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Abstract
Graphene applications in electronics require experimental study of the formation of high-quality Ohmic contacts and 
deeper understanding of electron transport mechanisms at metal/grapheme contacts. We have studied carrier transport 
in twisted CVD graphene decorated with electrodeposited Co particles forming Ohmic contacts with graphene layers. 
We have compared layer resistivity as a function of temperature and magnetic field R�(T, B) for as-synthesized and 
decorated twisted graphene on silicon oxide substrates. Experiments have proven the existence of negative (induction 
< 1 Tl) and positive (induction > 1 Tl) contributions to magnetoresistance in both specimen types. The R�(T, B) func-
tions have been analyzed based on the theory of 2D quantum interference corrections to Drude conductivity taking 
into account competition of hopping conductivity mechanism. We show that for the experimental temperature range 
(2–300 K) and magnetic field range (up to 8 Tl), carrier transport description in test graphene requires taking into ac-
count at least three interference contributions to conductivity, i.e., from weak localization, intervalley scattering and 
pseudospin chirality, as well as graphene buckling induced by thermal fluctuations.
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1. Introduction

Graphenes have been intensely investigated in the last de-
cade due to their specific physical properties such as high 

electrical and heat conductivities, well-developed surfa-
ce, high mechanical strength, elasticity etc. In accordance 
with the graphene electronics development roadmap [1] 
the combination of these properties shows good promise 
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for the development of hybrid nanostructures (e.g., metal/
graphene) for new types of sensors, transducers, mem-
ristors, spintronic devices, energy storage devices, tools 
for magnetic visualization of biological objects etc. [1–3]. 
One of the most promising approaches to the synthesis of 
these composite structures is the deposition of particles of 
different magnetic and nonmagnetic metals on graphene 
layer surfaces [4–6]. However one of the key problems to 
graphene use in electronics is the complexity of fabrica-
ting Ohmic contacts without damaging graphene crystal 
lattice. Experiments have shown that Ohmic contacts can 
be most easily formed on multilayered graphene [2, 3, 
7, 8]. Nevertheless the problem of fabricating high-qua-
lity electric contacts remains a problem of attention for 
fundamental and technical research thus intensifying the 
importance of understanding carrier transport mechanis-
ms near and through metal/graphene contacts.

Carrier transport in metal/graphene nanostructures de-
pends on multiple factors. These are primarily the syn-
thesis method (mechanical debonding, CVD, epitaxy etc.) 
and graphene type (single-layered, multilayered, twisted). 
Secondly one should take into account the type of dielec-
tric substrate (quartz, glass, silicon oxide ctc.) onto which 
graphene is deposited or transferred. Finally important 
factors are the type, concentration and distribution of po-
tential defects in graphene layers including polycrystal-
line ones as well as the properties of graphene / electric 
contact interfaces. These properties are mainly determin-
ed by deposited metal type and deposition technology 
[1–3, 9]. Despite the large number of CVD graphene 
structure studies there are but scarce data on the electro-
nic and galvanomagnetic properties of specimens in the 
form of metallic islands on graphene. There are studies 
of the effect of electrodeposited cobalt nanoparticles on 
the properties of twisted graphene [6, 9, 10, 11, 13, 14]. 
Photoelectron spectroscopy and magnetometry showed 
that electrodeposited cobalt particles undergo intense 
surface oxidation and preferentially form Co core / CoO 
shell structures. Nevertheless electrodeposition is helpful 
in the fabrication of Ohmic contacts [14].

In spite of extensive research into the galvanomagnetic 
properties of graphene layers and graphene/metal hybrid 
structures, there is still one more problem concerning 
understanding the main electrotransport mechanisms in 
graphene. Most of this research has dealt with micron 
sized graphene specimens produced either by debonding 
from graphite [12, 15–18] or cutting from single polycrys-
talline graphene grains [19–21]. However carrier trans-
port in magnetic fields for large specimens (millimeters or 
fractions of a millimeter) has been dealt with in only a few 
works [22–26]. Obviously there is a great contribution to 
carrier transport in these specimens from grain bounda-
ries and other large defects (ruptures, buckling etc.).

