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1. Introduction

Graphene - a single layer of carbon atoms - is a truly two-
dimensional gapless semiconductor with electrons mimicking the
behaviour of relativistic (Dirac) electrons [1]. This feature of charge
carriers in graphene is manifested most spectacularly through
an unusual QHE [2]. The sequence of plateaux in the transverse
resistance R,, depends on the topological (Berry) phase acquired
by the charge moving in the magnetic ﬁeld This phase is zero in
conventional materials, where Ry, = +- i (n>1);itis equal to
27 in bilayer graphene [3,4]leading to a sequence of QHE plateaux

at Ry = 4 4

n+1
2
:I::J/:.‘le/z (n > 0). The observation of this last sequence of QHE

plateaux is therefore a smoking gun for the sample to contain
monolayer graphene [2].

The quantum Hall effect [6] allows the international standard
for resistance to be defined in terms of the electron charge and
Planck’s constant alone. The QHE resistance standard is believed
to be accurate (no corrections to the fractions of Ry = h/e?),
universal (material-independent) and robust (same resistance over
a range of magnetic field, temperature, current). However, only a

(n > 0), and 7 in single-layer [5] with Ry, =

* Corresponding author.
E-mail address: alexander.tzalenchuk@npl.co.uk (A. Tzalenchuk).

very small number of 2DEG structures — Si FET and group IlI-V
heterostructures - satisfy these requirements. New materials are
sought and graphene should in principle be an ideal material for
an implementation of a quantum resistance standard, because of a
very large spacing of the Landau levels compared to conventional
2DEGs [7].

In reality, an impressive range of unconventional transport
properties of electrons in graphene [8], including QHE, had until
recently been seen almost exclusively in flakes mechanically
exfoliated from bulk graphite. Quantum Hall plateaux have been
observed in graphene even at room temperature, albeit with an
accuracy of 0.2% [9]. The highest experimentally achieved accuracy
in exfoliated graphene flakes - 15 parts per million (ppm) at
300 mK [10] - is still modest by metrological standards. The main
constraint appears to be the small area of the flakes, which limits
the maximum non-dissipative current the system can sustain in
the quantum Hall state. This is related both to high electrical
resistance of the contacts and high thermal resistance of the
graphene-substrate interface.

An alternative ‘top-down’ approach to produce graphene
consists of growing it epitaxially. Epitaxial growth on SiC produces
large area few-[11] or monolayer [12] graphene, however, initial
attempts to observe QHE in such samples were unsuccessful. The
difficulty was related to the lack of atomically accurate thickness
control during the film growth on the C-terminated face of SiC, and
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Fig. 1. (a) Optical micrograph of a Hall bar used in the experiments. (b) Layout of a 7 x 7 mm? wafer with 20 Hall bars. (c) AFM image of a Hall bar. Meandering lines are

steps in the substrate.
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Fig. 2. Transverse (a) and longitudinal (b) resistance of a small and a large device measured at T = 4.2 K with 1 A current.

most probably a strong variation of carrier density (doping) across
the layers grown on the Si-terminated face [13]. A breakthrough
came in 2009, when several groups within days of each other
managed to produce epitaxial material of sufficient quality to
demonstrate the QHE features typical of monolayer graphene
[14-18]. In this paper we review our progress in engineering and
precise magnetotransport measurements on epitaxial graphene
devices that followed.

