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Substrate-limited electron dynamics in graphene

S. Fratini’? and F. Guinea?®
Unstitur Néel-CNRS and Université Joseph Fourier, Boite Postale 166, F-38042 Grenoble Cedex 9, France
2Instituto de Ciencia de Materiales de Madrid, CSIC, Sor Juana Inés de la Cruz 3, E-28049 Madrid, Spain
(Received 26 March 2008; published 13 May 2008)

We study the effects of polarizable substrates such as SiO, and SiC on the carrier dynamics in graphene. We
find that the quasiparticle spectrum acquires a finite broadening due to the long-range interaction with the polar
modes at the interface between graphene and the substrate. This mechanism results in a density dependent
electrical resistivity, which exhibits a sharp increase around room temperature, where it can become the
dominant limiting factor of electron transport. The effects are weaker in doped bilayer graphene due to the
more conventional parabolic band dispersion. Amorphous substrates, such as polymethyl methacrylate, can
induce a room temperature resistivity of comparable magnitude, although with a weaker temperature

dependence.
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I. INTRODUCTION

Remote phonon scattering is a known limiting factor
of the electron mobility in two-dimensional artificial struc-
tures of technological interest, such as Si metal-oxide-
semiconductor field-effect transistors (MOSFETSs).!~* Due to
the polar nature of the gate dielectrics used in such devices,
the carriers in the conducting channel electrostatically couple
to the long-range polarization field created at the conductor
and/or dielectric interface. The interaction primarily
occurs with optical phonon modes of high frequency
(50—-200 meV), which do not affect transport at low tem-
peratures. However, it results in a sizable degradation of the
mobility at room temperature (i.e., the temperature of device
operation) and becomes the dominant scattering mechanism
in devices with high-« gate dielectrics.

The interaction with the phonons of the gate dielectric has
been recently investigated in another class of electronic de-
vices, where the Si inversion layer is replaced by a crystal-
line organic semiconductor.>® In organic field-effect transis-
tors, due to the narrow-band nature of the active material
(typical bandwidths are less than 0.5 eV), the energy scale
associated with the remote phonon interaction can become
comparable with the bandwidth, which results in carrier self-
localization. In this case, the effect is more dramatic than in
Si MOSFETs: the mobility is not only strongly reduced by
the interactions, but it also acquires an exponentially acti-
vated temperature dependence due to the hopping motion of
the localized carriers.

Graphene—an atomically thin sheet of carbon atoms—is
another system where the long-range coupling to the polar
modes of the substrate can have a sizable influence on carrier
dynamics. Compared to the two-dimensional electron gas
formed in Si inversion layers, the effect here is enhanced due
to the poor screening properties of the quasiparticles close to
the nodal points, which behave as the Dirac fermions. Al-
though most experimental studies of transport in graphene up
until now have focused on the low temperature regime,”? its
possible use as a material basis for future electronic devices
calls for a deeper understanding of the room temperature
behavior.”13
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In this work, we calculate the effects of remote phonon
scattering on the dynamics of electrons in graphene.'* Unlike
other scattering mechanisms such as disorder'>'? or acoustic
phonon scattering,”’ the microscopic parameters of the re-
mote electron-phonon interaction are known a priori from
independent measurements, so that, in principle, its effects
can be quantitatively estimated. We show that in epitaxial
graphene grown on SiC, the polar phonon scattering has only
a weak effect on the electron mobility due to the weak po-
larizability of the substrate and the relatively high phonon
frequencies associated with the hard Si-C bonds. The effect
is much larger at graphene and/or SiO, interfaces where, at
room temperature and at the typical densities n= 102 cm™
attained in current experiments, it gives rise to resistivities of
the order of 100 (). Comparable results are expected if the
substrate is polymethyl methacrylate (PMMA),!? although in
that case the resistivity has a weaker temperature depen-
dence, which is associated with the continuum of low-
frequency excitations that determine the dielectric polariz-
ability of such amorphous material.”! These results suggests
that, as in traditional Si based electronic devices, remote
scattering with the substrate phonons can indeed constitute
an important limiting factor of the mobility in future
graphene devices.

II. MODEL
A. Dielectric properties of the interface

Insulating substrates induce fluctuating electric fields that
can couple to, and partially screen, external perturbations. In
bulk dielectrics, such screening properties are characterized
by the frequency dependence of the dielectric constant,

which can be written as
ew)=et X [0 (1)
i (1)T0 - W
Here, €, is the dielectric constant at high frequencies, w%
denote the transverse optical modes of the dielectric, and the

dimensionless quantities f; measure the contribution of each
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mode to the screening properties of the material. The static
dielectric constant is €,= €(0).

