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ABSTRACT — Quantum Hall effect (QHE) devices based on
epitaxial graphene films grown on SiC were fabricaédd and
studied for development of the QHE resistance stardd. The
graphene-metal contacting area in the Hall devicehas been
improved and fabricated using a double metallizatia process.
The tested devices had an initial carrier concentitgon of (0.6 -
10)-16* cm™ and showed half-integer quantum Hall effect at a
relatively low (3 T) magnetic field. Application of the
photochemical gating method and annealing of the gaple
provides a convenient way for tuning the carrier dasity to the
optimum value. Precision measurements of the quanto Hall
resistance (QHR) in graphene and GaAs devices at mierate
magnetic field strengths € 7 T) showed a relative agreement
within 6 - 10°,

Index Terms — Epitaxial graphene, graphene fabrication,
contact resistance, precision measurement, quantuhiall effect.

|. INTRODUCTION

In recent years, significant progress has beereaetiin the
precision measurement of the quantum Hall effediERin
devices based on epitaxial graphene films growSi@n[1-4].
Results obtained on large area QHE devices [3lidated
from epitaxial graphene film showed that the quaation of
the Hall resistance in magnetic field as low asT2i$ possible
due to the application of a photochemical gatinpvhich
leads to a reduction of the carrier concentratiowrdto 610"
cm?. One of the problems related with the fabricati
practical use of such devices for quantum Hall stasice
(QHR) measurements is the variation in graphenektigiss,
leading to inhomogeneity of the film, local var@tiin carrier
density and poor contact resistance to graphens. d¢food
practice to use high temperatures (1900 °C - 2@)(J6] for
epitaxial graphene growth. In this work we repartirmproved
fabrication technology for epitaxial graphene filgown at
lower temperatures (near 1700 °C),
modification of the QHE devices with double metadtion
graphene-metal contacts, and results of experirhshidies
of the properties of the fabricated graphene QHEcds.

Il. EPITAXIAL GRAPHENEFILM FABRICATION

A set of ten chips with a graphene film was grownaoSi
face of 4H-SIC substrates by annealing in Ar ambiah
atmospheric pressure and temperatures near 1700r°6
minutes. AFM measurements show a surface struatitie
periodical terraces due to a small misorientatibrthe SiC

fabrication and );

substrate from the (0001) plane, Fig. 1 a). Thegltedf these
terraces was around 0.5 nm. The film thickness estisnated
by means of Auger spectroscopy that confirmed tlesgnce
of a single layer of graphene before patternifidgne number
of layers was extracted from the ratio betweenShand C
peak using a method described in [7]. Additionallie have
measured Raman spectra, but the interpretation ak
straightforward due to stress in the film. It wésiroed that
"the only unambiguous fingerprint in Raman speatopy to
identify the number of layers for graphene on SG0Q) is the
line width of the 2D peak” [8]. In our case the F\W = 40
cm® of the 2D peak is related to a single graphenerlay
According to Auger measurements the total
coverage of the SiC surface in different samplagedan the
range of 0.7 - 1.05 monolayers. It means that trevin
process was completed before the second grapheme la
started to grow. However, in a large area epitafiial the
formation of islands with double layer graphenepassible
[8]. For details of device fabrication see [3] 8§ Here we
report on the improvements in graphene technology the
fabrication and characterization of the QHE devices

IIl. QHE DEVICE FABRICATION

Patterns for the Hall bars and the contacts werenuging
laser photolithography with AZ5214 resist. Reaction
etching in argon-oxygen plasma was applied to remihe
graphene layer from uncoated areas.

Fig. 1. a) AFM image of the surface of {Bn x 10 um epitaxial
graphene film and b) photo of¥65 mnt chip with 18 Hall devices.

graphene



QHE devices having three Hall contact pairs antediht
dimensions of the channel (with the largest are@023an x

samples are presented in Table I. Seven chips #210
#60214, #210314, #240314, #060314, #190314 and54260

500 pm) were fabricated on one 5 mm x 5 mm chip. Anwere kept in air at 120 °C for different times {0or 2 hours)

example of one of the chips with 18 Hall deviceprissented
in Fig. 1 b). The direction of the current channels chosen
according to an AFM image with the channel direcaézhg
the terraces.