2. Precision resistance metrology on graphene

In [17] we reported the first metrologically precise measure-
ments of the quantum Hall effect in a large high-quality epitax-
ial sample. The material studied in our experiments was grown
on the Si-terminated face of a 4H-SiC(0001) substrate [19]. The
reaction kinetics on the Si-face is slower than on the C-face be-
cause of the higher surface energy, which helps homogeneous
and well-controlled graphene formation. Graphene was grown at
2000 °C and 1 atm Ar gas pressure, which result in monolayers of
graphene atomically uniform over more than 50 j.m?, as shown by
low-energy electron microscopy. Twenty Hall bar devices of dif-
ferent sizes, from 160 um x 35 pwm down to 11.6 pum X 2 pum
were produced on each 0.5 cm? wafer using standard electron
beam lithography and oxygen plasma etching (Fig. 1). Atomic force
microscopy (AFM) images revealed that the graphene layer cov-
ers the substrate steps like a carpet, preserving its structural in-
tegrity. Contacts to graphene were produced by straightforward
deposition of 3 nm of Ti and 100 nm of Au through a lithograph-
ically defined mask followed by lift-off, with the typical area of
the graphene-metal interface of 10* pwm? for each contact. This
process favourably compares with a laborious contact prepara-
tion to a two-dimensional electron gas in conventional semicon-
ductor technology. Using low magnetic field measurements, we

established that the manufactured material was n-doped, with the
measured electron concentration in the range of (5-8) x 10'! cm—2,
mobility about 2400 cm?/V s at room temperature and between
4000 and 7500 cm?/V s at 4.2 K, almost independent of device di-
mensions and orientation with respect to the substrate terraces.

Fig. 2 shows the longitudinal (dissipative) Ry, and the transverse
(Hall) R,y resistance of a 2 wm wide Hall bar at 4.2 K and magnetic
field up to 14 T. At high magnetic field we clearly identified two
QHE plateaux, at R,((?) = R¢/2 (n = 0) and RS,) =R¢/6(n=1)
corresponding to the filling factors v = 2 and v = 6 respectively.
In graphene v = 2 corresponds to the fully occupied zero-energy
Landau level (n = 0) characterised by the largest separation
v4/2heB/c from other Landau levels in the spectrum and hence
the Hall resistance quantisation is particularly robust. This plateau
appeared in the field range of 9-12 T, depending on the
carrier concentration (which was beyond our control in those
experiments) and was accompanied by a vanishing R,,. Then = 1
plateau, at v = 6, was not so flat, and R,y developed only a weak
minimum. There was also a trace of a structure corresponding to
v = 10. The observed sequence of Hall plateaux confirmed that the
studied material was indeed monolayer graphene. At low magnetic
fields we observed Shubnikov-de Haas oscillations as well as a
weak localisation peak characteristic of the phase coherence of
electrons in a disordered conductor.

The magneto-transport measurements on a much bigger,
160 pm x 35 pm Hall bar device are also presented in Fig. 2.
A substantial positive magnetoresistance at low fields, which
was absent in the smaller sample, indicated that the carrier
concentration varied along the larger sample. Because of that, the
v = 6 feature in R,y in the bigger sample was less prominent.
Nevertheless, despite the inhomogeneity of the carrier density, the

Hall resistance plateau at R,((g) = Rg/2 (n = 0) was accompanied
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Fig. 3. Charge transfer between SiC and bare/gated graphene.

by vanishing longitudinal resistance R,. Importantly, the large-
area device had a low resistance R. ~ 1.5 Q of contacts to the
graphene layer and, as compared to smaller devices, could sustain
a much higher current before QHE breaks down. We have found
that contacts made with Pd yielded even lower contact resistance
down to 0.6 . Since larger breakdown current affords higher
precision measurements in the QHE regime, we chose to perform
such measurements in the larger sample. The choice of the field,
14 T, where the most accurate measurements were performed
was determined simply by the limitation of our superconducting
magnet. This limit is below B = 17.5 T where the filling factor
would be exactly v = 2 for this sample (with n; = 8.5 x 10'! cm—2
calculated from SdH oscillations).

The accuracy of Hall resistance quantisation in graphene was
established in measurements traceable to the GaAs quantum
Hall resistance standard using a calibrated 100 2 resistor. The
optimal conditions at 300 mK were obtained for a source-drain
current of 11.6 A, 15% below the breakdown current established
in the measurements of Ry,. The quantisation accuracy +0.4 £+
3 parts in 10° inferred from our measurements was a four
orders of magnitude improvement on the previous best result in
exfoliated graphene. Graphene was still accurately quantised at 4.2
K, however, at this temperature the measurement current had to
be reduced to 2.3 WA, which increased the uncertainty of the data
accumulated over a comparable time interval.