When a graphene sheet is deposited on a dielectric sub-
strate, the electron charges couple to the polar modes that
arise at the surface of the substrate!>?? (the bulk polariza-
tion vanishes outside the dielectric). Neglecting the dielectric
response of the atomically thin graphene layer, the frequen-
cies wgi) of the corresponding surface modes are determined
by the equation

ew)+1=0, (2)

where 1 represents the dielectric constant of air. When only
one polar mode is present, the above equation leads to the
simple result,

12
1+es)/. 3)

;= CUTO( l+e
o0

In this case, the frequency of the surface mode lies between
the transverse frequency wr, and the longitudinal frequency
L 0=wro(€/ €.)""* of the bulk. When more than one polar
mode contribute to the dielectric constant, the above equa-
tion [Eq. (2)] must be solved by taking into account the
specific values of the oscillator strengths f;. The latter can be
directly inferred from the experimental data by appropriately
defining the “intermediate dielectric constants” ¢;, which are
evaluated at frequencies just above each resonance w%, as
described in Ref. 3. The oscillator strengths are then given by
the differences f;=¢€,_;—¢;, whose sum equals €,— €.

B. Remote phonon scattering

The coupling between the electrons in graphene and the
field induced by a surface mode of the dielectric is described
by the following Hamiltonian:

Hen= 2 Mpilby+b_j), )
q

where bj{i and b_; are creation and destruction operators for
surface phonons with momentum g parallel to the graphene-
substrate interface, and the electron density operator p; is the
Fourier transform of

p(N= 2 ViAW) + VAV, ()
i=K,K'

As customary, here, the indices K,K’ denote the two non-
equivalent valleys and A,B denote the two graphene sublat-

tices. The interaction matrix element M is defined as'=2
e
—e
M;=\g—, (6)
Vg

where g is a dimensionless coupling parameter defined be-
low. From Eq. (6), we see that the potential induced by a
polar mode of momentum ¢ decays as e 2%*/g. Due to the
finite distance between the substrate and the graphene layer,
this potential is smooth over lengths comparable to the lattice
constant of graphene, which allows us to neglect intervalley
scattering.
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The dimensionless coupling parameter g introduced in
Eq. (6) is given by

2
—. (7)

Here, vy=10° cm/s is the Fermi velocity in graphene, a
=1.42 A is the C—C bond distance, w, is the frequency of the
surface phonon mode under consideration, and z is the dis-
tance between the graphene layer and the substrate. The total
strength of the remote phonon scattering turns out to be pro-
portional to the parameter

€,— €,

T e+ (et 1) ®

B
which is a combination of the known dielectric constants of
the substrate and is a measure of the polarizability of the
dielectric interface. In the following, we separately consider
the case of epitaxial graphene grown on SiC, which of
graphene flakes deposited on SiO, and on PMMA substrates.

In 6H-SiC, there is a single surface phonon mode at
,=116 meV.?? The dielectric constants of the bulk material
are €=9.7 and €,=6.5, which yields $=0.040 and g
=1.7x 1072

In the case where several surface modes are present, as in
Si0,, each mode couples through a partial factor B; weighted
by the corresponding oscillator strength f; (the sum of all B;’s
still given by B defined above). For example, in crystalline
Si0, (€,=3.9, €,=2.4), the solution of Eq. (2) with the pa-
rameters given in Ref. 3 yields two dominant surface modes
at »V=59 meV and =155 meV, with 8,=0.025 and
B,=0.062, respectively (8=0.087), which correspond to g,
=5.4X 1073 and g,=3.5X1072. These values are enhanced
by roughly 50% in common SiO, glass, where €,=2.1. For
completeness, we also give the values for the high-« dielec-
tric HfO, that has been used in recent experiments on locally
gated graphene:** €,=22, €,=5, $=0.12, and w,=94 meV,
so that g=4.2 X 1072,

The dielectric function of amorphous PMMA also shows
a significant frequency dependence,”’ varying from e
~2.8-3.9 to €,=2.2, which signals a degree of polarizabil-
ity comparable to SiO,. The modes responsible for this fre-
quency dependence range from a continuum of anharmonic
excitations at low frequencies, 0= w= w.~0.02 eV, such as
two level systems typical of amorphous systems, to short
wavelength intramolecular phonons at higher frequencies,
w=0.15 eV. The specific features arising due to the disor-
dered nature of PMMA will be discussed in Sec. IV D.

