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Abstract — Direct comparison of quantum Hall
resistance in the same or different materials requires
demanding experimental resources, such as two
separate cryostats or a specially designed dual-socket
probe operating far below the temperature of liquid
helium. Here we experimentally demonstrate an
efficient direct comparison of quantum Hall resistance
in graphene and gallium arsenide/aluminium gallium
arsenide heterostructure in liquid helium at 4.2 K with
a standard probe from the practical point of view. To
perform the direct comparison with one probe, we
stacked two Hall devices with a printed circuit board
and mating pins and employed a gallium arsenide Hall
device with a high electron density. The direct
comparison shows that the relative difference in
quantized Hall resistance between the two materials in
liquid helium is as small as 5 nQ/Q.

I.  INTRODUCTION

Precision comparisons of quantum Hall resistance such as
the on-site comparison (BIPM.EM K-12) are of paramount
importance in resistance metrology to verify the
international coherence of primary resistance standards
[1,2]. In such a comparison, two quantum Hall resistances
(QHRs) in two separate cryostats are compared with each
other via an artifact resistance reference. The transfer
resistor exhibits instability with respect to temperature as
well as intrinsic temporal drift. To avoid the relevant
uncertainties, direct comparisons of QHRs in different
materials have been performed below a temperature of 1 K
for universality tests of QHRs, either in two separate
cryostats [3-5] or in one cryostat hosting two Hall devices
[6], since 1990. To simultaneously satisfy the quantization
conditions of silicon metal-oxide—semiconductor field-
effect transistor (Si-MOSFET) and gallium arsenide/
aluminium gallium arsenide (GaAs/AlGaAs)
heterostructure Hall devices mounted in one probe under
the same magnetic field, one of the two devices needs to
be tilted with respect to the magnetic field direction [6],

presenting an experimental challenge.

More recently, precise comparisons of the QHRs in
graphene and GaAs/AlGaAs heterostructure have been
accomplished either directly in two separate cryostats [4],
or indirectly, in one cryostat with dual sockets via a
resistance reference [7,8]. The required temperature is
below 2 K to avoid dissipation in the quantum Hall state in
GaAs/AlGaAs heterostructure, even though graphene
exhibits good metrological quantization above 4.2 K [9],
stemming from the linear energy-momentum dispersion
[10,11] of massless Dirac fermions. To date, such a
precision comparison has required demanding resources,
such as two separate cryostats or a specially designed dual-
socket probe operating below the temperature of liquid
helium.

Here, we experimentally demonstrate a direct
comparison of the QHRs in graphene and GaAs/AlGaAs
heterostructure in liquid helium at 4.2 K with a standard
probe. National metrology institutes commonly have a
probe with a 12-pin transistor outline (TO-8) socket. We
used such an ordinary probe to host two Hall devices. A
graphene Hall device was mounted on a TO-8 chip carrier,
made by printed circuit board (PCB) and mating pins. A
GaAs/AlGaAs Hall device was stacked on top of the
graphene Hall device with a PCB spacer. The pins of the
TO-8 socket were shared by the two stacked Hall devices.
To perform the direct comparison at 4.2 K, we employed a
GaAs/AlGaAs Hall device with a high electron density
whose quantization for a filling factor 2 is achieved above
a magnetic field of 10 T [12]. The direct comparison of the
QHRs in graphene and GaAs/AlGaAs heterostructure at
4.2 K showed that the relative difference between the two
is smaller than 5 nQ/Q. We also showed that at 2.8 K, this
relative difference is reduced to 2 nQ/Q, comparable to the
expanded measurement uncertainty, due to dissipation
reduction in the quantum Hall state in GaAs/AlGaAs
heterostructure.
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Fig. 1. Stacked Hall devices on the TO-8 socket. (a)
Optical image of the graphene Hall device. The dashed
line illustrates the boundary of the graphene channel. (b)
Photograph of the GaAs/AlGaAs Hall device. (c)
Schematic illustrations of the TO-8 socket, graphene Hall
device, PCB spacer and GaAs/AlGaAs Hall device. The
pins of the TO-8 socket were shared by the graphene and
GaAs/AlGaAs Hall devices through stacking, as shown by
color coding in blue and red, respectively. (d) Photograph
of the two stacked Hall devices mounted on the TO-8
socket.

