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substrate have been investigated using the Shubnikov-de Haas (SdH)
oscillations technique. The magnetoresistance measurements were
performed in the temperature range between 1.8 and 43 K and at
magnetic fields up to 11 T.The 2D carrier density and the Fermi energy
have been determined from the period of the SdH oscillations. In
addition, the in-plane effective mass as well as the quantum lifetime
of 2D carriers have been calculated from the temperature and
magnetic field dependences of the SdH oscillation amplitude. The
sheet carrier density (1.42 x 10'* cm—2 at 1.8 K), obtained from the low-
field Hall Effect measurements, is larger than that of 2D carrier density
(8.13 X 10’2 cm~2). On the other hand, the magnetoresistance includes
strong magnetic field dependent positive, non-oscillatory background
magnetoresistance. The strong magnetic field dependence of the
magnetoresistance and the differences between sheet carrier and
2D carrier density can be attributed to the 3D carriers between the
graphene sheet and the SiO,/Si substrate.

KEYWORDS
B1.Graphene; A1.SdH
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1. Introduction

Because of its exceptional properties, including ballistic transport, high current density, high
thermal conductivity, chemical inertness, optical transmittance and super hydrophobicity
at the nanometer scale, graphene, a one-atom-thick planar sheet of sp?>-bonded carbon
atoms densely packed in a honeycomb crystal lattice [1-4], has been attracting interest
for applications such as solar cells, light-emitting devices, touch screens, photodetectors,
ultrafast lasers, membranes, spin valves and high-frequency electronics[5-7].

Different methods are used for graphene synthesis [8]. The first success in the synthesis
of monolayer graphene was made by the group of Geim and Novoselov using mechanical
exfoliation from bulk graphite [1]. The other mostly used methods are based on the thermal
graphitisation of an SiC surface and by chemical vapour deposition (CVD) using a metallic
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catalyst such as Ni, Cu and Ru [6]. The usages of the graphene in the device applications
require the growth of a single- or multi-layer graphene on a suitable substrate. A detailed
understanding of the carrier transport properties and scattering mechanisms of a graphene
sheet is very important because the material is a potential candidate for being incorporated
into the future generation of nano-electronic and nano-photonic devices [3,4,6].

The transport properties of graphene were studied both theoretically [9-11] and experi-
mentally [12-19]. Tiras et al. [16] published Shubnikov-de Haas (SdH) measurement results
for single-layer graphene on a SiC substrate. They calculate the electronic properties, such
as sheet carrier density, 2D carrier density, in-plane effective mass, quantum lifetimes and
power loss for single-layer graphene from the SdH oscillations. Zou et al. [14] reported
SdH measurement results for bilayer graphene on SiO,/Si substrate. They calculated the
effective mass both for the 2D hole and 2D electron gas for a wide range of carrier densi-
ties using SAH oscillations. In the study of Hong et al. [13], they published the results for
the transport lifetime and the quantum lifetime in the single-layer graphene sheets that
mechanically exfoliated onto SiO2/Si substrates using SAH measurements, and suggested
carrier mobility limiting scattering mechanisms. However, up to now, there have been no
published experimental results for the transport properties that are determined by SdH
measurement in single-layer CVD graphene (SLG) on SiO,/Si substrate.

The purpose of the present paper is to study the transport properties of the SLG sheet on
SiO,/Si substrate. We present the results of the SAH effect and low-field Hall Effect measure-
ments in p-doped single-layer graphene on a SiO,/Si substrate. The sheet carrier density, 2D
carrier density, in-plane effective mass, quantum lifetimes of 2D hole gas in a single-layer
graphene sheet were determined experimentally. A strong magnetic field dependence of
the magnetoresistance results was observed. This behaviour was attributed to the parallel
conduction in the SLG/ SiO,/Si sample. In the case of single graphene sheet on an SiO,/Si
substrate, we have a degenerate high-mobility 2D hole gas in single-layer graphene with a
much lower mobility 3D hole gas between the graphene sheet and SiO,/Si substrate.

2. Samples preparation and measurement details

In the present study, SLG, which was grown on thin-film copper and subsequently trans-
ferred to an SiO,(285 nm)/Si substrate, was used. The graphene wafers were lithographed
by conventional electron-beam lithography into Hall bar geometry with the length and
width of L = 1000 um and w = 500 pm, respectively (Figure 1(a)). The 20 nm titanium and
100 nm gold were deposited by an electron beam evaporator, and then followed with the
standard lift-off process. The mesa lithography step was performed in order to preserve
the active graphene region, while etching the rest of the graphene on the surface with O,
plasma. Interconnect metal lithography was performed using 30/220 nm Ti/Au metal pair.
Finally, devices were bonded for measurements.