The contact resistance at the metal-graphene atednd its
stability is a critical property for graphene baskices. The
low adhesion of the metallic contacts to the graghé&lm
surface leads to their detachment from the undeglyi
graphene layer upon processing. Formation of casbah the
boundaries of graphene [10] increases the conesistance.
Instability of the contact resistance between medad
graphene layers limits the precision of the meanarg.

For fabrication of reliable and low resistance eotd, a
two-step metallization process [6] has been used,Rg. 2.
Double metal-graphene-metal contacts were madeliBam
evaporation and lift-off photolithography.

—

[ siC substrate BN Graphene

T 1 metallization 2 metallization
a) b)
Fig. 2. a) Schematic cross section view of the step metallization
processes of graphene-metal contact fabricatiopbjiguration of
one Hall device with strip-like contacts.

In the first steps, Ti/Au (5/50 nm) was used, andthe
second, Ti/Au (200/300 nm) metallization was usexnt f
reducing the contact resistance. The first metgibn was
made on the SiC surface areas, where the grapienavés
etched. The main advantages of our improved cantaet a)
better adhesion of the contact pads deposited thjirer the
SiC surface (not to graphene), b) increased fraaifdhe end-
type contacts [11] using stripe shapes, comparedh&
conventional geometry and c) bonding wires, attddioethe
contact pads of the first metallization layer, di damage the
graphene film.

IV. CONTROL OFCARRIER DENSITY

The carrier concentration, is determined from the Hall
measurementR,,) in low magnetic fieldsB asn. = 1 /
[e(dR,/dB)] and the carrier mobilitys = 1/(n; -Ryq-€) from
the measurement of the square resistaRg$. (Two methods
for controlling the carrier density were tested our
technological process: exposition in hot air andtpbhemical
gating [5]. Exposition in hot air was performed fore or two
hours, respectively, just after fabrication of tHall bars and
the contacts, but before covering with bilayer puty for the
photochemical gaiting method. The valuesngfand i were
evaluated at 1.5 K and the square resistance wasuresl at
293 K and at 1.5 K. The parameters of the as-fatmit

in order to introduce additional oxygen relatedidggenters.
During the QHE measurements of these samples it was
observed that the reduction of the carrier densitgs
proportional to the time of exposure at 120 °C tefmvering
with polymer. The samples which were kept in hotfar 2
hours were affected more and the carrier concéotrat
decreased from (0.9 - 1.2) 10 cm? (for not exposed
samples) to (0.6 - 1.3)10" cm® This can be explained by
hole-doping of the graphene film by adsorbed oxygen
molecules [12] and can be used for preliminary rigrof n,
before covering the samples with bilayer polymer.

Table I. Carrier densitg., mobility ¢/ and sheet resistanég,
of as-fabricated epitaxial QHE devices (before UV
illumination)

Time of
N| Chip # |oxidation| n. u Rsq Req
at 120 °d@

300 K| 1.5K

hours | 1/enf |[cmf/vs| kQ kQ

1| 220813 * 3.118 | 2700 10 15
212208134 ** - - 5.4 -
3|261113¢ * 9.010" | 840 | 4.5-5.43.7-9.5
412611134 * 9.010°| 1610 | 3.5-5.6 4.6
5| 210114 0 8.016" | 870 |9.3-9.8/8.9-9.0
6| 60214 1 1.4 106" | 2500 | 10-11 | 15-17
7| 210314 1 5-10 10°| 2950 | 3-6 2-4
8| 240314 0 1.510° | 1400 | 5-7 3-4
9| 060314 2 6.0 16° | 3000 | 14-17 | 20-35
10| 190314 2 6.116° | 1280 | 10-13| 30-60

11| 260514 2 1.310" | 3120 [13.5-14 15.5

*not controlled, ** was not measured before illumiion with
UV light; after UV n.= 0.64- 16" cm? andu = 4640 cri/V's

As Table | showsn. of the as-fabricated samples varies
between 6.0 - THcm? - 1.2 - 18 cm? andy varies between
(970 — 3100) criVs. The devices from the chips #60214,
#210314, #060314, #190314, #260514 (which were sgho
in air for 1 — 2 hours before covering with resibgve n.
between (0.6 - 1.3)-1bcm? and demonstrates a well
quantizedv = 2 plateau starting between 3 T and 4 T even
without UV illumination. Sheet resistances of thasenples
are between (5 — 13Xksq atT =293 Kand (4 - 17)@® sq at
T = 1.5 K. The size of the channel in samples N1 -aN@ in
N7 — N9 was 80Qum x 200um and 2200um x 500 um
accordingly. Samples N5 and N8 (without additional
annealing) showed the= 2 plateau aB > 8 T.

