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We present experimental results on the optical absorption spectra of epitaxial graphene from the
visible to the terahertz frequency range. In the terahertz range, the absorption is dominated by
intraband processes with a frequency dependence similar to the Drude model. In the near-IR range,
the absorption is due to interband processes and the measured optical conductivity is close to the
theoretical value of e2 /4�. We extract values for the carrier densities, the number of carbon atom
layers, and the intraband scattering times from the measurements. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2990753�

Graphene is a single atomic layer of carbon atoms form-
ing a honeycomb crystal lattice.1,2 The unusual electronic
and optical properties of graphene have generated interest in
both experimental and theoretical arenas.2–6 The high mobil-
ity of electrons in graphene has prompted a large number of
investigations into graphene based high speed electronic de-
vices such as field-effect transistors and p-n junction diodes,
photonic devices, such as terahertz oscillators, and low noise
sensors.4,7–11 For many of these applications, knowledge of
the optical properties of graphene is critical.

Recently, epitaxial growth of graphene by thermal de-
composition of SiC surface at high temperatures has been
demonstrated.6,12 This technique can provide anywhere from
a few monolayers of graphene to several ��50� layers on the
surface of a SiC wafer. Graphene layers grown by this tech-
nique have demonstrated low temperature carrier mobilities
in the few tens of thousand cm2 /V s range.6 In addition, the
electronic and phononic properties of epitaxially grown
graphene multilayers have been found to be different from
those of bulk graphite and similar to those of a graphene
monolayer.13–16 The exact structure of epitaxial graphene and
the nature of interlayer couplings remain active areas of in-
vestigation. Measurement of the optical absorption spectra
over a wide frequency range can provide useful information
about the structure of epitaxial graphene.

In the visible to the mid-IR wavelength range ��
�10 �m�, the optical absorption spectra of exfoliated
graphene monolayers have been reported recently.17–19 In
this paper, we report results from measurements of the opti-
cal absorption spectra of epitaxial graphene from the visible
to the terahertz frequency range for the first time and com-
pare the results with the theoretical predictions for graphene.
In graphene, the valence and conduction bands resulting
from the mixing of the pz-orbitals are degenerate at the K
�K�� points of the Brillouin zone. Near these points, the tight-
binding Hamiltonian can be linearized and written as1

H = � � �v�kx + iky�
�v�kx − iky� − �

� , �1�

where v�106 m /s is the Fermi velocity. This Hamiltonian
results in the energy dispersion relation for the conduction
and valence bands given by Ec

V
�k�= ���2+ ��vk�2. The

bandgap is equal to 2� and could acquire a nonzero value as
a result of any interaction that breaks the symmetry between
the A and B atoms in the unit cell of graphene. Optical ab-
sorption in graphene is described by the optical conductivity
��	�. It can be written as the sum of the interband conduc-
tivity �inter�	� and the intraband conductivity �intra�	�, both
of which can be found using the Hamiltonian above and are
given below:10,20,21

�inter�	� = i
e2	



	

�

�

d�
�1 + �2/�2�

�2��2 − ��	 + i
�2 � �f�� − EF�

− f�− � − EF�� , �2�

�intra�	� = i
e2/
�2

	 + i/�	�

�

d��1 + �2/�2� � �f�� − EF� + f��

+ EF�� . �3�

Here, f��−EF� is the Fermi distribution function with Fermi
energy EF, 
 describes the broadening of the interband tran-
sitions, and � is the momentum relaxation time due to carrier
intraband scattering. The frequency dependencies of the real
parts of �inter�	� and �intra�	� are depicted in Fig. 1; assum-
ing �=0, 
=10 meV, and T=300 K. Figure 1�a� shows the
conductivities for EF=−100 meV and two different values
of the scattering time �=25 and 5 fs. Figure 1�b� shows the
conductivities for �=25 fs and two different values of the
Fermi energy EF=0 and −100 meV. At large frequencies,
the real part of �inter�	� has a constant value equal to e2 /4�.
At small frequencies, the real part of �inter�	� approaches
zero because interband optical transitions are blocked due to
the presence of electrons and holes near the band edges. The
plasmon dispersion and the free-carrier absorption in
graphene are described by �intra�	�. Its frequency depen-
dence is similar to that of a Drude model, as it is evidenta�Electronic mail: jd234@cornell.edu.
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from the prefactor in Eq. �3�. Figure 1�b� shows that the
spectral shape of �intra�	� at small frequencies is strongly
influenced by the intraband carrier scattering time �. The
total conductivity ��	� has a minimum in the frequency
range where both �intra�	� and �inter�	� are small.