The layer number of the graphene sample was identified by Raman spectroscopy. Raman
spectra were collected by the Jobin Yvon Horiba Raman Spectrometer system at room
temperature. As an excitation source, a wavelength of 532 nm (2.33 eV) from a He-Ne
excitation laser was applied. The data were collected with a 100X objective with 0.9 numer-
ical apertures. A slit size of 200 um and a hole size of 1100 um was used throughout the
measurements. The magnetoresistance (R ) measurements were performed using DC tech-
niques under a static magnetic field up to 11 T in the temperature range from 1.8 to 43 K in
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Figure 1. (colour online) (a) Optical image and (b) schematic diagram of the Hall-bar device patterned
on an SLG/Si02/Si sample.

the cryogen free superconducting magnet system (Cryogenics Ltd., Model No. J2414) with
combination of a constant current source (Keithley 2400) and a nanovoltmeter (Keithley
2182A). The current flow was in the plane of the 2D electron gas, and the current (100 pA)
through the sample was kept low enough to ensure ohmic conditions. Magnetic fields (B)
were applied perpendicular to the plane of the samples. In order to calculate the sheet car-
rier density and Hall mobility as a function temperature, the R _and Hall resistance (ny)
were measured as a function of temperature from 1.8 to 260 K under the static magnetic
fieldof 1 T.

3. Results and discussion
3.1. Raman measurement

Raman spectroscopy is known to be a powerful tool used to probe the phonon spectrum
of graphene. The Raman spectroscopy of graphene can be used to determine the number
of graphene layers and stacking order as well as the density of the defects and impurities
[20,21]. The Raman spectra exhibit a relatively simple structure characterised by two prin-
ciple bands designated as the G and 2D bands, including a third band D that may also be
apparent in spectra when defects within the carbon lattice are present [20,21]. The G band
is a sharp band that appears around 1580 cm™ in the spectrum of graphene [20,21]. The G
band position is highly sensitive to the number of layers present in the sample and is one
method for determining layer thickness and is based upon the observed position of this
band for a sample [20,21]. The D band is known as the disorder-induced band or the defect
band. The intensity of the D band is directly proportional to the level of defects in the sample
[20,21]. The 2D band is the second order of the D band, sometimes called the overtone of the
D band. Recently, they have demonstrated that the shape of the 2D Raman peak may serve
as the fingerprint to distinguish mono-, bi- and few-layer graphene [20,21]. In contrast to
the G band position, the 2D band method depends not only on the peak position but also
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Figure 2. (colour online) Raman spectra of single-layer graphene on SiO,/Si substrate.

on the band shape. The band shapes changes with graphene layer number [20]. For single
layer graphene, the 2D band shape is seen as single symmetric peak and can be fitted to
a single Lorentzian. With the increasing number of layers, the 2D band splits into several
overlapping modes and requires fitting to two or more Lorentzians. The layer number of
the graphene can also be determined by the peak intensity ratio of the 2D and G bands.
The Raman spectrum of the graphene layer on SiO,/Si substrate is shown in Figure 2. The
Raman spectrum of sample shows 2D peak around 2691 cm™. We find that the 2D band
is well fitted with a single Lorentzian (inset of Figure 2) with a full with half maximum of
34 cm™'.The G band position was also observed at 1588 cm™. On the other hand, Figure
2 shows that no disorder related D peak is observed in the graphene layers. This proves
the absence of a significant number of defects. On the other hand, the peak intensity ratio
of the 2D and G bands was calculated as 2.1 in our graphene layer on the SiO,/Si sample.
The I, /1, ratio, observation of G peak at 1588 cm™', sharp symmetric 2D peak and lack of
D peak are the confirmation for a high-quality defect-free single-layer graphene sample.

