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We report gate tunable linear magnetoresistances (MRs) of ~600% at 12 T in metal-shunted devices
fabricated on chemical vapor deposition (CVD) grown graphene. The effect occurs due to
decreasing conduction through the shunt as the magnetic field increases (known as the extraordinary
magnetoresistance effect) and yields an MR that is at least an order-of-magnitude higher than in

un-shunted graphene devices. [doi:10.1063/1.3610565]

Known as extraordinary magnetoresistance (EMR), a
large magnetoresistance (MR) enhancement is observed in
metal-shunted van der Pauw (vdP) InSb and GaAs struc-
tures.'”” EMR is of great interest for device applications
since it enables more sensitive detection at smaller scale.
However, InSb and GaAs may not be suitable for scaling
since their mobilities decrease substantially when device
dimensions are reduced below 100 nm.” In contrast, gra-
phene—a hexagonally ordered, atomically thin layer of car-
bon atoms that behaves as a zero-gap semiconductor—is
inherently of single-atomic thickness.*' Recent experi-
ments on shunted devices of mechanically exfoliated gra-
phene have shown a large MR, although not nearly as large
as in previous studies of inhomogenous semiconductors. "'

However, graphene exfoliation produces small, ran-
domly shaped, and placed flakes that must be found and indi-
vidually characterized for thickness, size, and position, a
time-consuming process that precludes all but serial device
fabrication. In contrast, it is possible to produce larger areas
(in excess of sq. ft.) of greater than 95% single-layer gra-
phene using chemical vapor deposition (CVD) on copper
foils.'” These large-area films are transferable to any arbi-
trary substrate and from which large numbers of nominally
identical devices can be fabricated simultaneously. In this
letter, we show that shunted CVD grown graphene devices
exhibit linear gate-tunable EMR and that such devices are
amenable to a variety of device applications.

Monolayer graphene films were grown by CVD on Cu
as described in Ref. 12. The films were protected by PMMA
while the Cu was removed in nitric acid. Films were trans-
ferred to a 300 nm layer of thermally grown SiO,/Si sub-
strate, and the PMMA was removed in acetone. Devices
were fabricated with and without shunts by photolithography
with Ti/Au deposited by electron-beam assisted deposition.
Fig. 1(a) shows an example of shunted devices. Raman spec-
troscopy confirmed the presence of single-layer graphene of
structural quality roughly comparable to exfoliated material
(not shown). Magnetoresistance measurements were taken in
a superconducting magnet system at 4.2 K using a standard
low-frequency (1 Hz) lock-in technique for data acquisition.
The subscript “xx” (“xy”) refers to measurements with cur-
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rent and voltage measured with adjacent (opposite) electro-
des, i.e., source-drain 1-2 (1-3) and voltage probes 3-4 (2-4)
in Fig. 1(a). We use the standard definition, MR, = AR,/
Rix(0), in contrast with to previous studies of shunted
semiconductors."'

Based on the calculated components of the conductivity
tensor, in zero magnetic field, current will flow through the
shunt, while in a magnetic field, the current will flow around
the shunt and redistribute in the graphene.'"'? The larger the
magnetic field, the more current flows through the graphene,
translating to an enhancement in the MR. Fig. 1(b) displays
gate voltage sweeps in different magnetic fields where this
behavior is obvious. To reduce noise error caused by charg-
ing in the oxide, especially at high fields, we averaged sev-
eral gate voltage sweeps. At zero field, the mobility is high,
as current is flowing through the shunt, and the curve is rela-
tively featureless with a very weak Dirac point. As the field
increases, more current flows through the graphene causing
a stronger Dirac point. At 10 T, the Dirac point is clearly
visible and Hall minima begin to appear. As the field
increases, the mobility approaches a value approximately
that of the un-shunted devices tested for this study. For com-
parison, Fig. 1(c) displays data for an un-shunted device
(Hall mobility, py ~ 2500 cm?/V s). For un-shunted devices,
the curve displays a well-defined Dirac point in zero field.
At high field, quantum Hall oscillations are visible and the
magnitude of the signal is relatively unchanged, indicating a
rather small change in mobility with increasing magnetic
field.

Figure 2(a) displays the MR for a typical shunted de-
vice for a variety of gate voltages, while Figure 2(b) displays
MR, for an un-shunted device. The shunted devices show a
very large, nonsaturating MR, consistently as large as
~600%, while un-shunted devices show a much smaller MR
in range of ~20%, making this one of the largest MRs meas-
ured in graphene. EMR was visible in most of the devices
we tested, with low 2-probe resistance (<200 Q) being a
good indicator as to whether the device would display EMR,
as was also indicated in previous studies.'* Dampened Shub-
nikov-de Haas oscillations (SAHOs) can be observed in the
shunted devices in Fig. 2(a).

Small material inhomogeneities can amplify the MR by
causing current-line distortions,"*'>'® which may explain
why the MR observed here is larger than that reported in

99, 022108-1

Downloaded 29 Nov 2011 to 132.250.22.5. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
JUN 2011 2. REPORT TYPE 00-00-2011 to 00-00-2011
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Extraordinary magnetoresistance in shunted chemical vapor deposition £b. GRANT NUMBER

grown graphene devices
5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

Naval Resear ch L aboratory,Code 6876,Washington,DC,20375 REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 3
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



022108-2 Friedman et al.

