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1. Introduction

In the last decade, graphene, one of the most important
allotrope modifications of carbon nanomaterials, is widely
studied due to its extraordinary physical properties. These
initiate designing of various graphene-based hybrid struc-
tures for fabrication of their new types with additional func-
tionalities which can be used in magneto- and gas sensitive
sensors and transducers, spintronic devices, memristors, and
other electronic devices, as well as for application in energy
storage, thermoelectricity, magnetic bio-imaging, etc. [1-3].
However, using the exceptional properties of graphene for
practical applications has proven to be a difficult task. The
zero band gap, inherently low reactivity and solubility of
pristine graphene preclude its use in several both high- and
low-end applications [4].

It is known from literature that the unique properties of
small samples of graphene (especially exfoliated) allowing
the use of graphene in micro- and nanoelectronic devices
are determined by many factors, like methods of graphene
synthesis (micro-cleavage, chemical vapour deposition —
CVD, plasma enhanced chemical vapour deposition —
PECVD, epitaxy, etc.), the type of graphene (single-
layered, multilayered, twisted, hybrid, vertical), dimensions
of samples (with micron- or millimeter-sized width and
length), as well as the type, concentration, and distribution
of defects in graphene sheets [1-5]. It is obvious that
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all these factors, in one way or another, should affect
the mechanisms of carrier transport realized in graphene
sheets. At the same time, studies of the effect of the
substrate type, where graphene is transferred or deposited,
on the conductivity of graphene give contradictory results.
For example, in [6], it was reported that the electrical
conductivity of graphene sheets is independent on the type
of substrate used, while the authors of [7] demonstrated
the dependence of electrical conductivity on the type of
substrate. However, it is difficult to draw an unambiguous
conclusion from these studies, which reason makes a greater
contribution — methods of graphene synthesis, substrate
itself, or the conditions for the transfer of graphene to it.

While considering mechanisms of carrier transport in
graphene, one important feature of the available literature
data should be noted, i.e., a vast majority of studies
on electric conductivity, magneto-transport, Hall effect,
and other electrical properties are devoted to micron-sized
graphene layers obtained by micro-cleavage or cutting from
polycrystalline samples (see, for example, citation lists
given in well-known reviews [1-3]). However, as it was
mentioned in [4], the micrometer-sized graphene sheets
demonstrate, of course, outstanding electrical, mechanical,
and chemical properties but they are too small for practical
use in modern electronics, since the latter, for reasons
of price/quality, requires large enough areas (no less than
square centimeters).
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Table 1. Graphene sheets types and characteristics

Number Manufacturer” Number Substrate Growth Type .
of sample of layers in a sheet method of conductivity
1 Ru;}({}é:sp‘)iﬁ;:ne One Glass CVD p
2 R“(s[if:fig;’“e One SiO, CVD p
3 (g{llssslii) One SiO, CVD n
4 (gsgrlli) e Si0, cvD n

* Names of manufacturers are presented below.

Only in recent years, articles have appeared discussing
the properties of graphene samples with sizes of several
square millimeters and even centimeters, the best of which
are usually obtained by CVD or epitaxy. In this sense, a
series of articles published by an Israeli group from Bar-Ilan
University [8,9], which have proved a strong heterogeneity
of the commercial layers of CVD graphene, are indicative.
In these articles, it is noted that on a graphene layer with
an area of 5 x 5mm? transferred onto a Si/SiO, substrate,
it was possible to cut a very small number of samples
200 x 200 um? in size, which had difference in values of
the room-temperature sheet electrical resistivity no more
than 10%. This strong inhomogeneity of properties by area
was due to polycrystallinity of the initial CVD graphene
sheet (the average grain size was about a few microns), as
well as the influence of the procedure of graphene sheet
transfer from copper foil onto substrate and the processes
of electron-beam lithography at the preparation of electrical
contacts.

Strong heterogeneity of the CVD layers of pristine
polycrystalline graphene sheets means that in order to
identify the integral characteristics of electrical transport
(temperature and magnetic field dependences of electrical
conductivity, Hall effect, mobility, etc.), it is desirable to
carry out detailed measurements on samples with millimeter
sizes and standard Hall geometry that are normally used in
the most experiments in semiconductor physics.