Descriptions of low-temperature electrotransport and 
magnetotransport in pure graphene available in literatu-
re most often adhere to interference mechanisms within 
the theory of quantum corrections to Drude conductivi-
ty under weak localization conditions [16–18, 27]. For 

strong localization one has to give preference to a hop-
ping conductivity mechanism obeying the Mott [28] or 
Shklovsky-Efros [29] models for a zero magnetic field 
or the Mikoshiba [30] or Altshuler-Aronov-Khmelnitsky 
[27] models for electrotransport in an external magnetic 
field. Medium localization (between weak and strong) 
requires both interference and hopping transport mecha-
nisms be taken into account [19–21]. Metallic particles 
(islands) deposited onto composite structures containing 
graphene layers may form spatially distributed (defrag-
mented) metallic bridges [14, 31] which can bend cur-
rent paths in graphene layers in a transverse magnetic 
field (through the effect of Lorentz force) and trigger the 
contribution of extraordinary magnetoresistance effect 
to magnetotransport [32]. Obviously the combination 
of the abovementioned transport mechanisms in metal/
graphene structures will be determined by defect densi-
ty, graphene synthesis method and metal/graphene layer 
interface quality.

The aim of this work was to study the effect of cobalt 
particles on magnetotransport mechanisms in metal/grap-
hene composite structures synthesized by electrodepositi-
on of cobalt particles on twisted CVD graphene.

2. Experimental

We chose twisted graphene as the working layer for Co 
particle deposition since it is less affected by substrate as 
compared to single-layer graphene [31, 33]. Furthermo-
re as noted above the possibility of producing an Ohmic 
contact between a metal and two-layered graphene is usu-
ally higher than for single-layer graphene [2, 3, 7, 8].

The growth conditions of the experimental graphene 
layers were described in detail earlier [14, 31, 33, 34]. The 
synthesis method was low atmospheric pressure chemical 
vapor deposition onto a 25 µm thick copper foil (Alfa Ae-
sar 99.8% purity) from С10Н22 n-decane as precursor with 
nitrogen as carrier gas. Co particles were electrodeposited 
onto the graphene layer surface on the copper foil at a 
2.5  mA/cm2 direct current for 30 s at room temperatu-
re. The electrolyte contained 0.96 g/l cobalt sulfate and 
0.064 g/l sodium chloride solution in distilled water. The 
graphene specimens on the copper foil with electrodepo-
sited Co particles were carefully rinsed in distilled water 
and dried at room temperature. For measuring the electri-
cal properties of the graphene layers before and after Co 
deposition the graphene layers were transferred from the 
copper foil to oxidized silicon substrates after dissolving 
the copper foil in 1 M FeCl3 and rinsing graphene layer in 
distilled water.

The surface structure of the specimens on the copper 
foil and on the SiO2/Si substrates was examined under 
a Hitachi S4800 scanning electron microscope (SEM) 
equipped with a Bruker QUANTAX 200 energy disper-
sive X-ray spectrometer (EDXS) allowing elemental 
composition mapping. The quality of the graphene layer 
was also studied by Raman spectroscopy on a Confotec 
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NR500 selected are Raman instrument with a 473 nm ex-
citation wavelength and an approx. 3 cm-1 spectral resolu-
tion [14, 33–36]. Additionally the thickness of graphene 
transferred to glass was measured by 400–800 nm light 
transmittance (PROSCAN MC-121 spectrometer). The 
transmission ratio of graphene was > 94% at 550 nm, thus 
the average number of graphene layers was two.

The electrical resistivity of graphene as a function of 
temperature and magnetic field R� (T, B) was measured 
with the four-probe method on a Cryogenics Ltd. cryo-
gen-free measurement system (CFMS) with a closed cy-
cle cryostat. The R� (T, B) functions were measured in the 
2 < T < 300 K range in a transverse magnetic field of up to 
8 Tl. The test specimens were placed on a contact pad as 
shown in Fig. 1a with 4 indium (In) electric contacts into 
which 50 µm diam. copper microwires were soldered. 
The measurement cell with the specimen on the contact 
pad inside was placed into a measurement probe in a low 
pressure helium gas atmosphere. The probe incorpora-
ted thermometers, magnetic field gages, heaters and heat 
screens. The probe was inserted into the superconducting 
solenoid channel inside the CFMS cryostat. The current 
applied to the specimen was generated and measured 
by a Keithley 6430 meter allowing electrical resistivity 
measurements within the 100 µOhm to 10 GOhm range 
accurate to within 0.1%. The specimen temperature was 
controlled with LakeShore diodes calibrated accurate to 
0.005 K with a reproducibility of not worse than 0.01 K. 
The specimen temperature was stabilized and measured 
with a LakeShore 331 controller.

The layer conductivity of graphene was calculated as 
follows:

	 (1)

where σ� (Т) is the specimen conductivity, W is the con-
ducting channel (graphene layer) width and L is the dis-
tance between the voltage contacts 3 and 4 in Fig. 1b. The 
relative magnetoresistance was calculated as follows:

( ) (0)100 ,
(0)

R B RMR
R

−
= 	 (2)

where R(B) and R(0) are the resistivities in a magnetic 
field with induction B and without magnetic field, respec-
tively. The error of MR and σ� (T) was within 5% and was 
mainly induced by the dimension measurement errors for 
the specimen and the electric contacts.