3.2. Hall mobility and sheet carrier density
The temperature dependent behaviour of the Hall mobility (¢,,) and the sheet carrier den-

sity (N) of carriers was determined from the measured R and ny using equation [16,18];

_LR
M = Y BR_

(1)

B
N, = R, (2)
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Figure 3. (colour online) Temperature dependence of the Hall mobility (u,) and sheet carrier density (N)
of hole gas in the SLG/SiO,/Si sample measured at a magnetic field of 1T.

where w and L are the width and length of the Hall bar, e is the electronic charge and B is
the applied magnetic field. 4, and N, were determined under a static magnetic field of 1.0
T and temperature between the 1.8 and 260 K. The temperature dependence of the y,, and
N_ in the SLG/SiO,/Si sample is given in Figure 3. From the polarity of the Ve, the type of
carriers for transport is determined. The results indicate that the current flow in our sample
is generated by p-type carriers and that the carrier density increases from 1.42 x 10"> cm ™~ at
1.8 Kto 1.65 x 10" cm™2 at 260 K. This monotonic increment with increasing temperature
in the N_ values is possibly due to thermally generated carriers. On the other hand, the u,,
of carriers in the SLG/ Si0,/Si sample was measured as 1323 cm?/Vs at 260 K, and its value
increases monotonically with decreasing temperature from 260 to 1.8 K. At 1.8 K, the Hall
mobility value reaches 1668 cm?/vs. This behaviour reflects the 2D character of the carriers
in the single-layer graphene [16,18].

3.3. SdHoscillations and in-plane effective mass

The SdH oscillation in the magnetoresistance of a 2D system of a single-subband that is
occupied is defined by the well-known Lifshitz-Kosevich formula [22], which has been
used in both conventional [23-27] and Dirac-like [14,16,17,19] two-dimensional systems,

A - E.—-E
s (w;q)D(,l’) exp [M—g] cos [—ﬂ( fFlco 1)] (3)

Py 4

where Ap_, p, E,, E,, w_(eB/m*), m*, H, and T, are the oscillatory magnetoresistivity,
zero magnetic-field resistivity, Fermi energy, first-subband energy, cyclotron frequency,
effective mass, quantum mobility and quantum lifetime of 2D carriers in the first subband,
respectively. The temperature dependence of the envelope function of the oscillations is
contained in the function;

Y4
sinh y

D(y) = (4)
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27r2kBT
)

c

X (5)

The longitudinal resistance (R ) measurements, as a function of magnetic field for the
Hall bar-shaped SLG on SiO,/Si samples at various temperatures from 1.8 to 43 K, were
performed. Magnetic fields (B) were applied perpendicular to the plane of the samples
(Figure 1(b)). The current flow was in the plane of the 2D electron gas and the constant
current (50 pA) through the sample was kept low to avoid self-heating. The measured
R values for SLG on SiO,/Si substrate for different temperatures values are shown in
Figure 4. The single periodicity of the SdH oscillations is easily recognised for SLG, as shown
in Figure 4. The SdH oscillations are superimposed on a rising positive non-oscillatory
background magnetoresistance. The background values of the R show much stronger
magnetic field dependence. This behaviour is attributed to the parallel conduction due
to the 3D carriers between the graphene layer and the SiO,/Si substrate [13,28-33]. In
our study, the graphene layers were grown on copper foil by CVD and transferred to the
SiO,/Si substrate. It is possible for residual copper atoms to remain between graphene
layers and SiO, dielectric materials. This 3D carrier comes from the residual copper atoms
between the graphene layer and SiO,.

In order to reveal the SdH oscillations from the measured R | data, the negative second
derivative —6627 with respect to the magnetic field of all the experimental magnetore-
sistance data was calculated. Figure 5 shows the results of this procedure. This technique
does not change the peak position or the period of the oscillations. As seen in Figure 5, the
SdH oscillations extracted from the measured R _data have well-defined envelopes and
they are symmetrical about the horizontal line. In addition, the SdH oscillations have been
obtained by subtracting a fitted linear function from the raw experimental data. In the low
magnetic field regime (B < 8 T), the SAH oscillations are relatively small. For this reason,
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Figure 4. (colour online) Magnetoresistance (R, ) as a function of the magnetic field measured at various
temperature values in the SLG/SiO,/Si sample.
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Figure 5. (colour online) Magnetic field dependence of the SdH oscillations measured at various
temperature values in the SLG/SiO,/Si sample. The full curves through the experimental data used to
guide the eyes.

we did not show it in the graph. The SdH oscillations damping was measured as a function
of ambient temperature. The amplitudes of the oscillations are found to be strongly damped
by increasing temperature (Figure 5).