Several mechanisms of electric carrier transport in mag-
netic field observed in graphene were discussed in literature.
Most commonly, electrical conductivity in pristine graphene
is described by the mechanism of electron wave function
interference considered in the theory of quantum corrections
to the Drude conductivity under the conditions of weak
localization [10-16]. As reported in [16] for graphene
produced by mechanical exfoliation, this mechanism in-
cludes several contributions to the breaking of electron wave
function phase like low localization including electron—
electron interaction [10,11,13-15], intervalley scattering and
chirality [17], weak anti-localization [13,14], etc. The second
important mechanism of electrical conductivity in strongly
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disordered graphene samples with large number of defects
(including grain boundaries) is variable range hopping
(VRH) of electrons over the localized states considered
within the models of Mott [17-19] and Shklovskii—Efros [20]
in zero external magnetic field and within the models of
Mikoshiba [21] and Altshuler-Aronov—Khmelnitski [10] for
conductivity in non-zero magnetic field.

To elucidate possible mechanisms of electric transport in
polycrystalline pristine graphene, present paper is focused
on the detailed investigation of variations in electrical
conductivity and magnetoresistance in graphene large-area
sheets grown in various labs and with different peculiarities
of their transfer on dielectric substrates (glass and silica).

2. Experimental

A list of graphene sheets-on-substrate (G/S) used in our
experiments along with their characteristics is presented in
Table 1.

2.1. The technology of samples preparation

Samples 1—4 in Table 1 were obtained by CVD method
on copper foils. Samples 1 and 2 were obtained in
RusGraphene Company (Moscow, Russia) using a specially
developed installation for the synthesis of graphene in a
carbon-containing gas environment (CH4) [22], in which
a resistive method of current transfer was used to heat
the catalytic substrate to temperatures above 800°C. For
transferring from a copper foil to a dielectric substrate,
the graphene film was coated with polymethyl methacrylate
(PMMA) dissolved in anisole (concentration of 4 wt%). To
dissolve the copper foil, the samples were immersed for
12 hours in a solution of ammonium persulfate (NHy4)2S,0s
(concentration of 1gram per 5ml of water). The PMMA
films with graphene were rinsed in deionized water and
transferred onto a substrate, after which the polymer was
removed by dissolving acetone for 20 minutes. The presence
and quality of the graphene film on the surface of the
cathode samples were confirmed by Raman spectroscopy.
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It was shown in [22] that such kind of graphene sheets
has a characteristic Raman spectra and can be identified as
monolayer.

Type 3 samples were synthesized on a PlanarTech
G2 facility MISiS (National University of Science and
Technology, Moscow, Russia). Acetylene was used as a
precursor; besides, for dilution, hydrogen was added to
the reactor in the ratio CoHp :Hy =1:4. The growth
was performed at the temperature 1040°C at a pressure
of 6 Torr. The transfer was performed using an intermediate
substrate of PMMA film. A liquid polymer in the form
of a 4% solution of PMMA in anisole was applied to a
copper foil with graphene in a centrifuge at a speed of
1500 rpm, and was heated in an oven at a temperature
of 150°C. Copper was pickled in an aqueous solution of
FeCl;. The obtained PMMA film was rinsed twice in
deionized water and laid on a substrate. After drying in
a centrifuge at a speed of 3000 rpm, the film was heated
at a temperature of 120°C to eliminate wrinkles. Removal
of PMMA was carried out in acetone. After transfer to a
dielectric substrate, type 3 samples of graphene possess a
Raman spectrum characteristic of a monolayer (see [23]).

Type 4 samples were synthesized in BSUIR (Belarusian
State University of Informatics and Radioelectronics, Minsk,
Belarus) and were characterized with in-plane rotation
of graphene layers by an angle 6 ~ 11°. They were
fabricated by the method of atmospheric pressure chemical
vapor deposition (AP CVD) on 25-um thick Cu foil (Alfa
Aesar 99.8% purity) from n-decane precursor CioHzy with
nitrogen as a carrier gas, under experimental conditions
previously reported elsewhere [24]. The transfer was
performed after dissolution of Cu foil in 1 M of FeCl;. After
that, graphene sheets were rinsed out in distilled water and
transferred onto SiO; dielectric substrate [25]. In [25,26],
the twisted nature of the sample was established using
Raman spectroscopy. Note that Hall measurements have
shown p-type conductance in samples 1 and 2 and n-type
conductance in samples 3 and 4.