II. DEVICE AND EXPERIMENTAL SETUP

The graphene Hall device was fabricated with epitaxial
graphene grown on silicon carbide (SiC). For graphene
synthesis on SiC, the SiC substrate was heated to 1600 °C
in a hot-wall reactor to sublimate the Si atoms [13]. High-
quality graphene with a low step height, typically below 1
nm, and large monolayer coverage is essential for the
realization of a graphene-based quantum Hall resistance
standard. We used a modified graphite susceptor with a
small gap [14] and the polymer-assisted growth technique
[15] to prevent step bunching, resulting in a smooth
graphene morphology on the SiC. Electron-beam
lithography for the patterning of the graphene channel and
electron-beam evaporation for the metal contact were
applied to fabricate the graphene device. Polymer-assisted
hole-doping of the graphene was adopted to fulfill the
quantization condition of a filling factor 2 at a lower
magnetic field [16]. We also employed a GaAs/AlGaAs
Hall device (PTB 130-20) with a high electron density,
fabricated by the Physikalisch-Technische Bundesanstalt
(PTB), for operation at liquid helium temperature [12].
The carrier type, density and mobility of the graphene
device were hole, 2.3 x 10! cm™2 and
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Fig. 2. Schematic of the direct comparison of the QHRs in
the graphene and GaAs/AlGaAs Hall devices. (a) Circuit
diagram of the cryogenic current comparator bridge for
direct comparison. (b) The solid arrow represents the direct
comparison between the QHRs realized in the graphene
and GaAs/AlGaAs Hall devices. The dashed lines represent
traceable measurements via a 100 Q resistance reference
with respect to a QHR standard operating at 0.3 K.

5 290 cm? V™! s71 | respectively. The carrier type,
density and mobility of the GaAs/AlGaAs Hall device
were electron, 5.3 x 10" cm™2 and
585 000 cm? V! s71, respectively. These parameters
were evaluated via magnetoresistance measurements in the
classical Hall regime. Figure 1(a) and (b) show images of
the graphene and GaAs/AlGaAs Hall devices, respectively.
The contact resistance was determined in three terminal
configuration [17] at the quantum Hall state. The contact
resistances of graphene and GaAs devices were
approximately 1 Q and 2 Q, respectively.

For direct comparison of the QHRs in graphene and
GaAs/AlGaAs  heterostructure, the graphene and
GaAs/AlGaAs Hall devices are loaded into an ordinary
probe with a 12-pin TO-8 socket. The GaAs/AlGaAs Hall
device was stacked on top of the graphene device, as
depicted in Fig. 1(c) and (d). The graphene Hall device was
mounted on the TO-8 PCB carrier using 6 selected pins,
color coded in blue in Fig. 1(c). The other 5 pins of the TO-
8 socket, color coded in red, were connected to the 5 leads
of the GaAs Hall device. A PCB adaptor with only 5
mating pins and 7 through-holes, as illustrated in Fig. 1(c),
was stacked on the graphene TO-8 carrier. The standard
GaAs/AlGaAs Hall device was finally plugged into the
PCB adaptor, with only 5 pins electrically connected to the
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Fig. 3. Magnetoresistance measurements of the graphene
and GaAs/AlGaAs Hall devices immersed in liquid helium
at 4.2 K. The Hall and longitudinal resistances of the
graphene (GaAs/AlGaAs) device are represented by the
red (blue) and gray (teal-gray) traces, respectively. The
center of the quantized Hall resistance plateau for a filling
Jfactor 2 in GaAs/AlGaAs corresponds to a magnetic field
of 11 T. The left and right vertical axes display the Hall
and longitudinal resistances, respectively.

red-colored pins in the TO-8 socket. The pins of the TO-8
socket were accordingly shared by the two Hall devices
through this stacking method.

