AlP | e ™

\\ I L] /I . |
Precision quantum Hall resistance measurement on epitaxial graphene device in low
magnetic field

A. Satrapinski, S. Novikov, and N. Lebedeva

Citation: Applied Physics Letters 103, 173509 (2013); doi: 10.1063/1.4826641

View online: http://dx.doi.org/10.1063/1.4826641

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/103/17?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Towards a graphene-based quantum impedance standard
Appl. Phys. Lett. 105, 073511 (2014); 10.1063/1.4893940

Scaling in the quantum Hall regime of graphene Corbino devices
Appl. Phys. Lett. 104, 203109 (2014); 10.1063/1.4878396

Integer quantum Hall effect in single-layer graphene with tilted magnetic field
J. Appl. Phys. 114, 073705 (2013); 10.1063/1.4818605

Observation of the quantum Hall effect in epitaxial graphene on SiC(0001) with oxygen adsorption
Appl. Phys. Lett. 100, 253109 (2012); 10.1063/1.4729824

Quantum Hall-like effect in gated four-terminal graphene devices without magnetic field
Appl. Phys. Lett. 99, 222101 (2011); 10.1063/1.3663625

L LN R RN m RN RN RN RN LRRRRRRRRRRRRRR
Confidently measure down to 0.01 fAand upto 10 PQ) =" ;
Keysight B2980A Series Picoammeters/Electrometers

KEYSIGHT

TECHNOLOGIES



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1940596036/x01/AIP-PT/Keysight_APLArticleDL_121714/en_keysight_728x90_3325-2Pico.png/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=A.+Satrapinski&option1=author
http://scitation.aip.org/search?value1=S.+Novikov&option1=author
http://scitation.aip.org/search?value1=N.+Lebedeva&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4826641
http://scitation.aip.org/content/aip/journal/apl/103/17?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/105/7/10.1063/1.4893940?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/104/20/10.1063/1.4878396?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/7/10.1063/1.4818605?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/25/10.1063/1.4729824?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/99/22/10.1063/1.3663625?ver=pdfcov

APPLIED PHYSICS LETTERS 103, 173509 (2013)

@CrossMark

Precision quantum Hall resistance measurement on epitaxial graphene

device in low magnetic field
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Precision quantum Hall resistance (QHR) measurements were performed on large-area epitaxial
graphene device at temperature 7= 1.5 K and at magnetic fields B from 8 T down to 2.5T, that is
much lower than typically used in precision QHR measurement. QHR was measured using cryogenic
current comparator resistance bridge with relatively large biasing current I,q=41 uA to reduce
measurement uncertainty. The results showed that at B =8 T, the relative deviation of Hall resistance
from the expected quantized value 4/2¢” is within experimental uncertainty of 3.5 parts in 10* and
remained below 0.35 parts per million (ppm) down to B=3T. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4826641]

Application of wunique electronic properties in
graphene'™ and ultra thin carbon layers is very perspective
for future electronic devices and for electrical metrology.
One of the main physical properties of graphene is anoma-
lous “half-integer” Quantum Hall Effect (QHE), where Hall
resistance is quantized on plateaus Ry = = (Rg/4)/(n + 0.5),
where R = hfe? is von Klitzing constant, /1 is Plank constant,
e is elementary charge, and n >0 is an integer. The evident
application of graphene is the QHE resistance standard,*®'°
which is based on quantized values of Hall resistance con-
ventionally indexed as Ry(7) = h/(e2 i), where i is an integer
filling factor. Recently, a big progress has been achieved in
precision measurement of QHE in two-dimensional electron
gas (2DEG) in graphene. An accuracy of 3 parts in 10° (ppb)
for the resistance quantisation in SiC-based QHE device* on
Ru(2) = h/(2¢*) ~ 12.9kQ plateau at magnetic field B=14T,
biasing current /gy =12 uA, and temperature 7=0.3K has
been demonstrated for 160 yum x 35 um sample in indirect
measurement. In a direct comparison between GaAs and epi-
taxial SiC graphene (in high magnetic fields), the equiva-
lence of the quantized Hall resistance (QHR) has been
demonstrated with a relative uncertainty of 8.6 parts in 10"
and the invariance of Ry(2) on materials has been con-
firmed.® These results affirmed and proved the use of epitax-
ial SiC graphene as a future quantum resistance standard.
Recent discovery of high mobility 2DEG in LaAlO; and
SrTiO5; oxide interfaces,” which was measured in both
unstructured and Hall-bar geometries, shows fascinating
properties, such as two-dimensional superconductivity and
giant electric field effect. These properties are interesting for
future application of such oxide interfaces in electronics and
in electrical metrology.