2.2. Measurement methods

The temperature and magnetic field dependences of
electrical resistance R(T,B) were measured using four-
probe method on a cryogen-free measuring system CFMS
(Cryogenics Ltd, United Kingdom) based on a closed-
cycle refrigerator in the temperature range 2 < T < 300K
and in a transverse magnetic field with induction B
up to 8T. In the study of R(T,B) dependences, the
current through the sample was set and measured using
a Keithley 6430 instrument, which made it possible to
measure the electrical resistance of samples in the range
from 100u2 to 20GS2 with an accuracy of no worse
than 0.1%. Relative magnetoresistance was defined as
MR = 100%[R(B) — R(0)]/R(0), where R(B) and R(0) are
resistances at non-zero and zero magnetic field inductions B,
accordingly. Measurements were performed on the samples
arranged on the contact pad (see Insets in Fig. 1), using 4
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Figure 1. Current—voltage characteristics of the studied graphene
samples at 300 K. The insets show photo of sample on contact
pad (a) and scheme of electric probes arrangement (b) where 1,2
are current contacts; 3, 4 are potential contacts. The numbering of
the curves corresponds to the first column in Table 1.

indium (In) supersonically soldered electric contacts with
soldered 50-um diameter copper wires. Measurement cell
with a sample on the contact pad was placed in a special
measuring probe included LakeShore thermometers and
magnetic field sensors, heaters, heated thermal shields, all
in He gas atmosphere under low pressure. The probe was
inserted into channel of superconducting solenoid inside the
cryostat in CFMS. The temperature of the samples was
controlled by LakeShore thermal diodes, calibrated with
an accuracy of 0.0005K and having a reproducibility of
0.001 K, which made it possible to stabilize and measure
the temperature using the controller LakeShore 331.

In this study, R(T) dependences were re-calculated into
either sheet resistance

Ro(T) =R(T) 1, . (1a)
or into resistivity
P =RMYL @-m, (1b)
or conductivity
1
0(T) = ——, Sm/m, 1c
M= (10)

where W and d are the width and thickness of the graphene
layer, accordingly, and L is the distance between potential
contacts 3 and 4 in Inset b at Fig. 1. Note that values of
W and d were 4 and 11 mm accordingly, i.e., much more
than were used in most experiments known from literature
(usually, 10 to 200 um). The error in p(T) and o(T)
measurements were mainly limited by the size of electric
contacts and intercontact distances, and was equal or less
than 5%. Installation details were previously described
in [23,26].

Physics of the Solid State, 2022, Vol. 64, No. 7



Sheet Resistance and Magnetoresistance in Polycrystalline CVD Graphenes 879

3000 T T T T . .

2000

R, Q/o

1000

0 100 200 300
T,K

Figure 2. Temperature dependences of the longitudinal sheet
resistance Ro(T) of the studied graphene samples. The numbering
of the curves corresponds to the first column in Table 1.

3. Result and discussion

Before measuring the temperature and magnetic field
dependences of the sheet resistance of the samples, we mea-
sured their longitudinal current—voltage | (V) characteristics
and Hall constant at room temperature (T = 300K). In all
samples, the | (V)s turned out to be linear (Fig. 1), which
indicates the ohmic behavior of the used electrical contacts.

The main features of the temperature dependences of
the sheet resistance Rg(T) of different types of graphene
samples from Table 1 are pictured in Fig. 2, independent on
technological factors (growth features, a type of substrate,
and conditions of sheet transfer).

Firstly, note that all the samples are characterized by the
negative sign of the temperature coefficient of resistance
(TCR) in almost the entire studied temperature range.
Sample 3 is an exception because the sign of TCR becomes
positive above 250K. Secondly, the highest conductivity
among all the studied samples was observed for single-layer
samples 1 and 2 on glass and SiO; substrates, accordingly.
Moreover, at temperatures below 85 K, the lowest resistance
was in the sample 1 on glass, though at temperatures above
85K the highest conductivity among all the studied samples
was observed for the sample 2 on SiO, substrate. As is
also seen from Fig. 2, the lowest conductivity in the entire
studied temperature range was observed for the single-layer
sample 3 and twisted sample 4 on SiO, substrates.

The influence of technological factors on the observed
variations in Ro(T) dependences for the studied polycrys-
talline CVD graphene samples is analysed as follows.