III. SCATTERING RATE

The quasiparticle scattering rate arising from the remote
electron-phonon interaction described above can be calcu-
lated as

T
INw)= EE AP,qMé{E(eerq - o+ wy)[ng +ny]
q

+ 8€piq— lo— w|)[np+1-ngl}, 9)

where the band dispersion is w= * €,= X vp, ng is the Bose
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FIG. 1. Quasiparticle’s scattering rate due to remote phonon
interaction as a function of energy for single-layer (top) and bilayer
(bottom) graphenes, with the parameters appropriate to an SiC (left)
and a SiO, (right) substrate, respectively. All curves are calculated
at 7=300 K. The full and dashed lines correspond, respectively, to
undoped, Er=0, and heavily doped, Ep=0.6 eV cases. Notice the
different axis scales in single-layer (top) and bilayer (bottom)
graphenes.

distribution for phonons of energy w,, and ny,ny are the
Fermi functions for electrons at w * w,. The factor

_ 1 +5c0s(Ppiq = Bp)
Pq~ 2

A (10)
is the spinor overlap for intraband (s=1) and interband (s
=-1) scatterings, respectively, where ¢, defines the direction
of p. To a first approximation, dynamic screening from the
conduction electrons can be accounted for by replacing 1/¢q
— 1/(g+q,) in the interaction matrix element M;, where ¢
=4e’ky/fivy is the Thomas—Fermi screening length.> This
approximation assumes that the electrons instantaneously re-
spond to the lattice vibrations and therefore constitutes a
lower bound to the scattering rate. An upper bound is ob-
tained by plainly neglecting screening. In the regime of in-
terest here, this leads to resistivities approximately four times
larger than the ones shown.

We set the graphene and/or substrate distance to the rep-
resentative value z=4 A. At the typical thicknesses of the
substrates used in current experiments (several hundreds of
nanometers), the screening by the metallic gate can be fully
neglected. Also note that our calculations do not include
other effects that could modify the dielectric properties of the
interface, such as the presence of a layer of H,0.%¢

Equation (9) can be directly generalized to bilayer
graphene by considering a parabolic band dispersion e,
=vlzpp2/ t,, with t;, ~0.35 eV as the interlayer hopping pa-
rameter. In that case, the screening wave vector becomes
independent of band filling, ¢,=4t, /vy, and the spinor
overlap changes to [1+s cos 2(¢h,,q— ¢y)]/2. We also take a
slightly larger separation z=6 A, which corresponds to the
average distance of the bilayer to the interface, although, in
principle, the electron-phonon coupling differentiates be-
tween the two graphene sheets.

In Fig. 1, we show plots of the scattering rate I' corre-
sponding to single-layer and bilayer graphenes on the two
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different substrates SiC and SiO, for both undoped (E=0)
and heavily doped (Er=0.6 eV) graphene. In all of the cases,
the scattering rate is suppressed in a window = w, around the
Fermi energy (where it actually vanishes at T=0 because in
that case, phonon exchange is forbidden in all this range).
The absolute value of I' at the chemical potential, which
enters in the calculation of the dc conductivity, is propor-
tional to both the coupling strength g and the phonon thermal
population, i.e., I' < ge=*/". The anomalously large scattering
rates obtained for undoped single-layer graphene (full lines
in the upper panels of Fig. 1) compared to all of the other
cases are related to the poor screening properties of Dirac
electrons close to the neutrality point. Note that, although the
scattering rates calculated here are of comparable magnitude
as those arising from the intrinsic in-plane vibrations of
graphene,”’ remote phonons have a much stronger influence
on electronic transport due to the smaller oscillation frequen-
cies involved (see below).

IV. CONDUCTIVITY
A. Boltzmann equation

We calculate the electrical conductivity through the Boltz-
mann equation. Taking into account spin and valley degen-
eracy, the dc conductivity of single-layer graphene can be

expressed as
e? dn

o= ;jdw|w|f‘,‘rl(w)<— T;) (11)
Here, I',(w) is the transport scattering rate, which is defined
as in Eq. (9), with the additional angular factor [I
—5 coS(¢pp.q—#p)] in the integrand that favors large angle
scattering events.?® Note that this approximation is strictly
valid only in the elastic limit w;— 0 (where I',,~T'/2), while
it slightly underestimates the scattering rate in the inelastic
regime w =< w;. In the case of bilayer graphene, the integral in
Eq. (11) has an additional factor 2w/¢, arising from the
parabolic band dispersion.

