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Epitaxial graphene on silicon carbide is a promising material for the next generation of quantum

Hall resistance standards. Single Hall bars made of graphene have already surpassed their

state-of-the-art GaAs based counterparts as an RK=2 (RK ¼ h=e2Þ standard, showing at least the

same precision and higher breakdown current density. Compared to single devices, quantum Hall

arrays using parallel or series connection of multiple Hall bars can offer resistance values spanning

several orders of magnitude and (in case of parallel connection) significantly larger measurement

currents, but impose strict requirements on uniformity of the material. To evaluate the quality of

the available material, we have fabricated arrays of 100 Hall bars connected in parallel on epitaxial

graphene. One out of four devices has shown quantized resistance that matched the correct value of

RK=200 within the measurement precision of 10�4 at magnetic fields between 7 and 9 T. The

defective behaviour of other arrays is attributed mainly to non-uniform doping. This result confirms

the acceptable quality of epitaxial graphene, pointing towards the feasibility of well above 90%

yield of working Hall bars.VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927618]

I. INTRODUCTION

The quantum Hall effect (QHE) provides a primary

standard of electrical resistance with a value of a rational

fraction of RK ¼ h=e2.1,2 It arises in quasi-2D electron

systems as a consequence of Landau quantization in strong

magnetic fields. Whenever the Fermi energy lies inside a

mobility gap between two Landau levels,3 transversal resis-

tivity becomes equal to RK=�, where the filling factor � is an

integer, and longitudinal resistivity vanishes. It has been

established that as long as good quantization4 is achieved,

the value of quantum Hall resistance is universal, that is,

does neither depend on the device nor depend on the material

within the best available measurement precision.5–7 The

ultimate precision, which in the most accurate experiments is

on the order of 10�10, is typically set by the signal to noise

ratio which, in turn, is limited by the QHE breakdown. The

breakdown limits the amount of current that can be passed

through the device while preserving the QHE, and it is

believed to be caused by overheating of the electron system.8

Because of its universality, the QHE is officially used in

metrology since 1990 as the representation of the ohm.9 The

current state-of-the-art quantum Hall resistance standards are

based on GaAs/AlGaAs heterostructures, owing to funda-

mental as well as practical reasons. The low effective mass

in GaAs translates to a large separation between the Landau

levels, making it easier to avoid thermal occupation of higher

levels; also, fabrication of 2DEGs in GaAs heterostructures

is a well established technology which reliably yields high

quality devices. The observation of QHE in monolayer gra-

phene10,11 has opened a new page in metrology, since zero

effective mass and a high Fermi velocity of the charge

carriers lead to an even larger Landau level spacing (1300K

at 10 T, compared to 200K in GaAs), meaning that it can be

possible to achieve the same precision at higher temperatures

and/or lower magnetic fields. Epitaxial graphene on silicon

carbide brings an additional advantage: the breakdown

current density can be an order of magnitude higher than the

best values achieved in semiconductors,12 which has been

mainly attributed to better thermal coupling between the

electron system and the lattice. Better critical current density

means that it can be easier to achieve higher critical currents,

since the required channel width is then smaller, and the

material properties are thus more likely to be uniform across

the channel. In a recent direct comparison of quantum Hall

resistance between epitaxial graphene and GaAs,13 the

relative uncertainty of 10�10 was limited by the breakdown

current in the GaAs device.