Firstly, we should note strong difference in electric
properties of graphene sheets grown by RusGraphene
(samples 1 and 2) and that grown by MISIS and BSUIR
(samples 3 and 4). This difference consists in less sheet
resistance of samples 1 and 2 and their p-type conductance.
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Samples 3 and 4 show n-type of conductance and higher
sheet resistance (approximately 2times). Since the type of
precursors, growth temperature, and other parameters of
CVD synthesis were practically the same, they could hardly
have radically different influence on the type and value of
the graphene layers sheet conductivity. However, there is
yet one difference between these series of samples, which
consists of the technique of transferring graphene layers
from copper foil to substrates. This difference lay in the
fact that during transfer of samples 1 and 2, copper was
dissolved in ammonium persulfate, whereas for transfer of
samples 3 and 4 iron chloride was used. It is known that
ammonium persulfate is a stronger electron acceptor than
iron chloride [22]. Since it is more difficult to rinse graphene
from it before transfer, ammonium persulfate more strongly
functionalizes graphene, which leads to an increase in the
hole concentration and a decrease in the sheet resistance of
samples 1 and 2 compared to samples 3 and 4.

Secondly, it turns out that the type of dielectric substrate,
on which graphene sheets transferred from copper foil, is
more unpredictable and undetermined influencing factor,
which frequently results in contradictory behaviour of
Ro(T) curves. For example, the comparison of curves /
and 2 should reveal the effect of the substrate on the
electrical properties of the samples, grown using similar
technologies but obtained by transferring on different sub-
strates (glass and silicon oxide, accordingly). However, the
difference between these Ro(T) curves is noticeable only
at temperatures above 100 K and is practically absent below
50 K. Moreover, for a sample on glass (curve /) fluctuations
and jumps in resistance during measurement process can be
seen. Such different behaviour of curves / and 2 does not
allow to assign them only to the role of the substrate, i.e.
without taking into account the effect of other influencing
factors.

At the same time, a comparison of the Ro(T) curves
for single-layer graphene samples 1 and 3 obtained by
transfer to one type of substrates (silicon oxide) indicates
their significant similarity, although, as mentioned above,
these samples differ significantly in absolute values of sheet
resistance due to difference in techniques of sheet transfer
from copper foil on substrate. As presented in Fig. Al of
Appendix 1, in normalized coordinates Rg(T)/Rg(250K)
the observed discrepancy between curves / and 3 does
not exceed 3% below 100K, and in the temperature range
from 140 to 270K this deviation does not exceed 0.2%.
At the same time, sample 2, which has the same growth
technology as sample 1 and the same substrate as sample 3,
demonstrates at temperatures above 50K the behavior of
the Rg(T)/Rg(250K) curves different from samples 1
and 3 (Fig. A3). As was mentioned above, this is most
likely due to the difference in transfer procedure, thereby
indicating that in this case the effect of transfer is much
more significant than that of the substrate type.

To identify possible mechanisms of carrier transport in
the studied graphene samples, we re-plotted R(T) curves
in various coordinate systems.
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Figure 3. Low-temperature dependences of the normalized sheet
resistance Ro(T)/Ro(40K) of the studied graphene samples on a
semi-logarithmic scale. The numbering of the curves corresponds
to the first column in Table 1. Inset: Example of linearized part of
the Ro(T)/Ra(40K) curve for the sample 2 in a semi-logarithmic
scale.
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The analysis of the temperature dependences of the
resistance in the Mott and Arrhenius scales [17,19,20]
showed that, as in the case of sample 3 [23], samples 1
and 2 failed to reveal a noticeable contribution of hopping
and/or tunneling mechanisms to their conductivity. At the
same time, in the twisted sample 4, among other types of
conductivity, the contribution from two-dimensional hopping
transport was earlier revealed [26)].

