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Abstract—An increase of mobility up to ~2600 cm?/Vs is
observed in graphene by Hall bar characterization within the
temperature range from 40 K to 300 K. The increasing trend
is attributed to Coulomb scattering by employing theoretical
modeling based on the momentum relaxation time
approximation of the Boltzmann transport equation. We also
find that at room temperature and for higher charge densities
additional mechanisms such as lattice defect and/or substrate
corrugation scattering become important and restrict the
mobility down to only ~200 cm?*/ Vs and carrier mean free
paths well under ~35 nm.
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1. INTRODUCTION

The high carrier mobility and its atomically-thin crystal
structure make graphene a promising two-dimensional
(2D) material for applications in electronics, photonics and
other engineering fields [1]-[3]. However, successful
integration of graphene monolayers into CMOS is limited
by the lack of cost-efficient growth methods on CMOS
compatible substrates. Recently, an appropriate substrate
for growing graphene was found in Ge, mainly due to very
low solubility of carbon [4]. While Ge(110) is superior in
terms of graphene grain formation and mobility [4],
Ge(001) is more compatible with the standard Si(001)
wafers and process flow [5], [6]. For graphene growth on
Ge(001) substrates, carrier mobility ranging from a few
~100 cm?Vs [7] to ~10,000cm?*Vs [8] at room
temperature and low carrier density is reported. However,
in the latter case it is unclear what limits the mobility at
low densities, and transport features at high carrier
densities remained unknown.

Complementary to experiments, theoretical modeling
and numerical simulations of carrier transport can provide
physical insights into material and device properties [9]—
[11], which allows an optimization of processing
parameters. In this work, we employ the momentum
relaxation time (MRT) approximation of the Boltzmann
transport equation to calculate electron/hole mobility for
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Fig. 1. Schematic illustration of 8-contact Hall bar devices. L =20 pm,
a=5um,b=5pm,c=2pm,w=>6pm, p =2 um.

all relevant scattering mechanisms ranging from phonon,
over Coulomb to substrate roughness scattering.
Calibration on temperature-dependent measurements
allows the extraction of graphene and substrate quality
parameters such as lattice defect or charged impurity
density. We report that the mobility increases with
increasing temperature from 40 K to 300 K, which is
attributed to the dominant impact of Coulomb scattering,
and that it reaches ~2600 cm*Vs at T =300K, being
limited by substrate roughness/corrugations and/or defect
scattering within graphene.

II. METHODOLOGY

A.  Fabrication and Characterization

The fabrication process of 8-contact Hall bar devices
(Fig. 1) from chemical vapor deposition (CVD) grown
graphene involves several steps. Firstly, a layer of
graphene is grown on a Ge/Si(001) substrate using the
CVD technique at 885 °C. The graphene layer is then
transferred onto a target substrate (SiO- in this work) using
a polymer-based electrochemical delamination transfer
method. Next, lithography is used to define the device
geometry, followed by etching of the unwanted graphene
using reactive ion etching (RIE) process. After graphene is
patterned, Au metal contacts are deposited using a thermal
evaporation technique, followed by lift-off procedure of
the polymer resist. Finally, the devices were annealed at
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Fig. 2. Photograph under an optical microscope of the 8 contact Hall bar
device under study.

250 °C temperature to improve the contact resistance
between the metal contacts and the graphene monolayer.

Hall bar measurements in the range of 40 — 300 K in the
magnetic field up to 1 Tesla were used to investigate the
electronic and transport properties of graphene Hall bar
devices (Fig. 2). The Hall effect occurs when a magnetic
field is applied perpendicularly to the direction of current
flow in a conductor. This creates a transverse voltage
across the conductor, which is proportional to the strength
of the magnetic field and the carrier density of the material.
By measuring the Hall voltage as a function of magnetic
field strength and temperature, information about the
carrier mobility, carrier sheet density, and carrier type was
extracted. The range of 40 — 300 K is chosen to study the
material behavior at both room temperature and lower
temperatures where quantum mechanical effects related to
Dirac transport become more pronounced.