The in-plane effective mass (m") of 2D carriers can be extracted from the temperature
dependence of the SAH amplitude at a constant magnetic field using [14,16,23,27],

(T,B,) Tsinh(—z'[z::;"w")
(TO’Bn) - Tosinh(m>

b

(6)

oS

heB

n

In Equation (6) the amplitudes of the oscillation peaks observed at amagnetic field B, and
at the temperatures T and T are defined with the A(T, B,) and A(T,, B,), respectively. As
shown in Figure 6, the relative amplitude A(T, B,) and A(T,;, B,) decreases with increasing
temperature in accordance with the usual thermal damping factor [13,14,16,23,27]. By fitting
Equation (6) to the experimental data, the m* of 2D hole gas in SLG on SiO,/Si substrate
has been determined. The m* of 2D holes are found to be 0.0599m, at a magnetic field of
9.38 T. A similar fitting process was made for all the oscillation peaks observed in the mag-
netic-field ranging from 8 to 11 T. In this magnetic field range, the in-plane effective mass
of 2D holes is essentially independent of the magnetic field. Borghi et al. [11] has showed
that the Fermi-surface effective mass in single-layer graphene sheets vanishes in the low
carrier-density limit. In our study, the higher 2D carrier density (8.13 x 10'> cm™) in the
single-layer graphene caused us to measure the non-vanishing in-plane effective mass values.

3.4. The 2D hole gas density and Fermi energy

The period of the SdH oscillations has been obtained from the plots of the reciprocal mag-
netic field (1/B, ), at which the nth peak occurs against the peak number (#). In case only one
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Figure 6. (colour online) Temperature dependence of the normalised amplitude of the SdH oscillation
peak measured ata magnetic field of 9.38 T. The least-squares fit of Equation (6) to the experimental data
is given with a full curve.

subband is occupied by hole gas, the graph of 1/B, vs. n gives a straight line (Figure 7(a)),
the slope of which yields the oscillation period, A(1/B). The Fast Fourier Transformation
(FFT) of the SdH oscillations (inset of Figure 7(a)) confirm that only the first subband is
populated. The Fast Fourier spectrum of the SdH oscillations for various temperatures was
given in Figure 7(b). As seen in the figure, the oscillation period (hence the carrier density) is
found to be essentially independent of temperature. The 2D carrier density () in the SLG/
§i0,/Si sample has been calculated using the formula given in Equation (7) [14,16,23,24,27],

L 8ge

2
. [ﬂnwh E. —E,
m* = 2 = 7 (8)
F F

In the equation, g, g, are the spin and valley degeneracy and taken as two for each other
in graphene materials and the e, /i and E,~E, are the electric charge, Planck constant and
Fermi energy with respect to the first subband energy, respectively. The n, was calculated
from the period of the SdH oscillation. The effective mass and the (E,~E) are determined
using Equation (8), where the 2D carrier density is obtained from the SdH period and
v, = 1.1 x 10® cm/s adopted from the literature. The 2D hole gas density, effective mass and
the (E,~E,) were found to be 8.13 x 10'> cm™, 0.0532m, and 324.19 meV at 1.8 K, respec-
tively, and their values are essentially independent of temperature in the range from 1.8 to
43 K. A good agreement is seen between the effective mass values obtained from temper-
ature-dependent SdH oscillation (0.0599m,) and from the period of the SdH oscillations.
However, the sheet carrier density, calculated from the Hall measurements, increases from
1.42 x 10" (at 1.8 K) to 1.51 x 10" cm™? (at 43 K) between the temperature range of 1.8
and 43 K. Increments in the sheet carrier density are explained as the thermal ionisation of
the 3D carriers in the SiO,/Si substrate, meanwhile concentration of the 2D carriers in the
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Figure 7. (colour online) (a) The reciprocal magnetic field (1/B,) plotted as a function of the oscillation
peak number (n). The solid line on the graph is the least-squares fit to the experimental data. The inset
shows the fast Fourier spectrum of the SdH oscillations. (b) The FFT of the SdH oscillations measured at
various temperatures.

SLG essentially kept constant. In our study, the sheet carrier density is larger than the 2D
carrier density calculated from the SdH oscillation. The carrier density differences between
two calculations methods are attributed to the bulk 3D carriers between the graphene sheet
and the SiO,/Si substrate [13,28-33].