In order to reveal other possible low-temperature mecha-
nisms of carrier transport, the Rg(T) dependences in Fig. 3
are shown on a semi-logarithmic scale and in normalized
form Ro(T)/Rg(40K). The dependences re-plotted in the
coordinates Ro—LgT indicate the following two principal
characteristic features of their behavior. First, in all samples
in Fig. 3, independently on type of conductivity, we ob-
served practically linear contributions at temperatures below
40 K. Such behavior is usually attributed to the mechanism
of interference quantum corrections to the Drude con-
ductivity [10,15,16,27] (mentioned in Introduction above)
because of inelastic or quasi-elastic scattering of carriers
by low-energy lattice vibrations and/or defects. The curves
Ro(T)/Rg(40K) in Fig. 3 feature their saturation below

b
1500 . : : ,]
/ 2
/ 3
;_d__///~ 41
5
1000 | ]
6
500 | 1
1 l 1 l 7
0 4 8
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Figure 4. Dependences of sheet resistance on the induction of magnetic field B for the samples 1 (a), 2 (b), 3 (c¢) and 4 (d) at different
temperatures T: / — 5, 2 — 10, 3 — 25, 4 — 50, 5 — 100, 6 — 200, 7 — 300 K.
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Figure 5. Dependences of the relative magnetoresistance MR = [Ro(B) — R5(0)]/Ra(0) on the induction of the magnetic field B at
temperatures T = 5 (a), 50 (b) and 300K (c). The numbering of the curves corresponds to the first column in Table 1.

3—8K, which may be due to a decrease in conductivity
of graphene layers to its minimum value (to the so-
called minimum metallic conductivity oyin) as in disordered
metallic systems when the temperature tends to absolute
zero [12]. However, as we shall show below, there may
be an alternative explanation for this saturation, which was
done in [28].

To confirm the role of quantum corrections in Rg(T)
dependences, the magneto-resistive effect was studied for all
the samples. These results are presented in Fig. 4 as Rg(B)
curves and in the form of the relative magnetoresistance
MR(B) = [Rg(B) — Rg(0)]/Rg(0) in Fig. 5.

As can be seen from these figures, curves /—4 are
mainly characterized by two contributions to the magneto-
resistive effect: negative (NMR) and positive (PMR). Their
values depend on temperature and magnetic field. The
proportion between NMR and PMR effects increases with
the temperature decreasing. The NMR effect prevails in
weak magnetic fields (below 0.4—0.8T) and low tempera-
tures (lower than 100 K), confirming the role of the above-

8 Physics of the Solid State, 2022, Vol. 64, No. 7

mentioned effects of weak localization in charge carrier
transport in polycrystalline CVD graphene [9,16,29]. It is
seen that PMR effect dominates in strong magnetic fields.
In so doing, above 4—5T, the dependences R5(B) and
MR(B) for the studied samples are close to linear, whereas
in weaker magnetic fields (but higher than 1 T) these curves
look like squared, which indicates a possible effect of the
Lorentz force on the charge carriers movement. Note that
for these samples, the PMR effect gradually increases with
temperature decreasing. At B = 8T it approaches maximal
values at T = 2K being equal to 35, 22, and 13% for the
samples 1,3, and 4, respectively.

As can be seen, the NMR effect in the studied graphene
samples exists at temperatures much higher than 10K,
which is unexpected for the two-dimensional gas in metallic
and semiconducting low-dimensional films. In our opinion,
this is possible due to high Debye temperature of graphene,
which, according to [30,31], reaches 1000K and even
higher. This means that in graphene, corrections to the
conductivity from weak localization can be caused by the
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Table 2. Fitting parameters for the studied graphene samples

Sample number Number of layers Substrate q D, m%/s 7, - 1071 s 7-1078, s TF.107" s
1 Single Glass 0.89 0.006 1.11-0.14 6.51-2.76 2.56—4.37
2 Single SiO, 0.94 0.017 1.59-0.22 439-3.13 3.22-281
3 Single SiO, 0.99 0.015 1.36—0.18 3.37-2.05 1.31-191
4 Twisted SiO, 1.02 0.018 764—14.7 1.94-1.13 0.98—1.05

interaction of charge carriers with low-energy phonons.
Inasmuch as their density is quite low at temperatures
below 100K, they do not lead to a phase breaking of
the charge carriers wave functions observed in ordinary
2D semiconductors and metals with low values of Debye
temperature.