B.  Theory and Numerical Simulations

The main goal of this paper is to find the mechanisms
responsible for the increase of mobility with temperature
in the fabricated graphene samples, and to estimate quality
parameters of graphene and substrate upon which it is
deposited. We calculate carrier mobility by employing the
MRT approximation of the Boltzmann transport equation
[9], [10], [12], thus building on our previous work [13],
especially concerning quasi-one-dimensional graphene
nanoribbons [14], [15]. Mobility in graphene is limited by
various scattering mechanisms that are more or less
significant for the overall transport depending on e.g.
temperature and carrier density. In this work, we
implement all relevant mechanisms such as scattering on
intrinsic acoustic phonons (AP) [16] and optical phonons
(OP) [10] in graphene, surface optical phonons (SOP) [17]
that originate from the dielectric substrate, Coulomb (CO)
scattering originating from charged impurities on the
substrate [11], atomic-scale lattice defect (DEF) scattering
[18] from missing carbon atoms, and surface roughness or
substrate corrugation (COR) scattering [11].
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The expressions for MRT spectra are given in the
literature, and here we explicitly define only the two most
relevant ones. For Coulomb impurity scattering the
energy-dependent CO scattering rate is given as in [11],
ie.
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where N, represents the aerial density of charged
impurities, gs is the screening wave vector, while ds is the
distance between impurities, i.e. the substrate, and the
graphene sheet. The screening function considered in this
work is static and equals
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where ¢ is graphene dielectric constant, and vr is the Fermi
velocity in graphene. Screening is taken into account for
the CO and SOP MRT calculations. Another important
scattering mechanism defined here is the substrate
corrugation scattering which is assumed to arise after
graphene sheet is deposited on the (oxide) substrate that is
not perfectly flat. The energy-dependent COR scattering
rate is given as in [11], i.e.
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where ns is the gate-induced sheet carrier density, A is the
rms height and L is the correlation length for the
corrugations or roughness of the substrate. In the
experiments, the ng is found from the current, magnetic
field and Hall voltage, whereas in the simulations the ng is
defined by Fermi level shift in graphene.

After each MRT spectrum is known, the mobility
limited by each of the different mechanisms is calculated
by energy averaging [10], [14], [19]. For example, the
COR-limited mobility is designated as ucor, the SOP-
limited mobility is designated as usop, and so on. After
calculating these components, the total mobility is
calculated using the Matthiessen’s rule defined as

1
Hror

“

1
m /'Im
where m presents individual scattering mechanisms.

Unless stated otherwise, the constants and parameters used
in the simulations are those defined in the cited literature.
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III. RESULTS AND DISCUSSION

Figure 3 shows the fitting between the measured and
simulated mobility in the temperature range from 40 K to
300 K. The simulated curve is obtained for the charge
carrier density n=1.867 x 10'>cm™, close to carrier
density maintained in Hall measurements. Other
simulation parameters set to achieve the fitting in Fig. 3
are as follows: density of impurities
Nimp=2.18 x 10" cm™ (for CO scattering), defect
concentration Ny = 0.18 x 10'° cm™ (for DEF scattering),
and rms height A=13nm and the correlation length
L=2nm (for COR scattering). The simulated mobility
matches the experimental data well, especially for
T> 100 K, while for lower temperatures the mismatch is
smaller than 8.5%. We attribute this difference visible for
T <100 K to simplifications in scattering modeling such
as equipartition approximation for acoustic phonons,
absence of an incomplete ionization model, using a very
simple screening model etc.

Generally, mobility increases with temperature with the
values of the measured mobility ranging from
2226 cm?/Vs to 2626 cm?/Vs, while the simulated mobility
being in the range from 2390 cm?Vs at T=40K to
2640 cm*Vs at T=300K. Given this increase with
temperature, only two mechanisms could be responsible
for the overall mobility behavior, i.e. CO and/or COR
scattering. In the case of CO scattering, increasing T
increases the average kinetic energy of carriers, which in
turn decreases CO-MRT rate as given in Eq. (1), increases
screening according to Eq. (2), with both effects resulting
in uco increase with temperature. In order to clarify this
issue, in Fig. 4 we plot the impact of temperature increase
on the individual mechanisms and we can see how they
contribute to the total mobility according to the
Matthiessen’s rule. Clearly, CO scattering, followed by
COR scattering, exhibit the strongest impact on the total
mobility, and are responsible for the overall increase of
Uror Wwith increasing temperature. In contrast, other
mechanisms such as AP, OP, SOP and DEF scattering
become stronger at higher temperatures. If, for example,
SOP or DEF scattering become dominant in certain
graphene samples, that would be seen from a moderately
decreasing uror with increasing temperature. The pop is
several orders of magnitude higher than mobilities limited
by other sources of scattering and is, therefore, of little
significance for electron transport in our samples.