We employed a helium bath cryostat with a 12 T
superconducting magnet. Most of the experiments were
performed at 4.2 K. If necessary, the liquid helium
temperature can be lowered with a A-point refrigerator
with which the superconducting magnet is equipped.
Direct comparison of the QHRs in the graphene and
GaAs/AlGaAs Hall devices was performed with a
cryogenic current comparator (CCC) bridge [18]. The two
Hall devices were loaded in a standard probe with one TO-
8 socket immersed in liquid helium. The schematic bridge
circuit is shown in Fig. 2(a). The direct comparison was
confirmed by an indirect comparison based on
conventional traceable resistance measurements via a
transfer resistor [18], as illustrated by dashed lines in Fig.
2(b).

III. EXPERIMENTAL RESULTS

A. Magnetoresistance Measurements of the Graphene
and GaAs/AlGaAs Hall Devices

Figure 3 shows the Hall resistances and the longitudinal
resistances of the graphene and GaAs/AlGaAs Hall
devices as functions of the magnetic field in liquid helium
at 4.2 K. The Hall resistance (R "*"") of the graphene
starts to be quantized above a magnetic field of
approximately 4 T. The wide Hall plateau for a filling
factor 2 (i = 2) in epitaxial graphene, stemming from the
magnetic-field-dependent charge transfer between the SiC
and graphene [19], is distinct from that of exfoliated
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Fig. 4. Relative deviation of the Hall resistance from v

and the longitudinal resistance measured at 4.2 K. The
measurements of the relative deviation and longitudinal
resistance in the graphene device are plotted as red
hexagons and blue circles, respectively. The green star and
teal-gray diamond depict the relative deviation and
longitudinal resistance, respectively, of the GaAs/AlGaAs
device at 11 T. Error bars of Ry and relative deviation
indicate the expanded measurement uncertainty (k=2).

graphene. The corresponding longitudinal resistance
(RS;aphene) for i =2 is suppressed above 4 T. The measured

Hall (R5*®) and longitudinal (R$2A%) resistances of the
GaAs/AlGaAs device overlap with the magnetoresistance
traces of the graphene device. The center of the quantized
Hall plateau at i = 2 corresponds to a magnetic field of 11
T. The precise direct comparison of the two QHRs was
performed at this magnetic field. We note that the common
quantization condition for the graphene and GaAs/AlGaAs
heterostructure under the same magnetic field can be easily
satisfied thanks to the wide quantized Hall resistance
plateau of epitaxial graphene, unlike in the direct
comparison of Si-MOSFET and GaAs/AlGaAs
heterostructure [6].

B. Traceable Measurements of the QHRs in Graphene
and GaAs/AlGaAs heterostructure

Prior to the direct comparison, precision measurements
of the QHRs in the graphene and GaAs/AlGaAs
heterostructure were performed with the CCC bridge by
comparing the QHR against a 100 Q resistance reference,
which was precalibrated with respect to a QHR standard
realized in GaAs/AlGaAs heterostructure operating at 0.3
K [18]. For these conventional traceable measurements, an
auxiliary winding and current source were included in the
bridge circuit [18, 20], although this is not shown in Fig.
2(a). The longitudinal resistance was also measured with
the CCC bridge. The difference between the ordinary Hall
resistance and a Hall resistance measured with a diagonal
contact pair corresponds to the longitudinal resistance [21].