3.5. The quantum life time of 2D carriers

The quantum life time (7,) is related to the Landau level broadening through I' = h/27
induced by the potentials associated with the carrier-scattering mechanisms [13,34-38].
While 7, is given by the total scattering rate, in which every scattering event is equally
weighted, and is dominated by small-angle scattering, 7, is weighted by the scattering angle
and hence contains no contribution from forward scattering and only a little contribution
from small-angle scattering [13,34,35]. The relationship between 7, and the 7, gives useful
information about the nature of the complex scattering scenarios of 2D electrons (2DEGs)
in the system [36,37]. For example, in the modulation-doped GaAs 2DEGs systems, the
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Figure 8. (colour online) (a) Measured magnetoresistance (R, ) data as a function of magnetic field and
linear function that fitted to the experimental data R, and (b) SdH oscillations after subtractions of the
linear function from the measured R_data.

long-range nature of the scattering potential of the remote ionised impurity scattering
usually results in the scattering time ratio 7,/7_>>1. On the other hand, short-range scat-
tering from an alloy disorder potential results in T/7,~1 [36-38]. However, in the system,
when alloy scattering and ionised impurity scattering are simultaneously present, a more
complicated behaviour for 7,/7_ would be expected.

The 7 and 7, are determined from the SdH oscillations and the low-field Hall Effect
measurements [13,16,34]. The 7_is one of the factors that control the envelope of the SAH
oscillations. As a consequence, the quantum lifetime, and hence the quantum mobility
(yq =eT q/m*) ares determined from the magnetic field dependence of the SdH oscillations
amplitudes at any given constant temperature using known effective mass values [13,16,34],

A(T, B,)sinh *
ln< (T, B,)sin )():C_ﬂm 1

P ez, B, ©)
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Figure 9. (colour online) Dingle plots of the SdH oscillations for obtaining the quantum lifetime of the
2D hole gas in the SLG/SiO,/Si sample. The least-squares fit of Equation (9) to the experimental data is
given with full straight lines.

The equation given above is called a Dingle plot, where A(T, B,), w_and C are the amplitude
of the nth oscillation peak at temperature T and magnetic field B , cyclotron frequency
and a constant, respectively. The y is defined in Equation (5). In order to calculate Dingle
temperature, quantum mobility and quantum lifetime from the Dingle plot, we calculated
the A(T, B,) of the SAH oscillation from the raw data. As shown in Figure 8(a) and (b),
firstly, a linear function was fitted to the measured R _values and subtracted from the R
and obtained SdH oscillations (A(T; B,)).

Figure 9 shows the Dingle plots for the SLG/SiO,/Si sample at 1.8 K. There is a good
agreement between the experimental data and the straight line described by Equation (9).
The linear behaviour of the experimental data indicates that the 7_is independent of the

q

magnetic field as assumed in Equation (9).The quantum lifetime is obtained from the slope
of the Dingle plot using the values of m* that are determined from the temperature depend-
ence of the SAdH oscillations. The Dingle temperature, quantum mobility and quantum
lifetime from the Dingle plot are determined at 1.8 K as 66.8 K, 550 cm?/Vs and 18.46 fs,
respectively. The measured values of T, and p, are all independent of the magnetic fields
and temperature in our range of measurements. In our study, the 7, value is calculated from
the low-field Hall Effect measurements as 56.80 fs. The 7,/7, ratio is obtained as 3.08. The
transport lifetime to quantum lifetime ratio found for SLG on SiO,/Si substrate is consist-
ent with the previously published data [13].The scattering from the 3D charges, which stay
between the graphene and the substrate and the source of the parallel conduction, limited the
mobility of the 2D carriers in the single-layer graphene on the SiO,/Si substrate. Recently, a
systematic comparison between 7,and 7_has been made in the single-layer graphene sheets
that mechanically exfoliated onto SiO,/Si substrates by Hong et al. [13]. In their publications,
they suggested that the mobility in the single-layer graphene on SiO,/Si samples is limited
by scattering from charges staying within 2 nm of the graphene sheet.
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4, Conclusions

In the present study, the 2D carrier density, effective mass, quantum lifetime, the sheet car-
rier density and the transport mobility of 2D hole gas in the SLG/SiO,/Si sample have been
determined by SdH oscillations and low-field Hall effect measurements. The sheet carrier
density is larger than that of the 2D carrier density calculated from the SdH oscillations.
The differences between the sheet carrier density and 2D carrier density are attributed to
the 3D carriers between the SL graphene and the SiO,/Si substrate. The transport lifetime
to the quantum lifetime ratio found for SLG on anSiO,/Si substrate is 3.08.
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