It is worth looking into MRT spectra to investigate the
relative influence of different mechanisms of scattering at
room temperature, as reported in Fig. 5 for 7= 300 K. We
observe that at low (kinetic) energies the strongest
mechanism is the CO scattering with rates as high as
~10" 57!, whereas at energies E> 0.17eV the COR
scattering dominates over all other scattering mechanisms.
For E> 0.5 eV the CO scattering becomes the weakest
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Fig. 3. Comparison between the measured and simulated temperature-
dependent electron mobility in the range 40 — 300 K.
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Fig. 4. Temperature-dependence of individual mobilities limited by
different scattering mechanisms.
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Fig. 5. Scattering rate spectra at 300 K for all the included scattering
mechanisms.

mechanism, with the lowest rate of ~4 x 10''s™' at

E =1 eV, and the weakest influence on uror. We note that
for all spectra, except for the CO mechanism, the scattering
rate increases with energy and most mechanisms reach the
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Fig. 6. Mobility in graphene vs. charge density at 300 K for all the
included scattering mechanisms.

rate of ~5 x 10'2 s~! at high energies. In turn, the increasing
scattering rate results in mobility decrease with increasing
kinetic energy, except for the CO scattering that behaves
oppositely.

The previous assertions about the scattering spectra are
confirmed in Fig. 6 where we show the mobility as a
function of carrier charge density for 7= 300 K. When n
increases, the total mobility first increases up to
2708 cm?/Vs at n = 1.26 x 10'2cm2 and after that point it
starts to decrease. In this point of the local mobility
maximum the mean free path (MFP) equals
h,u\/E/q =35.5 nm. As shown in Fig. 6, at low carrier
concentrations the limiting factor is the CO scattering and
for the higher concentrations the COR scattering is
dominant. Hence, increasing yco for low n, and decreasing
Ucor for high n determines the uror-n characteristic, at least
in the current constellation of simulation parameters. The
only other way that could provide a decreasing uror with
increasing n, as reported in all experiments so far [7], [8],
[20], [21], is to assume COR scattering to be negligible,
and DEF scattering strong at high kinetic energies or
carrier densities, well above the initially assumed value of
Nar=0.18 x 101 cm™, e.g at about ~10'!'cm™. The
increased Ngr would infer a rather short average distance
between individual defects of ~32 nm, assuming their
distribution in a perfectly square arrangement. Hence,
Nar=10"cm™2 seems unrealistically high when
compared to previously fabricated graphene by the same
group at IHP [6]—[8], and this should be further analyzed
by a detailed Raman spectroscopy study.

Finally, while the Hall measurements are done at
different temperatures, but at the same carrier density, the
well-calibrated transport model presented here allows us
to extract the mobility at technologically more relevant

densities up to n~10%cm™= At these values
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corresponding to e.g. strong inversion in field-effect
(FETs), the simulated mobility equals
200 cm?/Vs. While this value is orders of magnitude lower
than in suspended graphene samples at low temperatures
[21], it is much higher than the field-effect mobility
measured or simulated in ultra-thin semiconductor layers
of comparable thickness [22], [23], [13], [24].
Additionally, the MFP in this case equals
h,u\/E/q:7.4 nm, which is comparable to channel
length in modern CMOS FETs and should allow for at
least quasi-ballistic carrier transport.

transistors

IV. CONCLUSIONS

The quality of graphene and substrate upon which it is
grown are analyzed by a coupled experimental and
theoretical study of carrier mobility. The Hall bar
structures were characterized in the temperature range
from 40 K to 300 K at moderate charge density, whereas
MRT approximation of the Boltzmann transport equation
is used to theoretically calculate scattering spectra of all
relevant scattering mechanisms. The experiments reveal
an increasing uror with increasing temperature, which is
reproduced by simulations and attributed to CO scattering
with Ny =2.2 x 10" ecm™ over the entire temperature
range. Regarding charge density dependence and room
temperature characteristics, the theory predicts either
strong COR scattering with high roughness/corrugation
amplitudes (A=13nm, L=2nm) or a high density of
lattice defects within the graphene monolayer
(Nag> 10" cm™) to achieve a good match with
experimental data. Therefore, additional improvements are
needed in the transfer process to reduce defect density
and/or graphene corrugations if mobilities greater than
2700 cm?/ Vs and MFPs above 35 nm are needed.
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