Figure 4 shows the relative deviation of the measured

Hall resistance from the nominal QHR (%) at i = 2 with
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Fig. 5. Direct comparison of the QHRs in the graphene and
GaAs/AlGaAs heterostructure and the Allan deviation of the
bridge voltage difference. (a) Repeated measurements of the
relative difference between the QHRs in the graphene and
GaAs/AlGaAs Hall devices in liquid helium under a
magnetic field of 11 T at 4.2 K and 2.8 K, represented by
circular and diamond symbols, respectively. (b) Allan
deviation of the bridge voltage difference for direct
comparison from a data set acquired for 4 hours at 4.2 K.
The inverse square root time dependence (1//t) of white
noise overlaps with the Allan deviation plot.

respect to the magnetic field at 4.2 K. The longitudinal
resistance is also depicted. The red hexagons and blue
circles represent the measurements of the relative
deviation and longitudinal resistance, respectively, in the
graphene Hall device. The quantized Hall resistance starts
to deviate from the nominal value below a magnetic field
of 6 T. The Hall resistances in the plateau are equivalent to

Zh? within the measurement uncertainty. The longitudinal
resistance accordingly becomes larger than the
measurement uncertainty of 23 puQ below 6 T. The
deviation and longitudinal resistance acquired at the
central value (11 T) of the filling factor 2 Hall plateau in
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the GaAs/AlGaAs Hall device are depicted by star and
diamond symbols, respectively. The finite relative
deviation of approximately 4.8 nQ/Q from the nominal
quantized resistance and the finite longitudinal resistance
of 48 pQ are observed at the plateau center. A ratio of the
relative deviation to the longitudinal resistance is defined
as the s-parameter [21]. The s-parameter can be also
evaluated using a dip at the edge of the Hall plateau and
the corresponding longitudinal resistance. It turns out that
the s-parameter is approximately -0.8. The estimated s-
parameters with the above two methods are comparable. It
implies that the deviation is attributed to a dissipation in
the quantum Hall state at the given temperature, which will
be discussed in detail later.

C. Direct Comparison of the QHRs in Graphene and
GaAs/AlGaAs heterostructure in Liquid Helium

The direct comparison of the QHRs in the graphene and
GaAs/AlGaAs Hall devices in liquid helium was
performed with the CCC bridge as illustrated in Fig. 2(a).
A magnetic field of 11 T was applied because this value
lies at the center of the quantized Hall resistance plateau at
i=2 for the GaAs/AlGaAs Hall device and simultaneously
lies within the wide Hall resistance plateau at i = 2 for the
epitaxial graphene device.

The circular symbols in Fig. 5(a) represent repeated
measurements of the relative difference in the QHRSs of the
graphene and GaAs/AlGaAs devices in liquid helium at
4.2 K. The acquisition time for each measurement was
approximately 16 minutes. The mean relative difference
from 7 data sets is approximately 4.5 nQ/Q. From the
traceable measurements of the QHRs in the graphene and
GaAs/AlGaAs heterostructure, as illustrated in Fig. 2(b)
and Fig. 4, the relative difference was indirectly
determined via the 100 Q resistance reference, yielding a
value of approximately 3.5 n{/Q, consistent with that
found in the direct comparison within the measurement
uncertainty.

To identify the origin of the finite relative difference at
4.2 K, as plotted in Fig. 5, we also performed a direct
comparison at a lower temperature. As shown in Fig. 4, the
Hall resistance of the GaAs/AlGaAs heterostructure
deviates from the nominal resistance at i = 2, and there
exists a corresponding longitudinal resistance larger than
the measurement uncertainty. These observations indicate
that the dissipation in the GaAs/AlGaAs heterostructure at
this temperature may lead to a Hall resistance deviation
and a finite longitudinal voltage drop. The diamond
symbols in Fig. 5 represent the relative differences
measured at a lower temperature of 2.8 K, which was
achieved by means of the A-point refrigerator at the
superconducting magnet. This experiment clearly shows
that the relative difference is reduced to 2 nQ/Q at this
temperature. This indicates that the relative difference can
be attributed to dissipation in the quantum Hall state in the
GaAs/AlGaAs heterostructure, which is inefficiently
cooled at the given temperatures. Nevertheless, the direct