In Ref. 4 it was shown that in a QHR device based
on graphene on SiC, covered with bilayer polymer (PMMA
and ZEP520A) and illuminated with UV light, the carrier
density can be reduced down to 2x 10'°cm™? while
low-temperature mobility is increased up to 16000 cm?/Vs.
Mechanism of photochemical gating with UV exposure
of bilayer polymer proceeds via the formation of a
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photo-induced Cl radicals in the top polymer layer. Those
radicals are potent electron acceptors and provide control of
carrier density in the graphene layer. After illumination of
the sample, Ry(2) plateau extended even down to magnetic
field of 1T at T=0.3K. However, no precision measure-
ments of quantized Hall resistance in graphene in low mag-
netic fields below about 10T have been reported before our
work.

In this work, we have investigated SiC graphene sam-
ples with a larger area (800 um x 200 um) than in earlier
studies. Our aim was to investigate the possibilities of preci-
sion Hall measurement with higher measurement currents
and to study the quantisation of 2DEG in SiC graphene Hall
device in lower magnetic field and at higher temperatures.

We have performed accurate Hall resistance measure-
ment at magnetic fields between 2.5 T and 8 T. Hall plateau
was observed at magnetic field as low as 2T when tempera-
ture was as high as 1.5 K. Accurate measurements have been
carried out with our precision ac Cryogenic Current
Comparator (CCC) resistance bridge'' with relatively high
biasing current, /g =41 pA.

Graphene film was grown by Graphensic AB, Sweden,
on Si-face of 4H-SiC substrate.'> AFM topography of the
graphene film showed existence of large flat terraces on the
surface. The height of these terraces was around 1nm.
Thickness and quality of the film were estimated by means
of Auger and Raman spectroscopy that confirmed the pres-
ence of a single layer of graphene and low defect density in
the graphene film before patterning.

Patterns for the Hall bars and the contacts were made
using laser photolithography over AZ5214 resist. Reactive
ion etching in argon-oxygen plasma was used to remove the
graphene layer from uncoated areas. Totally 18 devices with
different dimensions were fabricated on one 5mm® chip.
The device with a large area (800 um x 200 um) was chosen
for the QHR measurements. Configuration and numeration
of the contacts for the device are presented in Fig. 1(a).
View of the chip assembled on TO-8 header is presented in
Fig. 1(b). The direction of the current channel in Hall bar de-
vice on the chip was chosen according to AFM image with
the current channel directed along the terraces.

© 2013 AIP Publishing LLC
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(a) (b)

FIG. 1. (a) Configuration and numeration of the contacts on one
800 um x 200 um Hall device. Black and grey colours present the Ti/Au
contacts for bonding wires and the graphene film accordingly and white col-
our is a SiC substrate. (b) View of the 5 mm?> chip with 18 Hall devices. One
large area sample is bonded on TO-8 header.

After fabrication of the Hall bars and contacts, the chip
with the Hall devices was covered by two polymers, first by
300 nm of PMMA resist and second by 300 nm of ZEP520A
resist. These resist layers were used for photochemical gating
of graphene'? and for control of the carrier concentration in
graphene by illumination with UV light. Longitudinal resist-
ance, R,,, of the graphene sample was controlled and
adjusted at 293K using UV light from a deuterium broad
band lamp with wavelength 240nm and optical power
0.16 mW. Graphene sample was illuminated during several
runs, with short exposure time (20 s—60 s) until no change of
resistance was observed. Total square resistance was
increased by a factor of about two (at T =293 K), indicating
the reduction of carrier concentration.

Magneto-transport measurements were performed both
before and after illumination by UV light. An 11 T supercon-
ducting magnet system with variable temperature insert and
with temperature control down to 1.5K was used for the
measurements. The sample was cooled down to 1.5K
slowly, during two days. Four-terminal resistance measure-
ments of the Hall resistance R,, and longitudinal resistance
R, on different contact pairs were carried out with precision
multimeters using dc current /g = 10 pA. The results of the
R,y and R,, measurements before (dashed line) and after
(solid line) illumination with UV light are presented in
Figs.2(a) and 2(b). R, measured using contacts 13h—13I
(see Fig. 1(a)) is presented in Fig. 2(a). The device exhibits a
well-defined plateau at R, ~ h/2¢. Tt is seen in Fig. 2(a) that
for non-irradiated sample (higher carrier concentration), the
plateau extends down to about 5 T, and for irradiated sample
(lower carrier concentration) it extends down to about 1.8 T.