Discuss in more detail the role of quantum corrections
to the low-temperature Drude conductivity in the studied
samples of polycrystalline graphene, based on the analysis
of the magnetic field dependences of the sheet resistance
described above. The main role of quantum corrections in
the temperature range below 50K is indicated by two main
features of the Rg(T, B) and MR(T, B) curves in Figs 3—5:
(i) the presence of linear sections on the curves [Ro(T)
vs LgT] and (ii) the detection of NMR effect in magnetic
fields lower than (0.4—0.8) T, which is replaced by PMR
effect with magnetic field and temperature increasing. These
features of low-temperature magneto-resistive effect in the
studied graphene samples indicate the possible co-existence
of quantum corrections due to weak localization [28,32], but
also due to other contributions leading to PMR effect even
in the weak magnetic fields. According to [14,28,32,33],
corrections related to intervalley scattering and violation of
pseudo-spin chirality can also lead to PMR effect [28,32,33].
The listed combination of quantum corrections to the depen-
dence of the graphene sheet resistance on the magnetic field

Ao (B) = [0(0) — o(B)] are usually described by relations
e’p? B
ARo(B) = — P |F( =
0=~ (s,

om) i) @

F(x) = In(x) + (0.5 + x~1), (3)

where ¥(x) is the digamma function. The parameter
X =B/By,i « in Eq. (2) is determined by the ratio of the
induction of the external magnetic field B to the value of
some characteristic field By i .. According to relations

hc __,4

Tp.ix = E @,i,% (4)

where D is the electron diffusion coefficient, % is the
reduced Planck constant, e is the electron charge, and
c is the speed of light. The characteristic fields B «
in (4) determine the phase breaking times 7,; . of charge

carriers for the corresponding processes of inelastic or
quasi-elastic scattering. The first term in Eq. (2) with
the index ¢ corresponds to scattering under conditions of
weak localization and determines the decoherence time 7.
The parameter B; in the second term corresponds to the
intervalley scattering time 7;. The parameter B* in the third
term of Eq. (2) is due to the violation of chirality and the
presence of ,ripple” is due to warping of the graphene
layer caused by thermal fluctuations. In this case, the
characteristic time consists of two contributions

T*il :Tujl—i—ri_l’ (5)

where 7, is the time between scattering events due to
warping on the average free path.

To estimate the characteristic times of the processes
leading to the appearance of quantum corrections to the
Drude conductivity in relation (2), we need to calculate
the diffusion coefficient D of charge carriers. Below, in
Appendix 2, we present the algorithm for the estimation of
D based on the experimental values of conductivity and the
work of Tikhonenko etal. [28]. This algorithm is given by
Equations (A2-2)—(A2-5) and results in expression

p— TOO
__ez/
0

for the effective diffusion coefficient which becomes possi-
ble to estimate the (effective) carrier diffusion coefficient.
The estimated values of D for calculation of the character-
istic times are presented in Table 2.

It follows from [12,28] that in the model of quantum
corrections under conditions of weak localization, the tem-
perature dependences of the phase breaking characteristic
times 7, have a power-law form

7o (T)

where the exponent q is determined by the phase breaking
mechanism, the theoretical values of which lie in the range
1 <q<2]12].

Application of the fitting procedure to the experimen-
tal dependences Rp(T,B) for samples 1—4 based on
Egs (2)—(7) and (A2-1)—(A2-5) for weak magnetic fields
B <1T gave the q,D, and 7,;. values presented in
Table 2. The fitting results are shown in graphical form
as well as in Fig. 6.

)[1 - T(E w]gE)E  (6)

~T79, (7)
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Figure 6. Temperature dependences of the characteristic magnetic fields

samples /—4 in Tables 1 and 2.

The fitting results confirm the power-law behavior of the
temperature dependences of the phase breaking time 7, for
the weak localization mechanism of type (7). As follows
from the slopes of the lines in Fig. 6, the values of the
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—_—

T,K

By.i.« (a b,c) and phase-breaking times 7, . (g e f); for

exponent  are in the range of 0.90—1.04 (see Table 2),
which is close to 1. This indicates that the main contribution
to the quantum corrections to the Drude conductivity can
be attributed to inelastic carrier scattering by low-energy
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Figure 7. Dependences of the sheet resistance Rg(B) on the induction of magnetic field B for the samples 1 (a), 2 (b), 3 (c) and 4 (d)
for the temperatures 5 (7), 10 (2) and 25K (3). The solid curves indicate the fitted curves and the dots show experimental dependences.

phonons [12]. Moreover, 7, values for the single-layered
samples 1—3 are practically independent on the type of
substrate, sign of charge carriers, and the growth conditions.
At the same time, the 7, values strongly decrease in the
sample 4 of twisted graphene due to its higher disordering.
As noted above, upon cooling of the samples, Rg(T)
curves tend to saturation (Fig. 3), which was attributed in
several studies to the minimum metallic conductivity Op;p.
In the context of the analysis above, this behavior of the
studied samples of polycrystalline graphene is more likely
to be associated with the temperature dependence of the
average free path of charge carriers, in particular due to its
approaching the grain sizes when cooling [28].