Ref. 11, which used single-crystal exfoliated flakes of gra-
phene with presumably few inhomogeneities. CVD graphene
is known to have defects such as domain boundaries,'” which
may be advantageous to enhancing MR. This suggests CVD
graphene offers an advantage over exfoliated graphene
because growth parameters, such as temperature or pressure,
can be used to tune these types of defects.'® In addition, in
Fig. 2(a), we see that the MR response is strongly linear and
nonsaturating. This behavior is explained by models that pre-
dict linear, nonsaturating MR in a material composed of con-
ducting and semiconducting regions.®'*'> The inset of Fig.
2(a) displays the slope of the MR line, which is the sensitivity
of the device, as a function of gate voltage. Similar to past
studies,'' the sensitivity is gate tunable and the maximum in
sensitivity corresponds to the Dirac point of the graphene.

Shunted graphene devices may also have potential appli-
cations as Hall sensors. Fig. 3 shows the R,y vs. field for a
variety of gate voltages and Fig. 3(b) shows a close-up of the
locations in magnetic field where the minimum values of re-
sistance occurred. Because the lock-in measures the magni-
tude of the signal, this minimum is actually the x-axis
intercept of the R, line. The position of the minimum is also
gate tunable. We attribute this minimum in R,, at nonzero
field to a breaking in symmetry caused by extrinsic factors,
such as surface contaminants remaining from the device fab-
rication process. For shunted devices, resist residue trapped
beneath the shunt cannot be removed by any post-process
cleaning. It is likely that with purposeful chemical doping of
the graphene surface, we may be able to control the location
of the R,y minimum.

Room temperature measurements (Fig. 3(c)) were made
with two fixed-field permanent magnets (*£0.37 T and
*0.55 T). There is virtually no difference in the resistance
between 4.2 K and room temperature. This is not unex-
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FIG. 1. (Color online) (a) Optical image
of a shunted graphene device. (b) Ry vs.
V. for a shunted device at different
fields. The mobility decreases for higher
fields, while the Dirac point gets sharper
and quantum Hall oscillations become
visible indicating shunting behavior. (c)
Ryx vs. Vg for an un-shunted device at
different fields. There is a little change
in mobility at the Dirac point as the field
increases and Hall oscillations are very
clear. Applied current in all cases was
10 pA.

pected, as the mobility of graphene, upon which the resist-
ance depends, is nearly constant over this temperature
range.”'>'? This suggests that MR and Hall devices made
from CVD graphene would operate as well at room tempera-
ture as at 4.2 K.

It is possible to imagine numerous device applications
that utilize the linear EMR and tunable minimum in the Hall
resistance. This would enable small, highly sensitive, easily
calibrated magnetic sensors, which are of great interest in
nanomagnetism where it is necessary to measure small sig-
nals.”®?! The Johnson noise, which is the dominant noise
source in these devices,'' limited power signal is given by
SNR porwer = 1010 10{ [1;n(ARIAH )i AHT 14k T[R el H)] 115105
Af}. Here, I, is the applied current, (dR/dH)g,,; is the sensi-
tivity at Hp;,s, which is the field at which the signal is meas-
ured, T is the temperature in Kelvin, [R,,(H)]ypias 15 the
resistance at Hy,,,, kg is Boltzmann’s constant, and Af is the
detection bandwidth. For a typical device in our study at 50
mT and 1 GHz, SNRpywer ~27 dB, which is comparable to
other devices previously reported.'’

In conclusion, we have shown that shunted CVD grown
graphene devices display EMR. The sensitivity of such devi-
ces is tunable by varying V,. There are numerous applica-
tions for such devices, including magnetic field sensors and
memory read-heads. However, it is not yet clear how the
apparent need for slight inhomogeneities in the graphene
will reconcile with the need for higher mobility, as mobility
coupled the cleanliness and defectiveness of the graphene.
Nonetheless, such devices have the important advantage of
exploiting graphene’s innate properties without requiring
any modification to the material, e.g., induced bandgap.
Devices fabricated from CVD graphene could be manufac-
tured on a vastly larger scale than from exfoliated graphene
and in any geometry desired.

FIG. 2. (Color online) (a) MR for a typi-
cal shunted device showing a ~600%
change. The inset shows the sensitivity
of the device. The slight oscillations are
attributed to SAHO. (b) MR for a typical
un-shunted device showing a much
smaller change. The SdHO are much
more pronounced.
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FIG. 3. (Color online) (a) Ry, vs. Field for various gate voltages for an
externally shunted device. The black dashed line shows an un-shunted de-
vice. The minimum (intercept) moves further to the left for more chemically
doped devices. (b) A close-up of the minimum. (c) A comparison of low
temperature (4.2 K =black line) to room temperature (293 K =red points)
data for resistance vs. field. There is a little resistance change.

Note added in proof: While in proof, a manuscript with
results similar to our own (Lu, ef al. Nano Lett. (2011) doi:
10.1021/n1201538m) was published with a received date of
May 9, 2011. We note that a draft of our manuscript was first
submitted for review on August 12, 2010.
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