3. Results and discussion

Typical SEM images of the graphene specimens (Fig. 2a) 
with deposited Co particles (Co-Gr/SiO2) show that the 
average size <d> of the particles was close to 200 nm. 
X-ray photoelectron spectroscopy (XPS) of the Co-Gr/
SiO2 specimen shows that the metallic particles form Co 
core / CoO shell structures [33, 34].

The structures of the source twisted graphene and the 
Co-Gr/SiO2 specimen with deposited Co particles were 
studied using selected area Raman spectroscopy. Detailed 
analysis of the Raman spectra of the specimens was re-
ported earlier [14, 33–36]. The spatial distribution of the 
IG/ID peak intensity ratio for the Co-Gr/SiO2 specimen is 
shown in Fig. 2b. The IG/ID peak intensity ratio histograms 
shown in Fig. 2b and c indicate a higher defect density of 
twisted graphene after cobalt deposition as compared to 
the as-synthesized G/SiO2 specimen.

Figure 3 shows the layer conductivity as a function of 
temperature σ� (T) for the G/SiO2 specimen (Curve 1) and 
the Co-G/SiO2 specimen (Curve 2) in a zero magnetic 
field. The pattern of Curves 1 and 2 showing an increase 
in the conductivity with temperature suggests an activa-
tion electrotransport mechanism. Furthermore the σ� (T) 
functions become linear in semilogarithmic coordinates 
at below 150–200 K.

The presence of the linear portions in the σ� (Log[T]) 
coordinates is usually attributed to an interference con-
tribution to Drude conductivity under weak localization 
conditions [12, 15–18, 27, 37–40].

Figure 3 indicates a transition to conductivity saturation 
at below 5–6 K. This can be accounted for by the fact that 
the carrier free path in polycrystalline CVD graphene tends 
to grain size with a decrease in temperature [41]. As a result 
the conductivity may become temperature-independent 
due to carrier scattering at grain boundaries. Furthermo-
re as shown earlier [14] the high defect density of twisted 
graphene may necessitate taking into account the contribu-
tion of Mott’s 2D hopping mechanism at above 10 K.

Raman scattering and SEM data suggest that Co parti-
cle deposition onto a twisted graphene layer increases the 
defect density of the Co-G/SiO2 specimen in comparison 
with source G/SiO2. Nevertheless comparison of Curves 1 

Figure 1. (a) Photo of specimen on contact pad and (b) schemat-
ic of measurement probe arrangement: (1 and 2) current contacts 
and (3 and 4) voltage contacts.
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Figure 3. Layer conductivity as a function of temperature σ� (T) 
in semilogarithmic coordinates for (1) G/SiO2 and (2) Co-G/
SiO2.

and 2 in Fig. 3 clearly indicates a decrease in the resistan-
ce after Co particle deposition. This testifies to the forma-
tion of a good (barrier-free) electric contact between the 
Co particles and the graphene layer. Thus as noted ear-
lier [14, 31] metallic clusters bridge the underlying grain 
boundaries in the initial twisted polycrystalline graphene 
layer. Thus the XPS-detected CoO shell is only present 

on the top of the cobalt particles and does not isolate the 
cobalt/graphene interface.

One can reasonably assume that cobalt particle depo-
sition can similarly affect the carrier phase break length 
at the crossing with the graphene/Co particle interfaces. 
The phase break time determined for a Co-G/SiO2 speci-
men from the σ�(T) temperature functions [14] was one 
order of magnitude greater than that for the source G/SiO2 
specimen. However the cited work only dealt with the 
interference contribution to Drude conductivity for weak 
localization [38, 40].

To reveal other potential contributions to magnetot-
ransport we analyzed the relative magnetoresistance as a 
function of magnetic field MR(В,Т) (Fig. 4). The follo-
wing three important features of these MR(В,Т) functi-
ons are worth special mentioning. First, both specimens 
exhibit a competition between the negative and positive 
magnetoresistance effect contributions at low temperatu-
res. Secondly, the negative magnetoresistance contribu-
tion at below 50 L only dominates in magnetic fields of 
below 1 Tl. Furthermore Co particle deposition reduces 
the negative magnetoresistance contribution as follows 
from Curves 1–4 in Fig. 4. Thirdly, the positive magnet-
oresistance contribution to MR(В,Т) increases with an in-
crease in both the magnetic induction B and temperature. 