Good quantization in the quantum Hall regime is only

observed for plateaus with a low filling factor: �¼ 2 and pos-

sibly �¼ 4.14 Therefore, a single quantum Hall device

can provide a standard of resistance with a value RK=2
� 12:9 kX or RK=4 � 6:45 kX. In graphene, only the �¼ 2

plateau gives a good precision, so that only the RK=2 standard
is immediately available. However, by using a combination

of series and parallel connections of the Hall bars, it is possi-

ble to get a resistance standard with the value of any rational

multiple of RK.
15,16 The need for values other than RK=2

comes from one of the important tasks in resistance metrol-

ogy, which is calibration of secondary resistance standards

ranging from milliohms to megaohms against a quantum Hall
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standard. Having a set of quantum standards with a wide

range of values can make this calibration technically easier

and more precise. Additionally, a low-resistance quantum

standard that uses parallel connection of many Hall bars can

exhibit a much larger breakdown current since only a small

fraction of the total current flows through every individual

Hall bar. For example, RK=258:125 and RK=200 standards

based on GaAs14 tolerated currents up to 4mA, high enough

for a conventional resistance bridge to be used instead of a

technically complex cryogenic current comparator for the

calibration.

A successful fabrication of a similar device on graphene

is expected to provide a resistance standard with an even

higher critical current, or, alternatively, a more user-friendly

standard operating at a higher temperature and a lower mag-

netic field. The �¼ 2 plateau in epitaxial graphene is excep-

tionally wide12 due to the pinning of the filling factor caused

by interaction with the substrate,17 which means that small

spatial variations in carrier density are less likely to prevent

the Hall bars in the array from simultaneously entering a

quantum Hall state with a high breakdown current. As a

note, similarly wide plateaus with good quantization have

recently been reported in graphene produced by chemical

vapor deposition on silicon carbide,18 suggesting that this

material is similar to epitaxial graphene, possibly sharing all

of its advantages. Additionally, a quantum Hall array

requires a relatively complicated design and a large number

of lithography steps, so its functional implementation would

demonstrate a high reliability of graphene technology. In this

work, we report fabrication of a first prototype of a RK=200
standard on epitaxial graphene and discuss its performance.

II. DEVICE DESIGN

In order to be suitable for metrological applications, the

quantum Hall array should have relative deviation of resist-

ance from its nominal value within 10�8 or less. Although

the measurement precision in this work was only 10�4, we

took care to eliminate most of the factors that could cause

errors on the level of 10�8. To evaluate the effect of different

factors, we have simulated an electric circuit corresponding

to the array of 100 Hall bars by using Kirchhoff’s laws and

the relation between the voltage drop over two neighbouring

leads of a QHE device and the current through one of them:

Vmþ1 � Vm ¼ RHIm,
19 taking into account the device geome-

try and, where necessary, a random distribution of various

defects.

One important source of deviations are finite (and gener-

ally different) contact resistances in the Hall bar structures

and resistances of the interconnects, but these deviations can

be significantly reduced by a proper circuit design. If the

multiple-connection technique15,16 is used, the relative

deviation of the Hall resistance R from its ideal value RH=N
is dR ¼ N � R=RH � 1 ¼ OððRC=RHÞ

KÞ, where N is the

number of Hall bars, RH ¼ RK=2 � 13 kX is Hall resistance

of a single bar, RC is the typical connection resistance, and K

is the number of contact pairs used in each Hall bar. We

have chosen quadruple connection (K¼ 4) so that this

deviation can be within 10�8 for RC � 100X, which is also

confirmed by numeric simulations.

Another possible source of error are defects in individ-

ual devices coming from the morphology of the material.