The epitaxial graphene samples used in this work were
grown on the carbon face of semi-insulating 6H-SiC wafers
using the techniques that have been reported in detail
previously.12 The samples were grown at temperatures of
1400–1600 °C and pressures of 2–7�10−6 torr. The num-
ber of carbon atom layers in each sample were estimated
through x-ray photoelectron spectroscopy �XPS� using the
Thickogram method.22 Raman spectroscopy �using excitation
wavelength of 488 nm� of the samples showed the character-
istic G and D peaks near 1580 cm−1and 1350 cm−1, respec-
tively. The ratio of the intensities of the G and D peaks
�IG / ID� has been shown to be proportional to the crystal co-
herence length.23,24 The ratio IG / ID for samples A, B, and C
were 
13, 
17, and 
1.6, respectively, indicating that
sample C has a much larger level of disorder compared to the
other two samples. Ultrafast carrier dynamics in samples A
and B have been studied in a previous work.24 Sample C
reported in this paper is not the same as the one reported in
our earlier study.25

Three different instruments were used to measure the
optical transmission through the graphene samples. In the
visible to the near-IR wavelength range �0.4–0.9 �m� a
grating spectrometer was used. In the near-IR to the mid-IR
range �1.4–25 �m� a mid-IR Fourier transform IR �FTIR�
spectrometer was used. Also, in the mid-IR to the far-IR
�terahertz� wavelength range �15–200 �m� a far-IR FTIR
spectrometer was used. The measured transmission spectrum
for each sample was normalized to the transmission spec-
trum of a reference SiC wafer. The SiC substrate transmits
very little in the 6–14 �m wavelength range due to mul-
tiphonon absorption.26 As a result, the measured transmission
spectra had poor signal-to-noise ratios in this wavelength
range. The fringes in the transmission spectra arising from
multiple reflections within the SiC substrate were numeri-
cally filtered out after normalizing with respect to the trans-
mission spectrum of the reference SiC wafer.

Figure 2 shows the normalized transmission spectra
through the epitaxial graphene samples A, B, and C. The

optical absorption in the graphene layers depends sensitively
on the substrate index of refraction. Matching the optical
boundary conditions at the air/graphene/SiC interfaces, the
optical transmission T�	� through N graphene layers on a
SiC wafer �normalized to the transmission through a plain
SiC wafer� can be written in terms of the complex optical
conductivity ��	� as

T�	� = �1 + N��	���o/�o/�1 + nSiC��−2, �4�

where nSiC
2.55 is the refractive index of SiC. For
N���	����o /�o / �1+nSiC��1, T�	� is related to only the real
part of the optical conductivity and can therefore be used to
measure the absorption spectra of graphene. We have used
Eqs. �2�–�4� to model the measured transmission data using
N, �, and EF as the fitting parameters. The parameters 
 and
� were assumed to be 
10 and 
0 meV, respectively.
Changing the values of 
 and � by small amounts �much
less than kBT� had little effect on the final results. The dashed
black lines in Fig. 2 are the theoretical fits to the experimen-
tal data �solid gray lines�. The values of the fitting param-
eters are shown in the insets.