Figure 2. (a) Example of SEM image and (b) map of band intensity ratio IG/ID for Co-G/SiO2 specimen, and histograms of Raman 
spectra band intensity ratio IG/ID for (c) G/SiO2 and (d) Co-G/SiO2.



Modern Electronic Materials 2019; 5(4): 165–173 169

Figure 4. Relative magnetoresistance MR for (a) G/SiO2 and (b) Co-G/SiO2 specimens as a function of magnetic field induction B 
at T = (1) 5 K, (2) 10 K, (3) 25 K, (4) 50 K, (5) 100 K, (6) 200 K and (7) 300 K.

As a result the negative magnetoresistance contribution 
is completely suppressed at T > 100–120 K and only po-
sitive magnetoresistance effect is observed. MR(В) of the 
Co‑G/SiO2 specimens (Curves 5–7 in Fig. 3a) increases 
with temperature and magnetic field much more rapidly 
than for the source G/SiO2 specimen.

These regularities of MR(В,Т) behavior at 2–300 K 
suggest that the test graphene specimens may exhibit 
not only weak localization corrections (providing nega-
tive magnetoresistance effect in fields of less than 1 Tl 
[38, 40]) but also other contributions to quantum inter-
ference conductivity corrections which produce positive 
magnetoresistance effect. There are indications [18] that 
positive magnetoresistance effect in graphene entails do-
mination of intervalley scattering, pseudospin chirality 
violation and graphene buckling corrections [38–40]. 
These contributions to graphene conductivity as a func-
tion of magnetic field ∆σ(В) = [σ(0) – σ(В)], along with 
the localization correction, are usually described with 
relationships like

	 (3)

where

F(x) = ln(x) +ψ(0,5 + x-1),

ψ is the digamma function. Here the х = B/Вφ,i,* parameter 
is determined by the ratio between the induction of the ex-
ternal magnetic field B and that of the characteristic field 
Вφ,i,* of scattering. The characteristic fields Вφ,i,* determi-
ne the carrier phase break times τφ,i,* for the respective 
process of elastic or quasi-elastic scattering. These phase 
break times are determined from the relationship

1
, ,* , ,*,4

−
ϕ ϕτ =

�
i i

c B
eD

	 (4)

where D is the electron diffusion coefficient.
The first term in Eq. (3) with the index φ corresponds 

to scattering at low-energy phonons, the second term 
with the index i corresponds to intervalley scattering 
and the third term with the index * corresponds to chi-
rality violation and graphene buckling induced by ther-
mal fluctuations.

To evaluate the characteristic times of the processes 
leading to the formation of quantum corrections to Dru-
de conductivity (Eq. (4)) one should calculate the carrier 
diffusion coefficient D. Earlier, Tikhonenko [38] propo-
sed the following expression for diffusion coefficient D 
in graphene:

,
2F
lD v= 	 (5)

where vF is the Fermi carrier velocity, l is the free path 
equal to l = h/(2e2kFn), kF is the Fermi pulse and n is the 
carrier concentration. It is assumed that only the carriers 
at the Fermi surface participate in conductivity. Thus this 
approach is the most correct for defect-free graphene at 
low temperatures.

Since quantum corrections exist in the test graphene 
layers at far above 25 K [26] we suggest a further genera-
lized D calculation approach which can be also used for 
high temperatures.

We represent a conducting specimen as a homogeneous 
medium and ignore the contribution of large defects, e.g. 
grain boundaries. We further assume that the carrier energy 
distribution is described by the Fermi-Dirac function

1( ) .

1
E
kT

f E

e
−µ=

+
Then the carrier concentration can be described as follows:

( ) ( )d ,n f E g E E= ∫ 	 (6)

where g(E) is the band density of states. We use the ex-
pression
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	 (7)

borrowed from earlier work [43] to interrelate the con-
ductivity and the diffusion coefficient. Here (∂n/∂µ)T des-
cribes the carriers participating in charge transport. Since 
the chemical potential µ is not component of the density 
of states g(E), Eq. (7) can be transformed to

	 (8)

This latter expression yields the sought formula of the dif-
fusion coefficient:

[ ]2
0

( , ) 1 ( , ) ( )d .kTD f E f E g E E
e

∞σ
= µ − µ∫ 	 (9)

Equation (9) allows comparing the average (effective) 
carrier diffusion coefficient.

The diffusion coefficient calculation method proposed 
herein gives the following important advantages: (a) pos-
sibility of evaluating D by changing the density of states 
g(E) for either single-layer or two-layered graphene; (b) 
possibility of taking into account carrier energy distributi-
ons at temperatures far above LH; (c) possibility of taking 
into account Fermi level shift (chemical potential) µ upon 
application of an external electric field to specimen (e.g. 
for measurements with a third electrode).