The reported result readily put epitaxial graphene quantum Hall
devices in the same league as their semiconductor counterparts.
Note that it was obtained on a sample, although large by graphene
standards, substantially smaller than the semiconductor devices
used for calibration and without any optimisation. The precision
measurements were made as far inside the resistance plateau as
our magnet could reach, but still a long way from v = 2. Further
progress demanded the ability to engineer the carrier density
and control the uniformity of charge distribution in epitaxial
graphene.

3. Constraints on the tunability of the carrier density in
epitaxial graphene

Before embarking in a technological quest to control the carrier
density, we should explain why the epitaxial graphene is always
strongly n-doped and what constraints does it impose on the
tunability of the carrier density. In [20] we presented a theoretical
model of charge transfer from the SiC substrate to monolayer or
bilayer graphene at zero magnetic field.

The charge transfer [21] between bulk/surface donors under/on
SiC surface onto graphene (Fig. 3) can be written as
v[A — 4wde*n — ep] + pl = n, )
A= er + U + 4mde’n.

The first of these two equations expresses the charge balance.
Here & = vhy/mn is the Fermi level in graphene formed
upon charge transfer, v = 10® cm/s is the Dirac velocity of
electrons in graphene, A(A) are the differences between the work
function for electrons in un-doped graphene and surface (bulk)
donor states in SiC, p is the volume density of donors in SiC,
which are depleted to the depth [, and y is the density of states
(DoS) of the surface states. The distance d between graphene and
the SiC surface, and the Schottky barrier U = (2e?/x)pl? (with
x ~ 10) formed inside SiC determine the thermal equilibrium
between electrons in graphene and donors, the second line in
Eq. (1). For an electrostatically gated device the charge is
distributed between graphene and the gate, so we need to
substitute n by (n+ng) in Eq. (1), where the gate chargen, = CV; /e
is determined by the gate-to-graphene capacitance C and voltage
V. The analysis [20] of Eq. (1) shows that graphene in SiC/G with

. 2302
eithery > y, = —%(1+ /141882y 20r p > p, = e
14+,/1+ ‘;j‘j;z )~* acquires the initial electron density

-2
A . . 16A,,,de? 5
T Ty LRTRN h2v2 ' (22)

where A, = Aify < ysand p > p,, Ay = Aify > y, and
p < pand A, = max{A, A}ify > y, and p > p,. This density is
then difficult to change using gates. For a less doped SiC, with both
y < ys and p < p,, the charge transfer onto graphene can be less
than the limiting value n,,

X
w2 AY (2b)

n = max
and it can be then efficiently varied using electrostatic gates.
Having estimated the limiting electron density in graphene for
Am ~ 1eVand d ~ 0.3 nm we arrive at n, =~ 10'> cm~2, which is
close to the typical density of graphene doping observed in many
recent studies of epitaxial graphene [12,14,22,23].

The above consideration suggests that the reduction of donors
on or just under the SiC surface is crucial for the use of
epitaxial graphene on SiC in gated devices. We note that our
graphene samples were grown at 2000 °C — a substantially higher
temperature than in other published reports. These conditions
reliably produced a carrier density of n ~ 10> cm™2 much
lower than n,. We speculate that high-temperature annealing of
SiC compensates surface donor states, possibly through surface
segregation of impurities (e.g., B or N) abundant in bulk SiC crystals,
or merely reduction of the number of surface defects.