As can be seen from a comparison of the characteristic
times 7, . and fields B, ; . included in relation (2) for the
processes of inelastic and quasi-elastic scattering of charge
carriers, they are almost the same for the contributions
due to the violation of chirality and warping (7* ~ 7,, and
B* ~ B,), while the characteristic parameters of phase

breaking for weak localization and intervalley scattering
are significantly different, but always 77 < 7, and B, > B;.
Note also that, in the studied temperature and magnetic
field ranges, the values of all parameters in Table 2,
which are involved in the quantum correction model, are
very similar to those given in the literature for other
graphene types [34,35]. This indicates the adequacy of
our description of the experimental Rg(B) curves by the
quantum correction model, at least for the NMR effect
region. In addition, note the closeness of the values of 7*
and 7, as well as their very weak temperature dependence
(they show a small difference in these values in the range
of 2—25K, unlike that for 7,), according to [28], indicate
independence of contributions due to violation of chirality
and warping of deposits on the type of substrate.

Solid lines in Fig. 7 show the fitted Ro(B) curves, based
on Eqgs (2)—(7) at various temperatures, for the values of
the characteristic magnetic fields By j . (or phase breaking
times 7, +), presented in Table 2. As can be seen from
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Fig. 7, ¢ and d, the experimental and fitted curves Rg(B) in
the temperature range 5—25K and magnetic fields B < 2T
practically coincide with each other for samples 3 and 4.
In samples 1 and 2, the fitted curves begin to deviate
significantly from experimental, starting from fields of
approximately 1.3—1.5T. This indicates that the contribution
from the PMR in the experimental dependences Rp(B) is
described not only by the second and third terms of Eq. (2),
but also, apparently, some other mechanisms that are not
related to the model of quantum corrections (for example,
because of the Lorentz-like or any other contributions).

Note that using only the weak localization contribution,
i.e, only the first term of the Eq. (2), in the fitting
procedure of the experimental dependences R(B) for the
samples 1—4, led to a discrepancy between the experimental
and fitted curves beginning from B ~ 0.4 T. This indicates
that the Eq. (2) gives more adequate description of the
behavior of experimental R(B) curves (at least in the
region of NMR effect and at the early stages of its transition
to PMR) than if only the weak localization term in Eq. (2)
is applied.

Summary

Comparative study of electric conductivity Rg(T)
and magnetoresistance Rg(T, B) of CVD polycrystalline
graphene deposited on different substrates and using differ-
ent technological regimes clearly reveals that conductivity
type (n- or p-type) measured by Hall effect is mainly
governed by the technique of graphene transfer from Cu
foil onto the selected substrate.

The observation of positive and negative contributions
into magnetoresistance Rg(B) at T < 40K and B < 0.5T
proves that electric conductivity of CVD single-layered
graphene at T below 100K is associated basically with
interference quantum corrections to the Drude conductivity.
Independently on fabrication regimes, in single-layered CVD
graphene it originates from weak localization conditions
due to the phase break of electron wave functions due
to scattering on low-energy phonons and lattice defects,
intervalley scattering, and violation of chirality, as well as
layers warping. For the twisted CVD graphene, basing on
the [17-21], we may conclude the additional contribution
of 2D hopping conductivity into the Ro(T) and R(T, B)
dependencies.

The developed approach allowed explaining experimental
Ro(T, B) dependences for all studied samples with reason-
able parameters of fit.
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Appendix 1

It is shown in the paper that the regimes of graphene
samples fabrication evidently effect the type and value of
their conductivity. For instance, samples 1 and 2 according
to the Hall effect measurements are characterized by p-type
of conductivity and quite close values of sheet resistance
as compared to other considered CVD graphene samples.
At the same time, shape of normalized Rg(T)/Rg(250K)
curve for the sample 3 (graphene on SiO; substrate)
is rather similar to that of the sample 1 (graphene on
glass substrate) than for the sample 2 (graphene on SiO;
substrate) (see Figs Al and A2). It is seen that most
pronounced deviation between curves for the samples 3
and 1 is generally no higher than 3% (Fig. Al), while in
the temperature range between 140 and 270K is even less
comprising only 0.2%.

