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The optoelectronic properties of graphene [1]
make it a promising material for terahertz (THz) ap-
plications [2]. The frequency-dependent conductiv-
ity, o(w), of graphene in the THz range (100 GHz—
10 THz) is dominated by intraband transitions and is
well described by the Drude model [3], [4]. More-
over, in the THz range, the conductivity of graphene
can be modulated by tuning the Fermi level via a
back-gate voltage, leading to applications such as
THz modulators [2]. The Drude weight, D, is often
obtained by fitting the THz-range conductivity [3],
[4] with the Drude-form expression,
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where D is the Drude weight, w is the frequency,
and [' is the scattering rate. Theoretically, with
electron-electron interactions neglected, the Drude
weight in graphene is given by random phase
approximation (RPA) [5] to be Dy = 27wEw/h
[in the units of (e?/h)-1/s]. Recent experiments
have revealed the value of D to be lower than
Dy [3], [4]. At the same time, theoretical studies
that include electron-electron interactions predict an
enhancement [5] of D as compared to the non-
interacting value, Dg. Although this discrepancy
is believed to be due to extrinsic factors such as
charged impurities, there is no clear evidence on
how charged impurities affect the Drude weight.

We have calculated o(w) in the THz range
(see Fig. 1-3) by simulating carrier dynamics
in graphene using the coupled EMC/FDTD/MD
method [6], [7], which combines the ensemble
Monte-Carlo (EMC) method for solving the Boltz-
mann transport equation with the finite-difference
time-domain (FDTD) method for solving Maxwell’s
curl equations and molecular dynamics (MD) for
real-space particle-particle short-range interactions.
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By fitting Eq. (1) to the numerically calculated
o(w), we extract effective values of D and I'. We
compare o(w) for graphene on SiO, and hexagonal-
BN with suspended graphene and investigate the
role of charged impurities (see Fig. 4) and electron-
electron interactions on o(w) and D. We show, in
agreement with experiments [3], that D is signifi-
cantly lower than the value of the RPA result (Dy).
We attribute the lower values of D in comparison
to Dy to electron-charged impurity interactions. We
show that intraband electron-electron interactions
would be important only at high carrier densities
(> 6 x 10'2cm™?) in extremely clean samples and
would result in reduced Drude weights. Finally, we
show that graphene on h-BN is better suited for ap-
plication in THz modulators [2] than both graphene
on SiO; or suspended graphene (see Fig. 5). This is
due to a combination of (1) higher carrier density in
graphene on h-BN than on SiOs for the same gate
bias (or Fermi level) and (2) higher total scattering
rate compared to suspended graphene resulting in a
smaller slope of frequency-dependent conductivity
in the THz range.
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Fig. 1. Real part of the complex o(w) for graphene
on SiOz calculated for two different carrier densities (n)
and charged impurity densities (n;): n = 3 x 102 cm™?
(black/blue symbols), n = 6 x 10*2 cm ™2 (green/red symbols),
and n; = 5x 10" em™2 (green/black symbols), n;, = 0
(red/blue symbols). The dot-symbols represent simulation re-
sults when electron-electron interactions are not considered.
The solid/dotted lines are fits using Eq. (1) with the Drude
weight, D, and effective scattering rate, I, as fitting parameters.
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Fig. 2. Real part of o(w) calculated for graphene on
hexagonal-BN. The symbols here correspond to the same
parameters as described in Fig. 1.
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Fig. 3. Real part of o(w) for calculated suspended graphene

without charged impurities. Here, again the solid/dotted lines
are fits using Eq. (1).
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Fig. 4. Real part of o(w) calculated for n = 3 x 102 cm™2

in graphene on SiO2 (dashed lines) and h-BN (solid lines) at
different THz frequencies.
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Fig. 5. The change in THz conductivity by modulating
the Fermi level in graphene is shown as a function of fre-
quency for graphene on h-BN (blue circles), graphene on
SiOg2 (red squares) and suspended graphene (green diamonds).
Inset shows the normalized change in conductivity [(oE,, —
OEp, )/0ER,] in the range 500 GHz-2 THz (shaded in grey)
where graphene on h-BN exhibits better modulation.