In the photochemical gating method the chips wiith iHall
devices were covered by two polymers, first by 300 of
PMMA resist and second by 300 nm of ZEP520A redike
mechanism of the photochemical gating by UV expesfr
the bilayer polymer proceeds via the formation diotp-



induced CI radicals in the top polymer layer. Thoadicals

act as electron acceptors and control the cargasity of the

graphene layer. For tuning to the optimum values between
(0.6 — 3.0) - 18 cm?an UV illumination ¢ = 240 nm,P = 16
mW) was used. Our experience shows that the grapfilem
resistance changes during long time storage, so
illumination of the sample and the adjustment o tfarrier

von Klitzing constant. The square resistance irsgdao 40

kQ at 1.5 K. In the next step, heating at 120 °Cdased, to
1.0 10* cm?. Subsequent UV illumination steps returmgd

first to 3.5- 10" cmi? and then to 1.3 10' cm®. Deviation

from the nominal value oR«/2 can be observed due to

tlincomplete quantization of the 2DEG in QHE devicassed

by local dissipation. Measurement of the longitadlin

density (by measurement of its sheet resistanceje weresistanceR,, is used to define the conditions (biasing current

performed just before cooling the sample. The Bjptooling
rate was about 1 K/min and the sheet resistanceevalsated
atB =0 T. An example of the carrier density tuning doe of
the samples (#60214) is presented in Fig. 3 andeTiabFig.
3 shows the changes in position and shape of tieals after
application of the treatment.

14

1) as-fabric\a\ted

12 + ’
/,— 4)after 2™ UV

10 +

\\

2) after 1 UV

Ryy: kQ
[}

5) after 3™ UV

3) after heating to 120 °

0 1 2 3 4 5 6 7 8
Magnetic field, T

Fig. 3. Tuning of the carrier concentration of gemple (#60214)
covered with bilayer polymer by the photochemicatimod using
UV light exposure and annealing at 120 °C.

Table II. Control of carrier density, mobility andheet
resistance by photochemical gating and heat trawtroé
epitaxial graphene sample #60214. The sample tegdatm
parameters, date of UV illumination and QHR measanat
are presented in the first column.

Process and Dat(l (crr1r(1:'2) c mél/Vs) (EE’;)

T=15K| 15K |300K]| 15K

as fabricated

(21.03.2014) 1.4-15 | 2500 10 20

1°'uV illumination

(31.03.2014) 781 | 1830 14 44

Heating at 120 °C

(1.04.2014) 1.0-78 | 1470 3.3 4.3

2" UV illumination

(2.04.2014) 3576 | 920 9 14

3 UV illumination

(11.07.2014) 1.3-16 | 2700 11 17

After the first illumination (curve 2) the carriedensity
decreased from 140" cm?to 7.810" cm? but thev = 2
plateau became asymmetric and tilted and stronglyated
from the expected value &/2 ~ 12.906 K, whereR is the

and temperature) at whiclR,, is sufficiently small for
precision measurements [13]. This confirms the tjmation

of the 2DEG. In the tested sample, low (at thelle¥d.0* Q)
but non equal values &, were observed in different areas of
the channel, which indicates that in large aretagil films
defects and domains with various thicknesses aesept
[14,15,16]. The existence of areas with bilayelusions can
act as equipotential shorts for edge currents fif] can be
the reason for inhomogeneous carrier density digion and
deviations ofRy(2) from the expected value Bf/2.

V. LONGITUDINAL RESISTANCEMEASUREMENT

The longitudinal resistanceR, in a magnetic field
corresponding to the Hall plateau has been measheéate
the precision QHE measurements. Current dependence
measurements dR,, have been performed on different Hall
contacts along the channel.
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Fig. 4. Current dependence of longitudinal reaistgR,,, in sample
#220813, measured using different contact pairs iangositive
(black, red) and negative (blue) magnetic fieldediion. Inset shows
R, for two contacts pairs on a scale with higher lkggm. For
currents less than 80A, R, is less than 0.2 @& for those contact
pairs in positive magnetic field.