We shall present results for the conductivity of graphene
on SiO, substrates, where most experimental transport mea-
surements have been performed (the predicted effect at room
temperature is 1 order of magnitude smaller in the case of
SiC). From Eq. (11), since the derivative of the Fermi func-
tion selects contributions close to the Fermi energy, we see
that the conductivity is inversely proportional to the scatter-
ing rate at w=Ep, which, in turn, scales as I'ccgng(T)
< w,/(e®'T-1) [see Eq. (7) and the discussion at the end of
Sec. IIT]. At a given temperature 7, this is a decreasing func-
tion of w, and exponentially vanishes for phonon frequencies
w,>T. As a result, the phonons that mostly affect transport
are the ones with the lowest frequencies. In particular, in the
case of a SiO, substrate, the dominant phonon is the one at
w§1)=59 meV, even though it has a weaker coupling
strength. Due to the exponential temperature dependence of
the Bose factor, scattering from the phonon at w§2)
=155 meV is mostly inactive at room temperature. For the
same reason, in-plane optical phonons whose characteristic
energy scale is ~200 meV should give a negligible contri-
bution to the resistivity at room temperature.
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FIG. 2. (a) Temperature dependence of the resistivity for Ep
=100 meV (the dashed line corresponds to p=pye~s''T, with py
=500 ). (b) Conductivity vs chemical potential for =150, 200,
and 300 K (from top to bottom). The inset of (a) shows the com-
parison with bilayer graphene (dotted line) at 7=300 K.

B. Substrate-limited conductivity

In Fig. 2(a), we show the result of p vs T at Eg
=100 meV (corresponding to a density n=0.7 X 10'> cm™2),
obtained by setting a finite distance z=4 A between the sub-
strate and the graphene layer and a Thomas—Fermi screening
from the graphene electrons as described above. As antici-
pated from the preceding discussion, the resistivity exhibits a
characteristic exponential behavior, which arises from the
phonon thermal population. Note that unlike the short-range
scattering from in-plane phonons, the present result has a
sizable density dependence due to the long-range nature of
the interaction. This is illustrated in Fig. 2(b), where we plot
the dependence of o on Ey at fixed 7=300, 200, and 150 K
(from bottom to top). In the explored density range, the con-
ductivity has an overall linear dependence on E away from
the Dirac point, which is intermediate between the cases of
short-range scatterers (o~ const) and charged impurities (o
« E7).1% This behavior can be understood from standard di-
mensional arguments, observing that the scattering rate of
Eq. (9) scales as Mﬁszoc k;! times the density of states okp,
which yields ' ~ const. The result oo |E,| then directly fol-
lows from Eq. (11). Note that the zero temperature “univer-
sal” value o,,,=4e*/ham would not be recovered upon ap-
proaching the Dirac point, even using a more accurate
treatment beyond the Boltzmann equation. The reason is that
the rate I" arising from the scattering to optical phonons is
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FIG. 3. Same as Fig. 2(b) for different values of the distance z.
From bottom to top, z=4, 12, and 20 A. A crossover to a superlin-
ear behavior is apparent at large z and large Er. In the inset, the
same data are plotted as a function of E%OCn.

always much (exponentially) smaller than the temperature
itself, while the universal result is obtained in the opposite
limit 7<T."7

Superimposed to the smooth density dependence analyzed
above, a slight “kink” appears in the electrical characteristic
at Ep= wgl) that testifies the interaction with the sharp inter-
face phonon mode. The anomaly becomes more pronounced
at low temperatures where, however, the absolute value of
the scattering rate becomes extremely small, and it is likely
to be completely hidden by the presence of other sources of
scattering. Note also that the Boltzmann treatment used here
is probably inappropriate in the region close to the Dirac
point.

In the inset of Fig. 2(b), we compare the conductivity for
single-layer and bilayer graphenes at 7=300 K. The different
densities of states in bilayer graphene leads to a stronger
energy dependence. Accordingly, bilayer graphene should be
a better conductor at large bias. With the present choice of
parameters, the crossing occurs at Ep~0.1 eV.

C. Density dependence

The simple scaling argument presented above, which
leads to a linear dependence o|E;| for single-layer
graphene, only holds when the distance z is sufficiently small
and breaks down when 2kzz~ 1. At larger distances, the in-
tegrals over momenta required to calculate the scattering rate
are limited by a cutoff g, ~z"'. As a result, scattering is
only allowed between electrons with similar momenta. For
these processes, the suppression of backscattering typical of
graphene, associated with the overlap factor [1 % cos(¢p.q
—¢p)], does not play a role. As consequence, the scattering
rate grows faster with ky than in the limit z— 0, where ¢,
can be neglected. The precise dependence on kp is deter-
mined by the singular behavior of the scattering matrix ele-
ment at low momenta, |[M,|*>g~". Eventually, we find that at
large z, the scattering rate I'<|E|*, which leads to a conduc-
tivity o= E}.