4. Controlling the charge carrier density in epitaxial graphene

Methods for precise control of the carrier density in electronic
materials are the cornerstones of the modern semiconductor
technology. Chemical methods ranging from direct doping to
modulation doping have been developed to absolute perfection
for semiconductors over the last half-century. Graphene can also
be effectively doped for example by adsorption of gas molecules
[24]. In addition to permanent doping, the electronic properties
of semiconductor materials and graphene can be changed by the
electric field produced by a charged gate, as in a transistor, but
this requires an external voltage source permanently connected
to maintain the stored charge. Semiconductor programmable
nonvolatile memory devices give us an inspirational example of
how the carrier density of materials can be changed, latched and
then erased. These devices are essentially transistors with one
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Fig. 4. In direct chemical gating electrons in graphene can scatter on the ions in
the adjacent active layer. When graphene is encapsulated in a polymer bilayer the
active polymer (ZEP) is separated from graphene by a neutral spacer (COP).
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Fig. 5. Photochemical gating of graphene.

extra floating, isolated gate sandwiched between the control gate
and the semiconductor channel. Charge can be transferred to the
floating gate by an electric pulse on the control gate and stored
there isolated almost infinitely, until intentionally leaked through
the dielectric, e.g. activated by UV light. In other implementations
of the nonvolatile memory devices UV light is used for writing
[25,26] in which case thermal activation can be used for erasing.

Though, unsurprisingly, a relatively low density in the epitaxial
graphene grown with the technology [19] briefly summarised
above could be further reduced by applying voltage between
a metallic gate and graphene across a PMMA/MMA copolymer
(COP) spacer, methods of non-invasive, nonvolatile and reversible
charge carrier control would be particularly important for the
engineering of devices for metrology, where we would rather
avoid an additional electrically controlled parameter, which brings
additional noise.

To achieve the nonvolatile control of the carrier density we
replaced the metal gate with another polymer layer — ZEP520A,
hereafter ZEP, chosen for its ability to provide potent acceptors
under deep UV light, and demonstrated photochemical gating
[27] of graphene (see the layout of the heterostructure and the
chemical formulae of the polymers in Fig. 4). In a sample with the
initial carrier density n ~ 1.1 x 10'? cm~2, subsequent exposures
to UV at 248 nm wavelength up to the dose of 330 mJ/cm?
decreased the low-temperature electron density 50 times down
to 2 x 10 cm™2 (Fig. 5). This resulted in a fivefold increase
in carrier mobility up to 16000 cm?/V s at the liquid helium
temperature and a tenfold increase in resistivity of graphene. The
irradiated devices remained latched in their high-resistivity state

over many months. The “on/off” ratio of 10 for the resistivity of
the photochemically-gated devices is similar to the best large-
area single-layer graphene transistors demonstrated to date [28].
Very significantly, annealing the samples at 170 °C - just above
the glass transition temperature of the polymers - reversed the
effects of light and returned the graphene charge carrier density
to its value prior to UV exposure. The behaviour measured at room
temperature was qualitatively the same as the one observed at low
temperatures. In particular, the room temperature mobility has
increased to 5130 cm?/V s.

The mechanism of photochemical gating is different from the
direct chemical doping [14,29,30], where the dopants are sitting
on top of graphene. One has to consider the photochemistry of
the polymers to understand the choice of the active layer and
explain the light-induced effects. It is generally accepted that both
COP and ZEP polymers undergo a photo-induced scission type
reaction when exposed to an electron beam or UV light [31,32].
The mechanism for the ZEP polymer predominantly proceed via an
initial homolytic bond cleavage of the C-Cl bond into a neutral Cl-
radical and a neutral carbon radical [33]. The result is formation of
a photo-induced abundance of Cl-radicals that are potent electron
acceptors. Since COP does not possess any Cl, this mechanism
cannot take place. In a control experiment, the graphene sample
protected with only 330 nm of COP and no ZEP was exposed to UV
light with a dose of 30 mJ/cm? and the result was a mere 1.5 times
increase in the electron density, confirming that ZEP is the layer
responsible for providing electron acceptors and suggesting that a
small number of levels produced by the UV exposure in COP are
working effectively as electron donors.