These measurements showed a relatively large @iféer in
R« in different areas of the channel. An example o t
current dependence &, in the measurement using sample
#220813, on the contacts 4 - 6 and 5 — 7 is predentFig. 4.
Longitudinal resistance was measured using a ndimoster
(Keithley 2182) and applying dc currents with resheg
polarity and measuring the voltage on the corredjpon
contacts. As can be seen in the inset of Figidmeasured at



B = +7 T on different contacts with applied curreapsto 100
MA increased from 3Q to about 0.3 @ with increasing

current. Variations oR,, on the contacts 4 - 6 and 5 - 7 with PTB (G-1) has been used as a

Figure 8 shows the calibration history of the ID@tandard
resistor. The low carrier density GaAs device fedtied at
reference

Isq Up to 10QuA indicate possible inhomogeneity of the carrier measurements with the stable XD@tandard.

density along the channel. Longitudinal resistanRg
increased up to 10 @ for contacts 3 — 5. The current

dependence dR,, of another graphene sample, #220813a, is

presented in Fig. 5, fd8 = 6 T (black line) and foB =7 T
(red line). The sample was illuminated with UV ligdnd the
carrier density was tuned to 0.6 -*16m? andu = 4640
cmé/Vs. R, was below 2 @ at currents lower than 80A,
when the applied magnetic field was 6 T or 7 T. Wit
increasing sy R« increased and became larger (up to P m
for a lower magnetic field of 6 T.

VI. QHEMEASUREMENTAT DIFFERENTHALL BARS

An example of the general dependence of the Hsibtance
versus magnetic field measured on an epitaxiallgrap QHE
device (#220813) using three Hall contact pairshewn in
Fig. 6. It is seen that for all of these Hall canttpairs, they =
2 plateau begins at a magnetic field of about Although the
sample was not illuminated with UV light, its imiti carrier
density varied between (1.6 - 3.1) *16m? and the mobility
was between 1400 and 2700%fs.
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Fig. 5. The current dependenceRyf (atT = 1.5 K) forB=6 T and
B =7 T in graphene sample #220813a. The longialdesistance is
less than 2 M for |4 below 80pA.

Precision QHE measurements using a low frequency

Cryogenic Current Comparator (CCC) Resistance Bridd]
have been performed with two graphene samples; 88220
and #260514 (both with channel size §0@ x 200um) and
with a custom made low density GaAs device [18]Fig. 7
the results of a comparative measurement of a @00
resistance standard using graphene (#220813) aAd GHE
devices are presented.
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Fig. 6. General dependenceRyj; versus magnetic field at three Hall
contact pairs, measuredat 1.5 K with 10pA current. The inset in
the lower right corner shows the Hall resistandevben 4.5 T and 6
T. The inset in the upper left part shows longitiadiresistancéR.,
versus magnetic field on different contact pairs.

Measurements with the GaAs sample showed thatsitaha
well quantizeds = 2 plateau between 5.5 T - 5.8 TTat 1.5
K, andlsg = 10pA.
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Fig. 7. Comparative QHE measurements of a TQesistance
standard performed using middle Hall contact pdir6) of epitaxial
graphene and GaAs samples. The inset shows thiesreSthe QHE
measurements performed using the graphene devitifetnt Hall

contact pairsError bars are & statistical uncertainty.
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The QHR measurements with the GaAs device have beeir8h atB = 7.0 T,T = 1.5 K and forlgy < 80 YA. Precision
performed againd®,(2) at filling factorv=2,B=5.70 T,T=  QHR measurements have been performed via a CCQdrid
1.5 K, and withlgg = 26 4A (rms). with the same stable 10D standard again$®y(2) atB = 7.0

T, T=1.5 K withlgg= 26 yA (rms) at three Hall contact pairs.
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Fig. 9. Deviation from nominal value of the 1@0standard resistor,

Fig. 8. Results of the measurements of theQ@@@andard against the Measured using the= 2 plateau of the QHR in the graphene sample
GaAs samples and against the graphene samples7g#@320813 #260514, at three Hall contact pairs. Inset sholaseau flatness

and #260514). Error bars are combined expanded (kxcrtainty. measured at the same Hall contact pairs. Increagedterminal
resistance and non-flatness of the plateau measaredh - 11h