The peculiarity of samples 1 and 3 demonstrating
two slopes on Rg(T)/Rg(250K) curves plotted in semi-
logarithmic scale is worth noticing. It is seen from Fig. A3
that two linear sections are observed for these samples,
namely in the temperature ranges 3—50 and 50—120K
for the samples 1; in the temperature ranges 5—20 and
20—150K for the sample 3. This observation denotes
possible similarity of physical mechanisms determining the
shape of Rg(T)/Rg(250K) curves for samples 1 and 3.

At the same time, if one compares Figs A2 and A3,
temperature dependencies of resistance for the sample 2
is very different from those for samples 1 (despite the
similar technological regimes) and sample 3 (despite the
same substrate used). Particularly, this difference becomes
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Figure A1. Temperature dependences of normalized sheet
resistance Ro(T)/Rp(250K) in linear scale for samples 1
and 3 (curves I and 3, respectively).
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Figure A2. Temperature dependences of normalized sheet
resistance Ro(T)/Ro(250K) in linear scale for samples 1,2,
and 3 (curves 1, 2, and 3, respectively).
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Figure A3. Temperature dependences of normalized sheet
resistance Rp(T)/Ro(250K) in semi-logarithmic scale for
samples 1 and 3 (curves I and 3, respectively).

apparent in stronger Ro(T)/Rg(250K) dependency for
the sample 2 as compared to the samples 1 and 3 (see
Fig. A2), as well as in non-linear shape of this dependency
when plotted in semi-logarithmic scale (see Fig. A3). The
comparison of Figs 2 and 3 in the body text and Figs
A1—-A3 in this Appendix 1 allows to attribute such a
distinction to some peculiarities of the transfer process of
graphene on the substrate in these samples.

Appendix 2

In the work of Tikhonenko etal. jcite28 to evaluate the
diffusion coefficient D in graphene, the following expression
was proposed:

I

DZUF—,

5 (A2-1)
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where vpr is the Fermi velocity of charge carriers, | is
the average free path | equal to F’Lm, kp is the Fermi
momentum and n is the concentration of charge carriers.
Moreover, it is believed that only those charge carriers
participate in conductivity that are on the Fermi surface.
Thus, for defect-free graphene, this approach is most correct
at low temperatures.

Since quantum corrections in the studied graphene layers
are also observed at temperatures substantially higher than
25K [10], we offer a more general approach for calculating
D which can be used for high temperatures.

Let us represent the conducting sample as a homoge-
neous medium, neglecting the contribution of large-scale
defects, for example, grain boundaries. We assume that
the energy distribution of charge carriers is described
by the Fermi Dirac function f(E)= ——L—. Then the

. . ek +1
concentration of charge carriers can be described by the

ratio
n— [ f(E)0E)E,

where g(E) is the effective density of states in the band. We
shall use the expression [34]

(A2-2)

(A2-3)

for the relation between conductivity and diffusion co-
efficient. In this formula, the term (3—2) characterizes
the charge carriers involved in carrier transport under the
impact of electric field. Since the chemical potential u of
carriers does not enter into the density of states g(E), the
relation (A2-4) can be rewritten in the form
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The relation for the diffusion coefficient just follows from
the last expression
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Using equations (A2-2)—(A2-5), it becomes possible to
estimate the average (effective) carrier diffusion coefficient.

The proposed method for calculating the diffusion coef-
ficient provides the following important advantages: (a) the
ability to estimate D by changing the density of states g(E)
not only for single-layer graphene, but also for double-layer;
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(b) the ability to take into account the energy distribution of
charge carriers at temperatures significantly higher than for
liquid helium boiling; (c) the possibility to take into account
the shift of the Fermi level (chemical potential) 4 when an
external transversal electric field is applied to the sample
(for example, when conductivity measuring with the third
electrode).

The main limitation of this method application is that
the relation (A2-5) between ¢ and D is correct only when
we are dealing with diffusion (drift) conductivity. At low
temperatures, the experimentally measured conductivity o
can also include the contribution from other mechanisms
like hopping and others. Therefore, when assessing the
diffusion coefficient D, it is necessary to make sure that
a significant contribution of hopping conductivity is not
observed in the most of the studied samples, or we
can separate the hopping and drift-diffusion conductivity
contributions, like in sample 4.
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