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ABSTRACT

In this work, the limiting factors for developing metrologically useful arrays from epitaxial graphene on SiC are lifted with a combination of
centimeter-scale, high-quality material growth, and the implementation of superconducting contacts. Standard devices for metrology have
been restricted to having a single quantized value output based on the ν = 2 Landau level. With the demonstrations herein of devices having
multiple outputs of quantized values available simultaneously, these versatile devices can be used to disseminate the ohm globally. Such
devices are designed to give access to quantized resistance values over the range of three orders of magnitude, starting as low as the standard
value of ∼12.9 kΩ and reaching as high as 1.29 MΩ. Several experimental methods are used to assess the quality and versatility of the devices,
including standard lock-in techniques and Raman spectroscopy.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0101378

Because of graphene’s unique properties,1–6 it can be utilized
in a wide variety of academic and commercial pursuits. When
grown on a 4H-SiC substrate, epitaxial graphene (EG) can be devel-
oped into devices and utilized for the advancement of resistance
metrology because of the robust quantum Hall effect (QHE) exhib-
ited across a highly applicable range of magnetic fields (B-fields).
The main requirement for such devices to be successfully imple-
mented as standards is that the exhibited resistance should be well-
quantized.7–10 Most graphene-based standards that have recently
been implemented operate at the resistance plateau formed by the

ν = 2 plateau ( 1
2

h
e2
=
1
2
RK ≈ 12 906.4037 Ω, where h is the Planck

constant and e is the elementary charge), with other efforts using the
ν = 6 plateau.11

In recent years, graphene-based standards have been fabricated
in the hopes of expanding the available quantized resistances use-
able for metrological purposes. Within the International System of
Units (SI), the unit of ohm has been historically disseminated from a
single value of the QHE (ν = 2), and this constraint heavily restricts

the infrastructure and equipment with which one may disseminate
the recently redefined quantum SI. The effort for accessing new val-
ues is thus highly beneficial for electrical standards. Thus far, several
demonstrations of multiple Hall bars in parallel, series, or arranged
as p-n junctions have been performed to create resistance values of
qRK, where q is a positive rational number.

12–21 The limiting fac-
tors in how these standards are developed primarily include the area
over which high-quality EG may be grown and the device restric-
tion of outputting one value, even if that value is one of a set of
many possible values (qRK).

22,23 Thus, to further improve on how
standards can be used to disseminate the ohm globally, demonstra-
tions of devices that could output more than one value are highly
desirable.

In this work, we demonstrate one such device design that con-
firms the feasibility of having multiple outputs of quantized values
available simultaneously over the range of three orders of magni-
tude, starting as low as the standard value of ∼12.9 kΩ and reaching
as high as 1.29 MΩ, or the equivalent of 100 Hall bars in series.
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Several experimental methods are used to assess the quality and ver-
satility of the devices, including standard lock-in techniques and
Raman spectroscopy.

Wafers of 4H-SiC that have been chemically and mechanically
smoothed along the Si-face were obtained fromCREE and diced into
7.7 × 7.7 mm2 chips (see Acknowledgments). All chips were then
cleaned with a Piranha solution (3:1 H2SO4:H2O2) for 2 h followed
by a 5 min rinse with 51% hydrofluoric acid (diluted with deion-
ized water). Just prior to growth, the chips were coated with a dilute
solution of carbon-based photoresist (AZ 5214E, see Acknowledg-
ments) in isopropyl alcohol to utilize polymer-assisted sublimation
growth (PASG).24 The Si-face side of each chip was pressed against
a polished glassy carbon slab (SPI Glas 22, see Acknowledgments)
such that interference rings were observed. This ensures that the
surfaces are closely spaced (up to 2 μm) to limit Si atoms from escap-
ing, thus improving graphene uniformity. The growth furnace was
flushed with Ar gas and filled to about 103 kPa from a 99.999% liquid
argon source. The graphite-lined resistive-element furnace (Mate-
rials Research Furnaces Inc., see Acknowledgments) was held at
1850 ○C for 3–4 min. The furnace heating and cooling rates were
about 1.5 ○C/s. A defect-free hexagonal lattice of carbon atoms, EG,
is formed on top of a covalently bonded carbon buffer layer when
4H-SiC substrates are heated to these temperatures.25,26

The grown EG films were characterized by means of optical
and confocal laser scanning microscopy (CLSM) to select those with
monolayer coverage greater than 99%, minimal bilayers, and uni-
form SiC step heights of less than 1 nm. For device fabrication, the
EG layer was protected by a 20 nm layer of Pd/Au followed by a
photolithography process that defines the Hall bar and device con-
tact pattern.27–29 For electrical contact of the array devices, a 100 nm
layer of superconducting NbTiN was deposited over the contacts to
form device interconnects that greatly improve array performance,
eliminate any undesired interconnection resistance, and allow for
two-terminal measurements.13,20 The separation of the NbTiN layer
and the EG was greater than 80 nm to prevent undesired quan-
tum effects such as Andreev reflection, and the presence of the
Au/Pd layer did not contribute significantly to the contact resistance
(less than 1 Ω). Some EG was grown without PASG pre-processing,

resulting in larger parallel SiC steps (1–5 nm) and greater than 99%
monolayer graphene, enabling us to quantify the influence of the
steps themselves. It should be noted that all metals were removed
with aqua regia and the final device size was ∼5 × 5.5 mm2.