Epitaxial graphene is never completely monolayer over a

large area, but usually has significant inclusions of

bilayer.20,21 When the monolayer is in the quantum Hall

state, these bilayer areas usually form metallic regions.22

According to the general theory, such features do not affect

the QHE as long as the area outside these regions is a con-

nected space.3 On the other hand, if a patch of bilayer crosses

a Hall bar completely, this will break down the QHE.23,24

For example, if a continuous region of bilayer runs along the

Hall bar, connecting two current leads (Figure 1(a)) then,

assuming metallic behaviour of the bilayer, we predict that

this structure will be equivalent to two Hall bars connected

as shown in Figure 1(b), which (ignoring resistance of the

bilayer connection) gives Hall resistance of 2RH=3 instead of

RH. Such 30% deviation in Hall resistance of a single Hall

bar will translate to a 100 times smaller 3� 10�3 deviation

for the net resistance of an array of 100 Hall bars. If a patch

of bilayer connects two opposite sides of the Hall bar as in

Figure 1(c), this will be equivalent to series connection of

two Hall bars22 (Figure 1(d)), which introduces an additional

longitudinal resistance close to RH. According to our

numeric simulations, one such defect in an array of 100 Hall

bars will cause a 10�5 relative deviation in resistance, and

two defects can cause a deviation of 10�4. Fortunately, on

some substrates, the bilayer patches form a sparse set of

short stripes, all oriented along the terraces (Figure 2(d)). If a

rectangle-shaped Hall bar is also oriented along the terraces,

and the length of the Hall bar exceeds that of the patches,

this will ensure that the abovementioned problems will not

be encountered. One problem that still can occur in a design

shown in Figure 2(d) is that a patch of bilayer can connect

two contacts on the same side, as in Figure 1(e). However,

numeric simulations show that since the potential difference

between the affected contacts is small, even 20 randomly

placed defects of this type will only cause 1� 10�5 relative

deviation in the net resistance of the array, which is below

our measurement precision of 10�4. On the other hand, if

FIG. 1. Defects related to bilayer patches. (a) and (b) A Hall bar with a

bilayer region along the channel and its equivalent circuit. (c) and (d) A Hall

bar with a bilayer region across the channel and its equivalent circuit. (e)

and (f) A Hall bar with a bilayer region at the side and its equivalent circuit.

044506-2 Lartsev et al. J. Appl. Phys. 118, 044506 (2015)
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metrological precision is to be reached, this problem must be

avoided, for example, by increasing the size of the Hall bars

and slightly rotating them with respect to the patches. An

even better optimized procedure for graphene growth yield-

ing smaller patches would further reduce the chances of

encountering bilayer-related defects.

The devices were fabricated on a substrate25 where the

bilayer patches were up to 20 lm long. The Hall bars were

40 � 20 lm in size, with the long side oriented along the

patches, as shown in Figure 2(d). The Hall bars were kept as

small as possible while still larger than the patches in order

to reduce the size of the array, as it was not certain that the

carrier density in graphene would be uniform over a large

area. Small variations in carrier density in individual Hall

bars will not affect the array due to the huge width of the

�¼ 2 plateau,17 because all Hall bars will be in the quantum

Hall state at a strong enough magnetic field. However, if the

current density varies over different array elements so much

that some elements will not completely enter the quantum

Hall regime, the effect on the net resistance could be untoler-

able. Indeed, even if just one out of 100 Hall bars in the array

has Hall resistance RXY ¼ RHð1þ dR1Þ, which is different

from RH due to not being in a fully developed quantum Hall

state, the relative deviation in the resistance of the array

caused by this will be dR1=100, which for a large enough

dR1 will be noticeable. Finite longitudinal resistivity qXX
will affect RXY in the array as well:26 the corresponding rela-

tive deviation is OðqXXRC=R
2
HÞ for voltage probes that are

directly opposite to each other and OðqXX=RHÞ for those

which are not. Although in our design the voltage probes

that are least affected by finite connection resistances alone

(4 and 8 or 2 and 6, depending on the direction of the

magnetic field) are not opposite to each other and thus do not

minimize the effect of longitudinal resistivity, this can be

corrected by increasing the length of the Hall bars. As a final

note, reducing the size of the array has an additional advant-

age that it allows fabricating several devices on a single

chip, which is important due to the limited availability of

substrates with high quality graphene.