Solid line in Fig. 2(b), in positive magnetic field direc-
tion, presents the results of the measurements carried out on
200 pm x 200 um area (contacts 111-101) and, for the nega-
tive magnetic field direction, on the area 400 um x 200 um
(contact pairs 111-131). The values of R, on the negative
field are scaled to present the square resistance.
Shubnikov-de Haas oscillations in R, corresponding to
h/6e* and h/2e* plateaus of R,y are definitely seen for
non-illuminated sample in Fig. 2(b). Observation of com-
pressed quantum oscillation at low magnetic fields is a
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FIG. 2. (a) Hall resistance, Ry, and (b) longitudinal square resistance, Ry,
versus magnetic field at T=1.5K and 7,4 =10 A before (dashed line) and
after (solid line) illumination of the sample with UV light. R,, was measured
using contacts 13h-131 (see Fig. 1(a)), and contacts 111-101 (111-131) were
used in R,, measurement at B >0 (B < 0).

consequence of low charge-carrier density and the use of
high mobility as-grown graphene film.'* Weak localisation
peak in R,, at zero magnetic field is observed for both low
and high carrier concentrations, but the peak is higher and
sharper for low carrier density. Increase of resistance R,y
when magnetic field approaches zero (in weak localisation
region) is about 400 Q and 50 Q for the low and high carrier
density correspondingly. Together with the reduction of car-
rier density, another factor which can have an influence on
the changes in R, induced by UV illumination can be
increased inhomogenities in the large area graphene film.

Nonsymmetry in R, for positive and negative magnetic
field directions can be explained by formation of
electron-hole puddles, changing the effective conducting
area'” and possibly by imbalanced carrier injection from the
graphene voltage electrodes caused by misalignment of the
electrode and channel neutrality points.'®

In magnetic fields corresponding to Hall plateaus, the
longitudinal resistance falls close to zero. To check a dissipa-
tionless state of a 2DEG on a plateau for the sample with
high carrier concentration and to define the breakdown cur-
rent, the measurement of R, versus current was performed
on contact pairs 11h—13h and 111-101 with the applied cur-
rent in the range 10 tA-200 pA. For currents below 150 uA,
the measured value of R,, (at B=—8.0T, and at T = 1.42K)
was less than 1 mQ. Measurement of R, for the sample with
low carrier concentration (after illumination) was performed
only for currents I,q up to 50 uA and for B=—8T and
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B=25T. It was found that R,, was less than 10 mQ for
B =—8T and less than 230 mQ for B=2.5T.

In Fig. 3, the mobility versus carrier density, estimated
from the Hall measurements in low field and R,, measurement
at 1.5 K, before and after UV illumination is presented. Before
illumination with UV light, the carrier concentration was esti-
mated as 4.5 x 10" cm ™2 and the mobility values measured
using different contacts varied between 6850 cmz/Vs and
8560 cm?/Vs. After illumination, the carrier concentration was
reduced to 6 x 10'"°cm™? and the square resistance measured
using different contact pairs varied between 3.67kQ and
6.98 kQ2, which corresponds to a significant variation in mobil-
ity, from 16050cm?/Vs to 30520cm?/Vs. The reason for
such a big scatter can be non-equilibrium distribution of car-
rier density along the channel caused by possible contamina-
tions with polymer residues and the presence of additional
scattering centres appearing after exposure with UV light, and
inequality of the thickness of polymer films."?

Contact resistances were estimated from three-terminal
resistance measurements performed on #/2¢” plateau, at
B=-6.5T, T=1.5K. It was found that the contact resist-
ance in current contacts is of the order of 20 Q.

Precision measurements at Ry(2) plateau were per-
formed using CCC based ac resistance bridge.'' Relative
deviation of Ry(2) in graphene from the expected value
Rx/2, dry=(Ru(2) — Rx/2)/(Rk/2), was determined. In this
measurement, indirect comparison of the Ry(2) value in gra-
phene to the realization of Ry(2) in GaAs device was done
using a stable 100 Q standard resistor that had been cali-
brated against Ry(2) in a GaAs device. Combined expanded
uncertainty of the evaluated value of the 100 Q resistor at
95% confidence level is estimated as 2.8 parts in 10°.