The main limitation upon the use of this method is the 
fact that Eq. (8) which correlates σ and D is only valid if 
diffusion (drift) conductivity is dealt with. At low tempe-
ratures the experimentally measured conductivity σ can 
incorporate a hopping transport mechanism contribution. 
Therefore when evaluating the diffusion coefficient D 
one should make sure that there is no large hopping con-
ductivity contribution in the specimen or it is possible to 
distinguish the hopping and drift (diffusion) conductivity 
contributions.

From the negative magnetoresistance effect as a func-
tion of magnetic field in accordance with Eqs. (3) and (4), 
one can determine the phase break time due to weak lo-
calization as a function of temperature τφ(Т) [15–18, 39]. 
The parameter D in Eq. (4) was evaluated using Eq. (8) 
to be 0.018 m2/s for the G/SiO2 specimen and 0.025 m2/s 
for Co-G/SiO2. The dependences shown in Fig. 5 suggest 
that the pattern of the τφ(Т) curves at below 10 K can be 

described in accordance with the quantum correction the-
ory as a power function like τφ(Т) ~ Т-р with the exponents 
p ≈ 0,92 for the G/SiO2 specimen and p ≈ 0.76 for the 
Co-G/SiO2 specimen. The small difference between the 
exponent for the source G/SiO2 specimen and the theo-
retical value p = 1 confirms that the phase break at nega-
tive magnetoresistance effect originates mainly from the 
elastic electron scattering at low-energy phonons [37, 39]. 
The decrease of the exponent p and the phase break time 
τφ as a result of cobalt particle deposition seems to result 
from grain boundary bridging by the cobalt particles.

Unfortunately, deriving characteristic process times for 
other scattering types which give positive contributions to 
quantum corrections at positive magnetoresistance effect 
[39, 40] is a difficult task. One reason is that the characte-
ristic magnetic fields that are terms of this relationship in-
corporate the contributions (Bφ + 2Bi) and (Bφ + B*) from 
two processes, and the inverse scattering time τ*

–1, which 
accounts for thermal fluctuations in graphene and is in-
corporated in the characteristic field В*, is the sum of the 
inverse scattering times relating to chirality violation and 
intervalley scattering (τ*

–1 = τw
–1 + τi

–1). Therefore Fig. 6 
shows the ratios of the phase break time τφ (as determin-
ed above) to the intervalley scattering characteristic time 
τI and the chirality violation and buckling characteristic 

Figure 5. Phase break time τφ(Т) as a function of temperature 
for quantum correction contribution due to weak localization in 
(a) G/SiO2 and (b) Co-G/SiO2 specimens. Dots: calculated from 
experimental ∆σ (В) functions; lines: linear approximation.
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time τ*, as functions of temperature. It can be seen that the 
characteristic phase break times for intervalley scattering 
τi in graphene without Co are approximately two times 
shorter than the phase break time τφ for weak localization. 
In the meantime the characteristics phase break times due 
to chirality violation τ*, decrease by almost two orders of 
magnitude as compared to τφ. Furthermore cobalt particle 
deposition reduces both τi, and τ* in comparison with tho-
se of source graphene.

Noteworthy, the temperature dependence of these ra-
tios also has the form of a power function τi,τ* ~ T–p in 
the 2–10 K range as indicated by the linear portions of 

the curves in double logarithmic coordinates. After cobalt 
deposition the line slope increases for τ* (from p ≈ 0.38 to 
p ≈ 0.77) and decreases for τi (from p ≈ 0.42 to p ≈ 0.29). 
This behavior agrees with earlier results for single-layer 
graphene [42].

4. Conclusion

We showed that the G/SiO2 and Co-G/SiO2 structures 
exhibit a competition between negative and positive 
magnetoresistance effects at low temperatures. Negative 
magnetoresistance effect is completely suppressed by 
weak magnetic fields (B ≤ 1 Tl), and Co particle depo-
sition onto the graphene layer reduces the contribution 
of negative magnetoresistance effect. Low-temperature 
electrotransport and magnetotransport at negative mag-
netoresistance effect are mainly caused by the localizati-
on quantum correction to Drude conductivity. In magne-
tic fields below 1 Tl (positive magnetoresistance effect) 
the dominating quantum correction contributions are 
those from intervalley scattering, chirality violation and 
graphene buckling. Cobalt particle deposition slightly 
increases the phase break time τφ due to weak localiza-
tion whereas the characteristic phase break times due to 
intervalley scattering τi and chirality violation τ*, on the 
contrary, decrease strongly.
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