Gateless control of the carrier density was accomplished by
implementing a functionalization process using Cr(CO)3 due to
its successful use in other studies.30–32 A small nitrogen-filled fur-
nace at 130 ○C was used to initiate the hexahapto functionalization
[(η6-graphene)-Cr(CO)3] of EG. This process ensures uniform car-
rier density across the surface of EG. The typical value for the carrier
density after ambient atmospheric exposure is around 1010 cm−2,32

which can be compared to the typical values of inherent doping in
EG of 1013 cm−2.33 To give a more comprehensive summary of the
importance of functionalization, the work in Ref. 32 should be noted.
It was found that by annealing functionalized devices at a fixed tem-
perature for a well-defined time, the carrier density became more
n-type. The metric that emerged from that work is known as the
integrated heat exposure (IHE) and continues to be a useful figure of
merit quantifying the applied changes in carrier density in the device
caused by annealing,

IHE = ∫
t

0
kB(Tapplied − TRT)dt′. (1)

TRT is taken to be 300 K, kB is the Boltzmann constant, and the inte-
gral is evaluated over time in seconds. Repeated annealing revealed
a roughly linear relationship between the IHE and the final carrier
density value at room temperature. This knowledge enabled a sim-
pler process by which the carrier density could be changed by an
amount that was user-defined. Within resistance metrology, a rel-
atively low carrier density (less than 1012 cm−2) could be achieved
while still having a device that exhibits a robust QHE.32

An illustration of the device design is shown in Fig. 1(a) along
with corresponding CLSM images of two distinct array elements in
Figs. 1(b) and 1(c). Each individual element in the array functions
as a 12.9 kΩ standard Hall bar and has a multiple-branch design
required to optimize the current flow and eliminate the effect of con-
tact resistance.13,20 The contrast achieved with CLSM confirmed the

FIG. 1. (a) Illustration of the 1.29 MΩ
Hall array device is shown with loca-
tions for measurements of subarrays that
provide various multiples of quantized
Hall resistance. Two example areas, out-
lined by the dashed blue and green
lines, are inspected with confocal laser
scanning microscopy. (b) and (c) The
two inspections reveal the uniformity of
the graphene growth over the near-
centimeter-wide SiC substrate. A fading
magenta outline is overlaid to show the
boundary of the Hall bar elements. The
scattering of debris varies across the
device, but the debris does not inter-
act with the graphene and is composed
of remnants from the functionalization
process.
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high-quality of the EG. Themid-array device (51st element) is meant
to serve as a diagnostic tool in the event of poor quantization. It may
also be used with a high-resistance cryogenic current comparator
that could enable calibration of higher values of resistance. A large
contact pad was fabricated at the end of every row (ten elements),
enabling access to quantized values in multiples of 129 kΩ, up to
and including 1.29 MΩ. These values are summarized in Fig. 1(a).

Raman spectroscopy was also used to confirm the uniformity
of the EG layer since visual inspections may not identify flaws
in the physical properties of the grown EG film. Measurements
were performed with a Renishaw InVia micro-Raman spectrometer
(see Acknowledgments) using a 633 nm wavelength excitation laser
source. The spectra were measured and collected using a backscat-
tering configuration, 1 μm spot size, 300 s acquisition time, 1 mW
power, 50× objective, and 1200 mm−1 grating. For statistics on the
EG quality, rectangular Ramanmaps were collected with step sizes of
1 μm in a 25 × 25 raster-style grid and repeated on various elements
of the array devices. A summary of the Raman analysis is provided in
Fig. 2. Within the device, whose optical image is shown in Fig. 2(a),
two regions separated by a maximum distance are inspected closely.
An example of a Raman spectrum of the 2D (G′) mode is shown in
Fig. 2(b) and used as the primary metric for comparing EG quality
across the regions. Note that the D and G peaks were not selected

due to their obscurity caused by strong optical responses by the SiC
substrate.

The peak shown in Fig. 2(b) and all additional 2D peaks were
fitted with a Lorentzian profile (dashed magenta) to extract the peak
position and full-width-at-half-maximum (FWHM). Every spec-
trum from each Raman map was analyzed in the same fashion,
yielding the two scatterplots shown in Figs. 2(c) and 2(d). The latter
panel also contains a real space distribution of values for the FWHM
to give an example of the variation expected within the region. These
data verify the length scales on which EG can be grown with excel-
lent quality. After an optical verification of the film quality, the next
necessary step for such devices is to assess their transport prop-
erties. Quantum Hall transport measurements were performed in
a Janis Cryogenics 4He cryostat. All devices were mounted onto a
transistor outline (TO-8) package, and all corresponding data were
collected between magnetic field values of 0 and ±9 T to characterize
the magnetoresistances of the devices. All measurements were per-
formed at ∼1.5 K with source–drain currents of either 100 or 500 nA.
Prior to cooldown, devices were annealed in vacuum as described in
Ref. 32 to obtain the desired electron density corresponding to a
ν = 2 plateau onset of ∼4 T.