In Fig. 4, the deviation dry measured using 131-13h Hall
contact pair at T=1.5K, I;4=41 pA, and in magnetic field
range 2.5T-8T, of the illuminated (open triangles) and
non-illuminated sample (solid diamonds) is presented. At
8T, the direction of magnetic field was opposite to that used
in lower field. For the illuminated sample, with low carrier
density, the deviation at Ry(2) from the expected value did
not exceed 0.35 ppm in the range 3 T—4 T, and dry increased
up to 1.9 ppm at magnetic field 2.5 T. The observed deviation
for illuminated sample at B=—8.0 T was about 0.15 ppm.
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FIG. 3. Mobility variations on different contact pairs estimated from resis-
tivity and Hall measurement before (solid circles)) and after (solid triangles)
illumination with UV light.
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FIG. 4. Deviation dry measured in magnetic field range 2.5 T-8 T at 131-13h
Hall contact pair after (open triangles) and before (solid diamonds) illumina-
tion with UV light. Horizontal axis is the absolute value of magnetic field. In
inset, the results of the deviation measurement of non-illuminated sample at
the same Hall contacts at B=—8 T, T=1.5K, and I, =41 tA are presented.

The deviation is close to the combined expanded uncertainty
of the measurements which varied between 0.15ppm and
0.30ppm at 95% confidence level. Statistical uncertainty
was larger than normally due to bigger noise from graphene
sample and short measurement time. The deviation could be
possibly caused by the increased dissipations (i.e., increased
R,,) and spatial fluctuations in the low carrier density sam-
ple, destroying QHE regime.® Another possible reason for
the deviation dry can be thermocycling of the Hall device
which can increase associated inhomogeneity in graphene
layer and possible degradation in contacts. Exact reasons for
the observed deviation will be studied in further research.

The results of precision measurement which were car-
ried out at carrier density 4.5 x 10", before illumination
with UV light, are shown in the inset of Fig. 4. The measure-
ment was carried out using 131-13h Hall contact pair at
B=-8T,T=1.5K, and I,4=41 pA. The value for dry esti-
mated from this measurement is +0.016 ppm with combined
expanded uncertainty of 0.035ppm (at 95% confidence
level). The measured value of dryg at other Hall contacts
(101-10h and 111-11h) was larger but did not exceed 0.5 ppm.
This deviation was caused probably by misalignments of the
Hall bars along the channel, which were noticed as an
increased (by about one order of magnitude) R, on these
Hall bars (101-10h and 111-11h) at B=0. The observed
larger deviation for these contact pairs can be partly
explained also by the influence of increased contact resistan-
ces at different contacts. Contact pair dependence also can
indicate partial non-homogeneity of the carrier density in
tested sample.

Magnetotransport and precision measurements with the
tested sample were carried out for about 2 months, during
which about 10 cyclings from room temperature to 1.5K
were performed. General dependence of R, and Ry, versus
magnetic field was repeatable, but precision measurement
on the tested sample carried out at B=—8T showed an
increased deviation (up to about 0.15ppm) with time
and/or influence of UV exposure. Presently, it is not
clear what can be the main reason of that degradation.
Magnetotransport measurement was also performed on
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other two Hall devices (of the same chip) with the channel
dimensions 80 um x 20 um and 800 um x 200 yum. The
measurement showed well quantized Hall plateaus down to
about 2T (measured after UV illumination) and similar
SdH oscillations (as in the first tested sample), but no preci-
sion measurement was carried out with these samples.
Interestingly, the voltage noise on potential contact pairs of
the graphene device was significantly larger than the noise
level measured on the potential contacts of a conventional
GaAs device at the h/2¢? plateau, especially after UV illu-
mination. The increased noise from the sample was the
main factor limiting statistical uncertainty of measurement.

In conclusion, a wide //2¢” plateau down to very low
(2T) magnetic field at temperatures around 1.5K was
observed in the Hall resistance of a large area epitaxial gra-
phene device fabricated on SiC substrate. Measurement
results showed that the quantization of Hall resistance in
2DEG at magnetic field as low as 2T is possible due to
application of photochemical gating and reduction of carrier
concentration down to 6 x 10'°cm™2. Together with the
reduction of carrier concentration, electron mobility
increased up to 30520 cm?/Vs, but the variation of mobility
was larger than in the original state with higher carrier con-
centration. The deviation of quantized Hall resistance Ry;(2)
from Ryg/2, measured on the device with carrier concentra-
tion 5x10"em > at T=15K with applied current
I,q=41 pA and at B=—8 T was (+0.016 = 0.035) ppm. The
value of Ry(2) measured on the same device but using differ-
ent Hall contact pairs varied but relative deviation from the
expected value did not exceed 0.5 ppm. Precision QHR
measurements were carried out at low magnetic fields
(2.5T-4T). The results on the device with reduced carrier
density showed that relative deviation of Ry(2) from Ry/2
remained below 0.35ppm for magnetic fields down to
B=3T.

The measurement results demonstrate good prospects
and perspectives of application of epitaxial graphene for
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future quantum resistance standard with relieved experimen-
tal conditions.
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