duce quantum dots, rather than the external exchange gate. Based on the calculation results,
optimal system configurations can be proposed for more efficient exchange energy control.
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LINEAR MAGNETORESISTANCE IN GRAPHENE
FORMED ON SILICON CARBIDE:
TWO DIMENSIONAL MAGNETOTRANSPORT
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In this study we have tested the magnetoresistance (MR) and Hall-effect in graphene

formed on semi-insulating 4H-SiC substrate by thermal decomposition of its silicon face
(0001) in Ar ambient at a high temperature of 1800—2000 °C over the large areas of SiC
without any passivation for checking a possibility for sensor applications. Testing was done
in a relatively low magnetic fields (up to 3 T) in the temperature range from 300 to 4.2 K.
A large (up to 10%) and linear magnetoresistance was observed at 300 K, which is distinc-
tively different from the other carbon nanomaterials. Furthermore, negative magnetoresis-
tance behavior at a low field regime for low temperatures is recognized as a weak localiza-
tion in graphene. This study suggests the potential of utilizing graphene formed on semi-
insulating 4H-SiC for room temperature magneto-electronic device applications and for the
sensors of first order phase transitions ice—water.
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INTRODUCTION

Graphene is known as an attractive material in the development of carbon-based elec-
tronics [1-3], optical [4, 5] and magnetic devices [6, 7]. Synthesis of single- and multilayer
graphene is possible either on Si-face or on C-face of SiC substrates (see for review [8]).

Individual layers in the as grown multilayer film in the C-face SiC have been found to
be electronically decoupled and possess transport properties similar to a single layer gra-
phene [9].

There is much interest in the electronic properties of single and multilayer Si-face SiC,
which does not require epitaxial growth and could be attractive to the development of fu-
ture commercial devices.

Usually, graphene on Si-face SiC(0001) shows low carrier 2D concentration n (of the
order of magnitude 10'" cm ) when being passivated with an organic film or a polymer
layer [10, 11]. This type of graphene on SiC(0001) can be synthesized on a large scale by
thermal decomposition of SiC(0001) in an Ar environment [12, 13].

Access to low n and the capability of growth over a large area make graphene on
SiC(0001) a prominent candidate for studying graphene physics, especially near the charge
neutrality point (CNP) [14].

Resistance (R), magnetoresistance (MR) and Hall-effect study in the wide temperature
(7) range is a good characteristic of the materials in terms of the verification of the trans-
port mechanisms of the carriers, and the material as a building block for the development
of magneto-electronic devices.

MATERIALS AND METHODS

In this work we study R(T), MR(B, T) and Hall-effect in graphene formed on semi-
insulating 4H-SiC substrates by thermal decomposition of its silicon face (0001) in Ar am-
bient at a high temperature of ~1800-2000 °C.

We are not specifically looking for small coherence domains patterned into submicron
structures using microelectronics lithography techniques. Instead, we have been utilizing
relatively large square-shape samples (size of 5 x 5 mm) with the contact pads placed at the
corners. The whole idea of utilizing this approach was in finding a geometry for relatively
inexpensive graphene sensors.

Hall-effect was carried out in four-terminal (Van-der-Pauw) geometry in a Lake Shore
Cryotronics 8400 series unit, and the R(7), MR(B, T) were performed in Janis ST-3T-2
helium cryostat with continuous flow, vertical B field, superconducting magnet with mi-
cromanipulated probe station in the temperature range 7 =4.2-300 K and in magnetic
fields Bup to 3 T.

All measurements were carried out in four-terminal geometry with a constant-direct
current of 1 pA. Magnetic field was applied perpendicular to the graphene plane. We have
not configured the samples for the electrostatic gating, that is why we were not able to
measure the longitudinal resistance and the Hall resistivity as a function of the gate voltage.
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RESULTS AND DISCUSSION

We have tested magnetoresistance (MR) and Hall-effect in low magnetic fields (up to
3 T) in the temperature range from 300 to 4.2 K. Hall data suggests p-type with the sheet
concentration of carriers of ~3-10" ¢cm™, and relatively low mobility of 400 cm*V "s™'
for the used size of the samples of graphene.

Figure 1 shows the 1/T dependence of the surface conduction G = 1/R (Arrhenius plot)
with the actual 7 dependence starting from approximately 50 K. Following the analysis of
graphene on SiO, [4], resistance R can be defined as R = Ry + Ry + Rgip, determined by
the low temperature resistivity, longitudinal acoustic (LA) phonon scattering in graphene,
and remote interfacial phonon (RIP) scattering by optical phonons at the surface and sub-
surface of graphene, respectively [15-17]. The effect of Coulomb scattering and short-
range scattering are included in R,. At the sheet concentration of carriers of ~3-10" ¢cm™2,
the T dependences of Coulomb scattering and short-range scattering are thought to become
feasible [16—-19] but as shown in Fig. 1, resistance R is almost constant up to 50 K, which
indicates their T dependences are negligible.