An exemplary set of transport measurements is shown in
Fig. 3(a). The most allowable values were measured as labeled in

FIG. 2. (a) Optical image of the full device
is shown with a cyan and red region, indi-
cating the two example elements whose
Raman map results are shown in (c) and
(d), respectively. (b) An example Raman
spectrum focuses on the 2D (G′) mode
of graphene since the D and G modes
have signals that are overwhelming by
neighboring optical responses from the
SiC substrate (see the inset for example
spectra). Each measured peak is fitted
with a Lorentzian profile so that the peak
center and FWHM are extracted. (c) The
array element outlined in cyan in (a) was
inspected more closely. The scatterplot
shows the distribution of the FWHM with
2D mode peak centers. (d) A repeated
analysis (625 points) is performed for the
array element outlined in red in (a). In
addition to the scatterplot, a color map of
the position-dependent FWHM is shown
to verify the uniformity of the EG film. The
data shown in (c) are nearly-transparent,
green data points.
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FIG. 3. (a) Full summary of the transport measurements for each of the designated labels from Fig. 1 is shown. The magnetoresistances were collected with lock-in
amplifiers. Although this technique lends the advantage of collecting data swiftly and finely, it also potentially introduces minor errors due to equipment impedance. To
account for this error, the values of each plateau were verified more precisely with a digital multimeter at a sufficiently high magnetic field (greater than 5 T). Verification
of these values to within a part in 106 enabled for the correction of these data via offset translation. (b) Each plateau is shown magnified at both magnetic field polarities
to demonstrate the level of noise introduced by the lock-in amplifier technique. Such noise was minimized by increasing the injected current, as seen in (c), where the two
currents of 100 and 500 nA are compared.

Fig. 1, where the limit of what could be measured stems mostly
from the contact pad’s lateral size, which lends itself for wirebond-
ing. Although many intermediate values could be bonded within the
array, alternate designs are recommended since potential damage to
one element along the array would likely split the array into two
separate, neighboring devices. For the magnetoresistances shown
in Fig. 3, all were collected with lock-in amplifiers. Although this
technique provides the advantage of collecting data swiftly and with
a higher magnetic field resolution, it does introduce minor errors
due to equipment impedances in the MΩ range. To account for this
error, the values of each plateau were verified more precisely with
a digital multimeter at a sufficiently high magnetic field (greater
than 5 T). Verification of these values to between parts in 103 and
parts in 106 with a digital multimeter enabled for the correction of

these data via vertical offset translation and are shown as a group
in Fig. 3(b).

The noise in each plateau shown in Fig. 3 is relatively symmet-
ric for both magnetic field polarities and may be associated with
the lock-in amplifier technique limitations and, to some degree, a
result of the low current injected into the device. Any noise coming
from the latter was minimized by increasing the injected current,
as seen in Fig. 3(c), where the two currents of 100 and 500 nA
are compared. The justification for comparing two different cur-
rents has more to do with the eventual compatibility of these devices
with metrological infrastructure. This is also the reason that a 51st
element was introduced in the array. For the scope of this work, how-
ever, the 51st device simply serves as an additional support where
the whole array device may be adequately quantized. It should be
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noted that although higher applied currents typically result in less
noise and better compatibility with metrological equipment, there is
a point at which excessive Joule heating at various hot spots within
the quantum Hall array would cause the device to lose its adequate
quantization, leading to an even larger error when measuring the
plateau’s values.

The versatility of these devices has been demonstrated, and
our samples are encouraged to be tested for metrological purposes.
Overall, in this work, the boundaries for the limiting factors in devel-
oping quantum Hall arrays were removed to the point where several
orders of magnitude of measurable quantized resistance could be
measured. This advance was feasible due to the combination of
centimeter-scale, high-quality material growth, and the implemen-
tation of superconducting contacts. Specifically, the standard Hall
value at the ν = 2 plateau of ∼12.9 kΩ was used as a building block to
reach values as high as 1.29MΩ. Devices were inspected for superior
material quality by means of Raman spectroscopy, optical micro-
scopy, and confocal laser scanning microscopy. Applications to any
device manufacturing requiring outputting of more than a single
quantized value of resistance will benefit from this demonstration.
It now stands that more complex arrays may be designed and fab-
ricated while keeping the several experimental methods described
herein as ways to assess the quality of those devices.

The authors thank T. Mai, G. Fitzpatrick, A. L. Levy, and E. C.
Benck for assistance with the internal NIST review process.
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