L and the Hall
coefficient Ry = dR,,/dB as a function of number of ion
pulses for device A is displayed in 1b. The carrier density
in this device was changed from the initial n-doping of
4-10" cm~2 to p-doping at the level of 5-10'2 cm™2.
This was achieved by exposing the sample to repeated
ion pulses with a time interval of 5 — 20 s. As a function
of the number of pulses, the longitudinal resistivity first
gradually increased to a maximum value of ~ 11 k) and
then monotonically decreased. By comparing p,, with
the measured carrier density (1c), we confirmed that the
observed maximum in the longitudinal resistivity corre-
sponds to the Dirac point, signalling the cross-over from
n- to p-doping. As a remark, we observed that for each
ion pulse, a rapid change of p,, was followed by a steady
drift in the opposite direction due to charge leakage. This
drift rate increased as the total change in doping was in-
creasing, shown in 1d.

The sensitivity of carrier density in SiC/G to ion pulses
depends strongly on the distance between the sample and
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FIG. 2. Low temperature magnetotrasport on SiC/G exposed
to corona ions. (a) Half-integer quantum Hall effect observed
for electron doping reveals the monolayer nature of device A
(30 x 180 pm) at T = 2 K. (b) QHE in the same device for
p-doping, signalled by the negative slope in Rqy(B).

the corona source. For example, the effect of discharge
ions generated 50 mm from the sample saturated after
600 cycles, when the carrier concentration reached a hole
density of ~ 5- 10! cm~2. At this point addition of
more negative static charge was compensated by charge
leakage. Nonetheless, the hole density could be further
increased to 5-10'2 cm ™2 by decreasing the source-sample
distance to 5 mm (1b). From that point and with no ad-
ditional ion pulses the doping concentration drifted back
(1d), first quickly and then slower, reaching the charge
neutrality point after 24 hours and the electron density
of 8- 10" em™2 after 7 days. It was also possible to
accelerate this backwards drift and even overcompensate
the initial electron density by generating positive corona
ions.

The wide carrier density tuning range enabled by
corona ions allows complete electronic characterization
of SiC/G samples via low temperature magnetotransport
measurements. That is, the heavy intrinsic n-doping of
SiC/G can be decreased close to charge neutrality (and
beyond, to p-doping) to allow the appearance of half-
integer quantum Hall effect (hi-QHE) at experimentally
accessible magnetic fields. With the carrier density tuned
to electron doping at the level 1.3 - 10" cm~2 the device
A showed the Hall mobility of 6000 cm?/V-s, the v=2
plateau starting at 2 T, and a clear signature of v=6
in pgz(B) (2a). The sample was subsequently warmed

FIG. 3. Carrier density control by corona ions in milimetre-
sized device B (1.25 x 2.5 mm): a) Optical microscope (trans-
mission) image of the device; the electric contacts appear as
dark rectangles, edge of the graphene device is highlited. b)
low temperature magneto transport measurements showing
onset of half-integer quantum Hall plateaux in R, at mag-
netic field B ~ 4 T for different pairs of Hall probes.

up to room temperature and exposed further to negative
corona ions until p,, passed its maximum at the Dirac
point. Magnetotransport measurements were performed
on the p-doped device at T=2 K, showing once again the
v=2 plateau and a faint signature of v=6, carrier density
3.3-10" em™2 and mobility 2000 cm?/V-s (2b). As a re-
mark, the characteristic time over which carrier density
drifts is on the order of minutes at room temperature,
but this drift stops when the sample is cooled down to a
temperature T < 200 K. Therefore, once the desired car-
rier concentration is achieved at room temperature the
sample is loaded into the cryostat and we have observed
stability of carrier density at low temperatures through-
out our experiments lasting weeks.

Without further optimization of the set-up geometry,
the homogeneity of doping by corona ions was tested on
milimetre-sized (1.25 x 2.5 mm 2) device B (3). The
corona source, a needle with diameter 0.5 mm and tip
radius of the order of 50 pum, was placed 20 mm from
this device. By discharging negative ions on this de-
vice the electron density was tuned in the range of
3 — 510" ¢cm™2 and mobility of about 5800 cm?/V-s
was measured. These parameters allowed observation of
QHE at magnetic fields below B =5 T with a quantiza-
tion precision of at least 4-107°, limited by the measure-



ment setup.

The low mobility of ionic species in the dielectric allows
the formation of large electric fields, causing big charge
in doping. Since the graphene device under study was
grounded, negative static charge in the polymer layer in-
duced an equal amount of positive charge on the surface
of SiC/G. The maximum achieved change in doping was
from ny ~ 4-10"2 em™2 to ny ~ —5- 102 cm—2 (nega-
tive carrier density indicates hole doping), and equivalent
density of singly charged negative ions in the polymer is
ng = — f;’f dn/rq(n) where r4(n) = —dn/dngy is gate re-
sponsivity depending on n. In SiC/G, r is less than 1
due to charge transfer between graphene and the sub-
strate. Solving the equation for the charge balance be-
tween graphene and surface donor states in the buffer
layer®

e2d
Y A—;(n—i—ng)—q(n) =n-+ng

where ~ is the density of the donor states, d is the dis-
tance between the graphene sheet and the donor states,
and €;(n) = hvp/m - sgn(n) - \/|n] is the Fermi level in
graphene, we obtain the gate responsivity in the form

yhvp/T 1
1+722 2y/In]

rq= |1+

For example, assuming d ~ 0.3 nm and v ~ 10'3 eV~!
em 2% this gives 74(n1) ~ rq(n2) ~ 0.85 and n, ~ 1.2 -
103 cm™2.

The electric field inside the polymer can be calculated
as E = eng/eeq where € ~ 4 is the dielectric constant of
P(MMA-MAA). Assuming the above estimate ng ~ 1.2
103 ¢cm™2, this gives £ ~ 500 MV/m. This is a rather
high field considering that PMMA is typically reported to
show leakage current on the level of 107% A /cm? already
at 100 MV /m?!:22 while in our case, leakage current can
be estimated as j = € -dn/dt ~ 107® A/ecm?. This
indicates that the corona gate is indeed less prone to
leakage.

As for the maximum doping range attainable with
corona ions in SiC/G, our observations support the hy-
pothesis that the limit is set by the leakage current and
not by the fact that accumulated charge starts to repel in-
coming ions. The potential difference between graphene
and polymer surface can be estimated as V ~ E - d,
which for a 100 nm thick polymer layer gives V' ~ 50 V,
much less than the voltage of corona discharge (typically
a few kV). Two possible mechanisms of charge leakage
are charge transfer through the polymer and leakage into
the ambient. We therefore expect that the leakage cur-
rent depends mainly on the electric field in the polymer
and/or density of charge on its surface, but not on the
thickness of the polymer. This is in agreement with our
observation that the maximum change in doping didn’t
show any significant dependence on polymer thickness.

In conclusion, we have demonstrated tuning of carrier
density in the range of ~ 10'3 carriers-cm™2 in epitax-

ial graphene on silicon carbide using corona discharge.
This allowed us to achieve both low carrier densities
(~ 10" em™2) and strong p-type doping (up to 5 - 1012
holes-cm™2) in initially highly n-doped graphene (4-10'2
electrons-cm~2). The effect of corona discharge is re-
versible, allowing p and n doping depending on the charge
of ionic species deposited on the dielectric material. The
method can be employed to perform electronic character-
ization of graphene and other 2D systems, such as 2DEGs
at semiconductor interfaces or in topological insulators,
and in some applications where fixed doping of SiC/G is
required, for example, quantum resistance metrology.
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