The number of graphene layers N obtained this way
agrees well with the value obtained through XPS. For ex-
ample, the XPS method gave values of N=6 and 11 for
samples A and B, respectively. The extracted values of the
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FIG. 1. Real parts of the interband �solid� and intraband �dashed� optical
conductivities of graphene are plotted. �a� EF=−100 meV and �=25 and 5
fs. �b� �=25 fs and Ef =0 and −100 meV. Values of 
 and � are assumed to
be 10 and 0 meV, respectively, and T=300 K.
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FIG. 2. Measured transmission spectra �solid gray lines� of samples A, B,
and C from 0.4 to 200 �m along with the theoretical transmission spectra
�dashed black line� using Eqs. �2�–�4�. The values of the fitting parameters
are included in the insets. The value of � is assumed to be zero.
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Fermi energy correspond to average carrier densities of 
5
�1011 and 
8�1011 cm−2 per layer for samples A and B,
respectively. Due to the electron-hole symmetry of the
graphene bandstructure near the band edge, both negative
and positive signs of the Fermi energy will fit the experimen-
tal data equally well. Also note that the experiments only
give information on the total conductivity N��	� of all the
layers, and therefore, the extracted value of the Fermi energy
should be taken as an average value for all the layers. Recent
work on epitaxial graphene suggests that a concentration of
carriers larger than the intrinsic value is expected only in the
first few carbon atom layers near the SiC interface. Assum-
ing that only the first two layers have nonzero Fermi levels
and the remaining layers are intrinsic, values of the Fermi
level equal to −150 and −290 meV for the first two layers of
samples A and B, respectively, provide good fits to the mea-
sured data. The reason for the difference in the Fermi levels
between the two samples is not well understood. It might be
attributable to the differences in the growth conditions. As
mentioned earlier, sample C is significantly more disordered
than samples A and B. The transmission spectra of sample C
show a distinctly different shape in the terahertz region �Fig.
2, sample C�, which can be fitted well with a very short
carrier scattering time of 
4 fs.

It has been recently pointed out that the first few
graphene layers in epitaxially grown graphene could acquire
a bandgap as a result of interaction with the atoms in the SiC
substrate.27 Although a value of � equal to zero was found to
fit our measured data well, a value of � much smaller than
kBT would be difficult to detect in our measurements. A non-
zero value of the bandgap 2� in the mid-IR to far-IR range,
where the intraband contribution to the conductivity domi-
nates, would have little effect on the transmission spectra. If
the value of the bandgap is in the near-IR to the mid-IR
range, then its effects at room temperature would be hard to
distinguish from the reduction in the interband conductivity
at small frequencies due to band filling effects �see Fig.
1�b��. Also, in multilayer graphene structures the optical re-
sponse is dominated by the large number of layers that are
not close to the substrate and do not have a bandgap.

The short wavelength end of the measured transmission
spectra in Fig. 2 deviates from the theoretical predictions for
wavelengths shorter than 
2.5 �m. The deviation is mini-
mum for sample B and corresponds to 
50% more absorp-
tion at 0.4 �m compared to the theory. The reasons for this
deviation are not clear. Two factors could be responsible for
this behavior: �i� the band energy dispersion and interband
optical matrix elements at large energies are different from
those obtained from the Hamiltonian given in Eq. �2� and �ii�
increased light scattering may be expected from the sample
at shorter wavelengths as the wavelength approaches the
crystal coherence length �
50–100 nm�. The band energy
dispersion in epitaxial graphene at large energies could be
affected by the nature of the interlayer couplings. Note that
the deviation of the measured transmission spectra from the
theory is not the same for the three samples indicating that
disorder might also have a role to play. More work is needed
to investigate the nature of this discrepancy.

In conclusion, we have measured the optical absorption
spectra of epitaxial graphene from the terahertz to the visible
frequencies. The experimental results have been shown to be
in agreement with the theory except at short wavelengths.

Our results confirm the Drude-like frequency dependence of
the intraband conductivity of graphene in the terahertz fre-
quency range. The results presented here indicate that ab-
sorption spectroscopy can be used as a noninvasive tech-
nique to characterize graphene films and find the values of
parameters such as the Fermi energy and the carrier density,
carrier intraband scattering time, and the number of graphene
layers.
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