In Fig. 3, we show plots of o vs Ep at T=300 K for
increasing values of z. While for z=4 A the behavior is ap-
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proximately linear in the whole energy range, a clear upturn
becomes visible at larger separations, which reflects the ex-
pected crossover at |Ep|z/vp~1/2. Notably, at intermediate
values of the distance z, this phenomenon can lead to an
apparently linear density dependence, ie., oxEjoxn,'
which is best seen in the inset of Fig. 3.

D. PMMA substrates

The broad continuum of modes that contributes to the
dielectric polarizability of PMMA does not allow us to pro-
vide accurate analytical expressions for the scattering rate in
that case. Nevertheless, an order-of-magnitude estimate of
the effects arising from this substrate at room temperature
can still be obtained. It was noted in Sec. III that each pho-
non mode gives rise to a scattering rate proportional to the
product of the coupling constant g = Sw, times the thermal
occupation factor ng, i.e., I'c Bwng. Summing over all the
modes yields

I'= > nhBiol. (12)

At temperatures above the range of the low-frequency
modes, determined by the cutoff frequency w,.~0.02 eV, the
corresponding Bose factors become np=T/ w‘Y Neglecting
contributions from the high-frequency vibrations, the phonon
frequencies thus cancel out from the sum in Eq. (12), which

leads to
(i)

o' <w,

=T 2,

i

€_1— € _ € — é(wc)
(e,+ D(en+1)  (e+1D(ex+1)’

(13)

In this high temperature regime, the scattering rate arising
from the PMMA substrate only depends on the dielectric
constants of the material, being proportional to the difference
[ep—€(w,)]=0.1-0.2.

Up to numerical factors, the corresponding resistivity is
approximately given by p=(h/e?)(I'/Eg) [see Eq. (11)],
which leads to

. (ﬁ) € — e(wc) 1
P\ e+ e+ DV E,

The above result shows that, since the phonon frequencies
involved in the scattering process are small compared to the
temperature, the exponential temperature dependence charac-
teristic of SiO, substrates converts into a smoother power-
law dependence. Nevertheless, even though the remote
electron-phonon coupling strength in the case of PMMA is
much less than that of a SiO, substrate (in SiO, €,—€,
=1.5), the phonon induced resistivity turns out to have a
comparable magnitude, precisely due to the smaller oscilla-

(14)
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tion frequencies. Indeed, for T=300 K and Ep=0.1 eV,
Eq. (14) gives p~50-100 Q.

V. DISCUSSION AND CONCLUSIONS

We have estimated the quasiparticle scattering rates
induced by the polar modes of polarizable substrates such
as SiO,, SiC, and PMMA on single-layer and bilayer
graphenes. Our results show that, while remote phonon scat-
tering has negligible effects on transport at low temperatures,
it becomes relevant at room temperature, where it could con-
stitute the dominant limiting factor of the electron mobility
in sufficiently clean samples, especially for SiO, and PMMA
substrates. Larger effects can be expected when substrates
with a higher degree of polarizability are used as gate dielec-
trics. The effects of remote phonon scattering are slightly
reduced in doped bilayer graphene, due to the more conven-
tional parabolic band dispersion, which makes it more suit-
able for device applications at room temperature.

Although the transport properties of graphene are essen-
tially temperature independent below 7=100 K, recent ex-
periments performed in field-effect doped samples deposited
on dielectric substrates have reported a sharp increase in the
resistivity of the order of Ap~ 100 ) around room tempera-
ture at typical densities n=10'> cm™2.°"!3 This increase is
unlikely to be due to the effects of disorder, which are ex-
pected to smoothly depend, if at all, on the temperature. Also
the in-plane optical phonons of graphene can be ruled out
due to their high oscillation frequencies, as discussed in Sec.
III. That short-range scattering from in-plane deformations of
the lattice is not the main cause of the observed behavior is
further supported by the observation that the temperature de-
pendent contribution to the resistivity is not independent of
density,'>!3 pointing to a long-range scattering mechanism
such as the one studied here. Our results indicate that the
recently measured density and temperature dependent contri-
bution to the resistivity are compatible with the mechanism
of remote phonon scattering.

According to the present scenario, the maximum conduc-
tivity that can be achieved in a given sample crucially de-
pends on the dielectric properties of the gate insulator. There-
fore, the use of nonpolar substrates or suspended samples®®-3
should be favored to optimize the transport properties of
graphene devices.
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