The interconnecting wires were 1 lm wide and up to

500 lm long. The resistance of the wires was measured to be

up to 0.2 X/lm, and the typical contact resistance was found

to be less than 10 X, so that the connection resistance was

expected to be on the level of 100 X, small enough that its

effect on the resistance of the array can be within 10�8. One

more possible source of error is the leakage of the insulation

between the intersecting wires. We define the insulation

resistance RI as the resistance of the insulation between the

system of wires that connects together, for example, contact

number 1 in all Hall bars and the system of wires that con-

nects contact number 5 in all Hall bars. We expect that this

resistance is similar for all pairs of contacts, and that its rela-

tive contribution to the resistance of the array is on the level

of ðRH=NÞ=RI. In order to measure RI directly, a structure

identical to the array of 100 Hall bars was fabricated on a

silicon chip covered with 200 nm of silicon oxide.

Resistance between two terminals of this device was meas-

ured to be 150 GX at room temperature (Figure 3), which we

assume as a lower-bound estimate for RI. Therefore, the

relative contribution of the leakage to the resistance of the

array of 100 Hall bars was expected to be on the order of

ðRK=200Þ=RI � 10�9 at most. In fact, the effect of the leak-

age at low temperatures should be even smaller.

III. DEVICE FABRICATION

The devices were fabricated by electron beam lithogra-

phy in six steps. The first step was used to deposit alignment

marks. The contacts (5 nm Ti, 50 nm Au) were deposited in

the next step, preventing the graphene/metal interface from

possible contamination from the subsequent steps. Then, gra-

phene was patterned by oxygen plasma etching to define the

Hall bars and make trenches that would separate the metal

wires. Two layers of metal wires connecting the Hall bars,

which needed to intersect without electrical contact, were

deposited in the subsequent steps: the first layer (5 nm Ti,

50 nm Au), followed by insulation (100 nm silicon oxide,

FIG. 2. (a) A microphotograph of the entire chip. (b) A microphotograph of

an array of 100 Hall bars. (c) A part of the schematics of the array. The inter-

correcting wires are arranged with a significant redundancy. (d) A typical

AFM phase image of the graphene substrate with the drawing of a Hall bar

on top of it. Dark areas are the bilayer patches.

FIG. 3. Measurement of the leakage current between the interconnecting

wires of the quantum Hall array. The line represents a linear fit at low vol-

tages, which gives the resistance of 150 GX.
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electron beam deposition), followed by the second layer

(5 nm Ti, 150 nm Au). Finally, the devices were spin-coated

with 100 nm of P(MMA-MAA) and 300 nm of ZEP for pho-

tochemical gating.27 All deposition was made by lift-off

technique, so that P(MMA-MAA) e-beam resist and solvents

(acetone and the mixture of isopropanol and water) were the

only substances the graphene has been in contact with. In

total, 16 devices were fabricated on a 7� 7mm chip: single

Hall bars and arrays of 4, 16, 36, and 100 Hall bars con-

nected in parallel.

IV. MEASUREMENT DETAILS

Measurements of the quantum Hall resistance were per-

formed at a base temperature of 2K. Before the measure-

ment, photochemical gating27 was used to reduce the carrier

density from 3� 1012 cm�2 to 4� 1011 cm�2, as confirmed

by Hall measurements at low fields. For the arrays, the Hall

voltage VXY was measured between contacts 3 and 7. The

theory15 suggests that the relative correction to RXY due to

the finite resistance of the interconnects would then be

OððRC=RHÞ
2Þ � ð100X=12:9 kXÞ2 � 10�4. However, our

numeric simulations show that due to the particular arrange-

ment of redundant interconnecting wires, this correction is

only 10�6 for our choice of voltage probes, and this is well

below our measurement precision. The advantage of using

this pair of voltage probes is that the above stated precision

is the same for both directions of magnetic field, and also the

effect of finite longitudinal resistance is minimized since the

probes are directly opposite to each other and far away from

the hot spots at the source and drain contacts.