Table 1. Uncertainty budge for a typical measurement of
the resistance ratio via direct comparison

Contribution Uncertainty (nQ/Q)
Winding ratio error 0.6
Insulation 0.4
SQUID resolution 0.1
Miscellaneous <0.1
AU (type A) 0.5
Expanded measurement 1.7
uncertainty

(k=2)

comparison in liquid helium at 4.2 K shows that the
relative difference in the QHR in the graphene and GaAs
is smaller than 5 n(/Q). Note that this stacking method can
be employed to compare QHRs in GaAs/AlGaAs
heterostructure and other materials, including graphene,
for universality tests in an ultimate precision with an
existing metrological probe at lower temperatures.

We performed a long direct comparison measurement to
investigate the Allan deviation in the setup. Figure 5 (b)
shows the Allan deviation of the bridge voltage difference
from a data set acquired for 4 hours at 4.2 K. The Allan
deviation follows an inverse square root time dependence
(1/+/7) up to a sampling time of a few thousand seconds.
This indicates that uncorrelated white noise is predominant
in the direct comparison measurement. Additionally, the
statistical measurement uncertainty can be reduced to a
few parts in 10'° for the employed acquisition time scale.
Note that error bar indicates the expanded measurement
uncertainty (k=2).

D. Uncertainty Budget for Direct Comparison

Table I summarizes the contributions to the uncertainty
budget for a typical measurement of the resistance ratio via
the direct comparison. The overall expanded measurement
uncertainty (k = 2) at the 95% confidence level is typically
smaller than 2 nQ/Q. A significant contribution comes
from the winding ratio error. Although the winding ratio
error test showed an uncertainty of approximately a few

nQ/Q, we conservatively assume an error of one part in 10°.

This leads to a value of 0.6 nQ2/Q when the rectangular
distribution is taken into account. The electric insulation of

20 TQ results in an uncertainty of approximately 0.4 nQ/Q.

We note that the electrical insulation resistance was
measured between a lead and an outer chassis of probe
shorted to ground with all the other leads shorted to the
chassis. The flux resolution limit of the employed SQUID
also contributes to the uncertainty. The flux via the 2048-
turn coil induced by a driving current of 38.74 pA is
determined by the flux linkage [23] of 11 pA - turns/¢,
to be approximately 7200¢,. Here, ¢, is the quantum of
the flux (h/2e). There is some evidence from ratio error
tests on CCCs that rectification of noise can cause flux
errors at the level of 1 p¢, in SQUIDs similar to the one

used in this study [24]. We therefore assign an uncertainty
of 1 pg, to the SQUID output, and the corresponding
flux error becomes 1u¢,/7200¢,. When the rectangular
distribution is considered, the relative uncertainty becomes
close to 0.1 nQ/Q. Other minor uncertainties include the
voltage measurement error of the nanovoltmeter in the
bridge, which is smaller than 0.1 nQ/Q. The statistical
type-A uncertainty of the bridge voltage difference is
typically close to 0.5 nQ/Q for the employed data
acquisition time.

IVv. SUMMARY

In summary, we have demonstrated a direct comparison
of quantized Hall resistance at a filling factor 2 in graphene
and GaAs/AlGaAs heterostructure by a single standard
metrological probe at the liquid helium temperature of 4.2
K with less demanding resources from the practical point
of view. For this direct comparison, we employed a
gallium arsenide Hall device with a high electron density
stacked on top of a graphene Hall device with a printed
circuit board adaptor to share the limited pins of a standard
socket. This direct comparison shows that the difference
between the quantum Hall resistances in graphene and
GaAs/AlGaAs heterostructure in liquid helium is as small
as 5 nQ/Q. This difference, which is reduced at the lower
temperature, is attributed to the dissipation of the quantum
Hall state in gallium arsenide in liquid helium. We note
that this paper is about the impementation of the
comparison method with a single conventional probe, not
about the result itself of the comparison.
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