QHE measurements of the graphene samples have beggptact pajr correlates with the deviationRyf(2) measured at this
performed on the = 2 plateau, aB=+7.0 T, T= 1.5 K, with contact pair.
I =33uA (rms) and on three different Hall contact pakgwo
terminal measurement made on graphene, at Halhcbpairs
(1-2,5-6 and 3 - 4), showed the expected teesie of
12.91 KQ, but an increased resistance at contact pair &Y. —

Table Ill. The results of two-terminal resistanceasurements
at three different Hall contact pairs and the di&wafrom the
expected value of the 1@ standard resistor, measured at the
same contact pair.

The value oR4(2) at contacts 7 - 8 devigtes. from the expepted Contact T Two termmal Doviation m
R«/2 value by about 0.6 - f0see inset in Fig 7. The relative pair Hall from expected (k=1)
difference in the measurement of the 1QOstandard by a resistance | value 0f100Q

CCC Bridge between the values obtained using Ga#tk a kQ uQ/Q pQ/Q
graphene samples at the middle Hall contact pard65- 16 15h —13h 12.98 0.014 0.015
with combined statistical uncertainty of 0.006 °1(k = 1). 14h —10h 13.05 0.063 0.015
The inset in Fig. 7 shows the variations of theiltesobtained 5h—11h 17.60 -0.538 0.08

at different Hall contact pairs using this graphetevice. _ ) o 6
These results also indicate that there is inhomeigerand ~ There is a large relative deviation (-0.54°JLGrom the
non-uniformity of the graphene films along the aomein €xpected value of the 100 resistor, measured on a “high
leading to a contact pair dependence of the mea&ye contact resistance” (9h-11h) Hall pair (see Fig back
One of the criteria to demonstrate the quality andriangles), and Table Ill. The inset in Fig. 9 sisothie shapes
applicability of the QHE samples is a low contagistance in  0f v = 2 plateau measured at these Hall contact peti,=
current and Hall potential terminals. An example tbe 1.5 K and withlsy= 10 gA. It is seen that at a *high contact
influence of an increased contact resistance il Etmitact resistance” Hall pair they = 2 plateau starts from 3 T,
pairs can be seen in the results of the QHE messure however, it is not flat and has quite large flutiwms (several
performed with graphene sample #260514. This saismle a ohms). The observed correlation between increasent t
2.5 mm x 2.5 mnechip and has a channel size of 808 x terminal resistance and fluctuations on the Halhtgau
200 pm. Results of the QHR measurements are presented $9gests that the increased contact resistandeecane of the
Fig. 9 and in Table I1l. Before the precision measwent, two ~ 'easons of the observed deviations in some of thRQ
terminal measurements of the Hall resistance (meitle a  Measurements using epitaxial graphene [3-4].
hand-held DVM) at ther = 2 plateau and® = +7.0 T were Figure 8 shows a 10 year calibration history of 108 Q
performed at three contact pairs, see Table Ilt.this sample standard resistor that was used in the experingetented in
we measure®, < 15 mQ using contacts 14h -15h and 10h - Figures 7 and 9. Measurement results agai&?) of GaAs



and three graphene devices (#G379, #220813 and5#260 [8]
red squares) are presented, too.

VIII. CONCLUSION

A set of QHE devices based on epitaxial graphendtdn
SiC substrate were fabricated. The Magneto-tramspotl0]
measurements of the devices having carrier dendgttyn (1 -

3) - 10" cm? showed half-integer quantum Hall effect with a

v = 2 plateau starting at a relatively low magnégtd (3 T).

Inhomogeneity of the carrier density distributiordavariation
of the carrier mobility in different areas of thevice were the
main factors limiting the precision measurementshat Hall

contact pairs along the channel. In spite of pavaations of
the carrier density, the comparative measuremesrfonmed
with the CCC Bridgeof a 100Q standard resistor against [12]

R4(2) on two tested graphene samples (at the middik H

contact pairsB=7 T,T = 1.5 K andlgg= 33 4A) and on a
GaAs sample, showed an agreement within a relative
uncertainty of (6 - 10) - 10
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