When several devices were measured at the same time,

they were connected in series so that a single current could be

used for the excitation. To exclude the effect of thermal vol-

tages and other possible sources of voltage offset, RXY was

measured as an average value for two opposite directions of

the current. 100lA excitation current was used for arrays of

100 Hall bars and 1lA current for single Hall bars.28

V. MEASUREMENTS OF THE QUANTUM HALL
RESISTANCE

Quantized Hall resistance was measured in four arrays of

100 Hall bars (devices A, B, C, and D) in magnetic fields up

to 9 T. The four devices showed different relative deviations

of RXY from the ideal value of RK=200 � 129:064X, which
are shown in Figure 4 and summarized in Table I. Device A

was clearly defective, with 10% deviation of RXY for positive

field and 1% for negative field. Devices B and C performed

better, showing deviations on the level of 1� 10�4 and

4� 10�4, respectively, but the plateaus were not fully devel-

oped for any direction of the magnetic field. Device D per-

formed the best: it showed a well defined plateau with a

relative deviation of 8� 10�5 from the ideal value above 7 T

for negative fields, and the deviation in RXY was approaching

the same value at the maximum positive field. The deviation

for device D in negative fields can be explained by the impre-

cision of the current source and the voltmeter; thus, we

assume that one out of four arrays has performed correctly

within the available measurement precision.

A hint at the possible reason for the defective behaviour

of arrays A-C, as well as of array D at positive fields, is

FIG. 4. Measurements of RXY vs. mag-

netic field on arrays of Hall bars. (a)-

(d) correspond to devices A-D. Insets

show deviation from the ideal value

RK=200; dR ¼ 200� R=RK � 1 for

B> 0 and �200� R=RK for B< 0, at

high fields where the quantum Hall

plateaus were expected to be fully

developed. The only plateau that is

actually fully developed is the one for

device D at negative fields.

TABLE I. Relative deviations between the measured Hall resistance of the

four arrays and the ideal value RK=200 at the highest magnetic fields.

Device �200� R=RK � 1, B< 0 200� R=RK � 1, B> 0

A �1:3� 10�2 �0.1

B �1:5� 10�4 �1:1� 10�4

C �3:3� 10�4 �4� 10�4

D �8� 10�5 �9� 10�5

044506-4 Lartsev et al. J. Appl. Phys. 118, 044506 (2015)
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provided by measurements on single Hall bars that were fab-

ricated on the same chip. As seen in Figures 5(a) and 5(b),

RXY in the array D as well as in Hall bars H1 and H2 reaches

1% precision around 3 T. The Hall bars H1 and H2 go on to

reach the best observed precision at 4 or 4.5 T, which we

assume to be the normal behaviour of the material at this car-

rier density. However, the array D reaches its best precision

only at 7 T (Figure 5(b)). That could happen if a few Hall

bars in the array had a plateau starting at higher fields due to

non-uniform doping, similar to what was observed in the

device H3. A similar but more severe problem could be a

possible reason for the observed behaviour of arrays B and

C, which did not show fully developed plateaus up to 9 T.

This non-uniform doping could be either introduced during

the graphene growth or caused by the photochemical gating.

If the latter is the case, the problem can possibly be avoided

by using other methods of controlling the carrier density,

such as doping by exposure to different environments18,29,30

or gating by corona discharge.31

VI. CONCLUSION

We have fabricated a prototype of RK=200 quantum

Hall array resistance standard on epitaxial graphene. One out

of four devices has shown a fully developed plateau with a

correct value of Hall resistance within the measurement pre-

cision of 10�4. This confirms that all 100 Hall bars were on a

quantum Hall plateau at the same time, and the Hall resist-

ance in each individual Hall bar deviated from the ideal

value RK=2 by no more than 1%. We speculate that the

defective behaviour of other arrays is caused by non-uniform

doping, which may be possible to avoid by using other

techniques of carrier density control, such as environmental

doping and gating by corona discharge. Our results suggest

that large-scale integration of quantum Hall devices on epi-

taxial graphene is feasible, and we expect that this work will

pave the way to a new generation of quantum resistance

standards operating at higher temperature, lower magnetic

fields, and high currents.
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