In the meantime, as it was found in [14], when the effect of the phonon scattering can
be neglected, the major mechanism of scattering at low 7 up to ~5-10"" cm™? is a Coulomb
scattering and that short-range scattering becomes effective at higher carrier concentra-
tions. That is why the resistance of the graphene sample with the high concentration of the
carriers shows typical metallic behavior [20], when R increases with T at the temperatures
higher than =50 K. It also was noted [21] that only metallic behavior had been observed in
graphene samples at high concentrations of the carrier densities. Note, that according to
Fig. 1 the temperature 7;=50 K can be a characteristic temperature of changing the
mechanism of electron (or hole) transport in the graphene with point defects of structure.
[According to [22], in three-dimensional semiconductors with hydrogen-like impurities
(donors or acceptors), the temperature 7; characterizes the transition from the band-like to
hopping conductivity of electrons or holes with respect to impurities with decreasing tem-
perature.]
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Figure 1. — Temperature dependence of surface
conduction G = 1/R of graphene sample
with p-type carriers with sheet concentration
of =3-10" em™

Figure 2. — The magnetoresistane (in %)
of graphene formed on semi-insulating 4H-SiC
at temperatures 300 and 4.2 K
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Figure 2 shows the MR (in %) at 300 and 4.2 K (intermediate temperatures are not
shown) in a variable magnetic field from 0 to 3 T. We observe a linear MR with its value of
~8% at 300 K at magnetic field of 2 T. This room temperature linear MR observed in our
graphene is much higher than previously reported linear MR in single layer graphene [1],
carbon nanotubes [2, 3], and is comparable to a recently reported value of MR in graphene
nanoribbon [4]. Surprisingly, while lowering the temperature from 300 to 4.2 K, a signifi-
cant increase in the slope of the linear MR and the negative MR was observed. This nega-
tive MR was found only in very low field (< 1.5 T) regime at low temperatures (<20 K).

The resistance of a conductor in an applied magnetic field increases quadratically
(MR « Bz) [23] with the field and then saturates at a relatively low value, showing its in-
sensitivity to the polarity of a magnetic field. Therefore, a linear MR is very interesting for
magnetic sensing applications [24-26]. But, many technical challenges remain. One of
them is the production of large area, high quality graphene films on Si-face of SiC, and the
detailed understanding of fundamental transport in the material, with the potential of ex-
ploiting Si-face graphene for room temperature magneto-electronic and field-effect transis-
tor applications.

We observed positive linear MR that is stable at 300 K for the magnetic field applied
perpendicular to the sample surface. This linear MR was observed as a direct experimental
evidence of two-dimensional (2D) magnetotransport effect in graphene [27-29], which
suggests the possible origin of the linear MR behavior. In graphite, such linear MR has
been observed only at low temperatures [30] suggesting that graphene is a distinctively
different material. We also observed negative MR in the low field regime at low tempera-
tures, and this negative MR was recognized
as weak localization [20]; see Fig. 2.

Tee l Water Besides, testing of the temperature de-
pendence of the resistance of our graphene
material in humid atmospheres in the vicin-
ity of the phase transition of the first order
(ice—water) suggests an observation of a sig-
nificant peak of the resistance vs tempera-
ture in the lambda-shape behavior (Fig. 3),

| | | which is important for the development of a

1390 -5 0 5 10 new type of icing sensors [31].

Temperature, °C In order to verify, if the phenomenon

takes place specifically in graphene formed

resistance R of graphene formed on 4H-SiC(0001) on seml-lnsulatlng . 4H-SiC Substrat.e. by

in humid atmosphere at dew point 7; =2 °C while thermal decomposr[_lon of the (00(_)1) silicon

temperature is decreasing. The peak corresponds  surface only, we did an observation of the

to the detection of the phase transition ice—water ~ same phenomenon on the surface of 3D

sponge-like graphene material (see Fig. 5 in

[32]). The same type of the nonmonotonous behavior was found there (see Fig. 6 in [32]).

This confirms the generality of the “electric field effect” of the polar water molecules ad-

sorption on carbon with sp” hybridization and nonpolar ice formation at the phase transi-
tion.
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Figure 3. — Temperature dependence of surface
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CONCLUSIONS

A large linear MR is observed in the temperature range from 300 to 4.2 K, and in the
magnetic fields up to 3 T, which is distinctively different from other carbon materials. This
linear MR is attributed to the two-dimensional transport in graphene on 4H-SiC. The
negative MR behavior at a low field regime for low temperatures is recognized as a weak
localization in graphene. Our results of large positive linear MR stable at 300 K suggest
the potential of exploiting graphene on semi-insulating 4H-SiC substrates for room tem-
perature magneto-electronic device applications.

Clear observation of the specific peaks on the temperature dependences of the resis-
tance of graphene formed on 4H-SiC(0001) which are similar to those observed in carbon
nanotube layers suggests their feasibility for utilization as inexpensive and effective sen-
sors of icing conditions, suitable for applications in aviation and different industries.

The authors are thankful to Helava Systems and Graphene Labs for providing graphene
on SiC and 3D sponge-like graphene material, and to Fernando Camino and the Proposal
#43623 at the Center for Functional Nanomaterials (BNL) for help with the graphene on
SiC characterization. The work was partially supported by the Belarusian National Re-
search Program “Mattekh” and by the EU Framework Programme for Research and Inno-
vation Horizon 2020 (Grant No. H2020-MSCA-RISE-2019-871284 SSHARE).
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