5. Quantum Hall effect in graphene/polymer heterostructures

In order to establish the sample quality resulting from
encapsulation, we performed measurements at 4.2 K on the same
large sample, which had been already thoroughly investigated in
its pristine form. Results are summarised in Fig. 6. The red lines
show longitudinal and transverse resistances, Ry, and R,,, of the
original bare sample with the carrier density of 1.1 x 102 cm™2
and carrier mobility 2640 cm? V~! s~! determined from the low-
field magnetotransport measurements. Blue lines are the same
for the encapsulated sample withn =7.8 x 10" cm™2 and p =
6340 cm? V~! s~!. When untreated, despite providing record
quantisation accuracy of 3 parts in a billion, this very large sample
had revealed spatial inhomogeneities not observed on a smaller
scale (cf. 2 wm sample). The encapsulated sample revealed a flat
Ry background near zero field in place of a parabolic background in
the untreated sample, significantly enhanced Shubnikov-de Haas
oscillations of Ry, sharper quantum Hall plateaux corresponding
to v = 6 and also a visible trace of structures corresponding to
v = 10 — the sequence characteristic of single layer graphene.
Taken together these data show that encapsulation resulted in a
significantly more uniform distribution of charge density in the
sample.

Better quality and stability of the sample achieved by encapsu-
lation and a reduced carrier density as a result of photochemical
gating allowed metrological measurements with even higher pre-
cision than before. In particular as seen in Fig. 7 the breakdown
current has increased from 13.3 to 35 pA. The longitudinal resis-
tance is now very accurately zero and the Hall plateau extends over
more than a tesla (Fig. 8). This is a manifestation of robustness
of QHE achieved through encapsulation. It facilitated even more
precise quantum Hall resistance measurements to be performed
and we have demonstrated a precision of 0.3 ppb — an order of
magnitude better than had been reported on the bare, uncoated
sample.
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6. Conclusion

A significant progress has been achieved in graphene quantum
Hall metrology in a few previous years. Graphene has passed
the quantum Hall effect test — the benchmark of the maturity
of the 2DEG technology in all its complexity including growth,
patterning, ability to fabricate low-ohmic contacts and control the
carrier density across the sample. Future development will include

investigation of the dissipation mechanisms in the quantum Hall
regime, direct comparison of quantisation in graphene against
GaAs and development of graphene quantum Hall arrays.

The photochemical gating technique may find a variety of
applications far beyond metrology. To improve the on/off ratio
of the SiC/G/polymer devices, one may use bilayer graphene [3]
(BLG). Despite the challenges of developing the growth protocol
for the BLG synthesis on SiC with a low initial carrier doping [34],
BLG has a great advantage determined by its peculiar spectrum:
a transverse electric field opens an interlayer asymmetry gap
for electrons in BLG [3,34-36]. In optically gated SiC/G/polymer
structures driven to the low carrier density by UV exposure, such
a field naturally appears due to the layers of positive donor charge
on SiC surface and the electron charge transferred to acceptors in
ZEP. For structures with initial density n ~10'2 cm~2, such a gap
in a device driven to the neutrality point by photo-chemical gating
can be estimated [37] as A ~ 10 meV, which is sufficiently high to
modulate the room temperature conductivity [38].

More generally, this side of the work is connecting the young
and rapidly developing field of graphene electronics and the
mature field of organic electronics. We foresee practical devices
like hybrid graphene/polymer sensors, where the polymer can be
sensibilised to respond to a specific stimulus leading to a change in
the conductance of the underlying graphene.

The quantum Hall effect proves that graphene retains its unique
2D properties when embedded in polymer heterostructures de-
spite their complex architecture and maintains its characteristics
over along time. Metrology of graphene and graphene heterostruc-
tures is instrumental in providing confidence in future applications
of this remarkable material.
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