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Optical conductivity G��� of graphene, which is famous for its universality close to the Dirac point, is
determined from the visible to near-ultraviolet region by using reflection contrast spectroscopy. We find that the
universality does not survive beyond the visible region. Instead, G��� increases rapidly with the energy, which
is originated from the flat dispersion relation at the M point corresponding to an extraordinarily large density
of states �DOS�. The first-principles-calculated band structure and DOS spectrum explain well the high-energy
behaviors of G���. Our work presents a more comprehensive map of graphene’s optical conductivity and
electronic structure.
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The optical conductivity G��� of graphene1,2 provides us
the most intuitive understanding about the band-structure
properties. It is predicted that there is a universal optical
conductivity G0=e2 /4� for monolayer graphene �MG�,
which is frequency independent and determined solely by the
fundamental constants �e is the electron charge and � is the
Planck constant divided by 2��.3,4 This prediction is made
based on the linear dispersion relation that provides equal
optical interband transition probabilities among different
photon energies. Nevertheless, the linear dispersion relation
of graphene is valid only close to the Dirac point, where
valence and conduction conical bands meet each other. As
the energy increases and deviates from the Dirac point, the
linear approximation fails gradually, which then affects the
universality of the optical conductivity. Evidently, it is im-
portant to explore experimentally the behavior of G��� be-
yond the well-studied Dirac cone region. So far, direct ex-
perimental works concerning the optical conductivity of
graphene are very few in number. Only recently, two
graphene groups managed to obtain G��� in the visible and
infrared regions, respectively, and verify the universality
experimentally.5,6 Herein, by extending the energy to the
near-ultraviolet region, we directly determine the high-
energy optical conductivity of graphene beyond the Dirac
cone region through reflection contrast spectroscopy.

Reflection contrast spectroscopy has been proven to be an
effective and convenient method for studying graphene.7,8 In
principle, it is actually a quantitative and analytical version
of our eye observation, which is based sensitively on the
contrast 1−Rsample /Rsubstrate. Rsample and Rsubstrate are reflec-
tances of the graphene sample system and the substrate, re-
spectively. Further explorations in this work show that the
contrast is a combined effect of light absorption and reflec-
tion of bare graphene, which both depend directly on the
optical conductivity. Using Maxwell’s equations and bound-
ary conditions, the light reflectance �Rg� and transmittance
�Tg� of bare graphene can be deduced as follows with an
assumption of the normal light incidence and ideal two-
dimensional limit:9

Tg = �1 + ��−2, Rg = �1 + �−1�−2, �1�

where �=c�0G /2 is 188.4 times the optical conductivity; c
and �0 are the light speed and magnetic permeability in a
vacuum, respectively.

In this Rapid Communication, reflection contrast spectra
of graphene were measured in the photon energies ranging
from 1.54 to 4.13 eV. Based on Eq. �1� and the calculations
concerning sample structural configuration, G��� was ex-
tracted from the measured spectra. With the wide energy
scale, we observed not only the universality of G��� close to
the theoretical expectations in the visible region, but also a
rapid increase leaving the universal values in the near-
ultraviolet region. The first-principles calculations of band
structure and density of states �DOS� were employed to ana-
lyze the behaviors of G���.

Figure 1�a� gives the schematic diagram of our experi-
ment’s configuration, where a graphene sample lies on a
SiO2 /Si substrate. The sample shown in Fig. 1�b� consists of
two parts, where it is easy to identify the substrate, the MG,
and the BG by the contrast differences among them. In ad-
dition to optical microscopy, Raman spectroscopy was also
used to guarantee the quality of the graphene samples �Fig.
1�c��. Here, the measurements of the reflection contrast spec-
tra were performed by using a UV–visible–near-infrared
�NIR� microspectrophotometer �CRAIC QDI 2010™�. The
focused light plotted in Fig. 1�a� is almost normal to the
sample surface, with incident angles ranging from 0° to less
than 11°. Calculation shows that the normal-incidence ap-
proximation only causes an error less than 1% in the present
experimental situation. By adjusting the optical aperture, the
incident light was focused to 6 �m, which is smaller than
the graphene dimension. This microscopy makes it possible
that all measured signals were collected under the same con-
ditions. The measurements were carried out at room tem-
perature.

Figure 2 presents the measured reflection contrast spectra
of the samples, including MG, BG, and three thick graphite
flakes. From the obvious differences among the measured
curves shown in Fig. 2�a�, one can see that reflection contrast
spectroscopy is truly an effective way to identify graphite
with different thicknesses.7 For clarity, the zoomed-in curves
for the MG and BG are replotted in Fig. 2�b�. Two contrast
peaks are clearly observed, which reminds one of the opti-
mum light wavelengths used to detect graphene. Note that
the distribution of the peaks depends mainly on the thickness
of SiO2; therefore the thickness has to be chosen carefully
for different detection purposes. The reason for the 300-nm-
thick SiO2 being one of the most popular choices is that one
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contrast peak �595 nm� is just at the center of the visible
region and the total visible contrast approaches a maximum
�Fig. 2�b��.

The whole optical transfer process can be expressed math-
ematically by the transmission-matrix formalism.11 The com-
plete transfer matrices of the bare substrate and the whole
sample system can be given as follows:

Msubstrate = MSiMoxMe, Msample = MSiMoxMgMe, �2�

where Mg, MSi, and Mox describe the optical transfer prop-
erties of the graphene, silicon substrate, and silicon dioxide
layer, respectively. Me represents the complex environmental
influence, such as surface absorption of water, which is in-
evitable for a graphene sample in air atmosphere.12 Based on
Eq. �1�, Mg can be written as follows:

Mg = �1 − � − �

� 1 + �
� . �3�

For simplicity, we first consider the ideal circumstance to
suppose Me= I �I is the unit matrix�. Accordingly, the reflec-
tances of the bare substrate and whole sample system can be
deduced on the basis of Eqs. �2� and �3� and Fresnel’s equa-
tions. For a normal light incidence,

Rsubstrate = �rsubstrate�2 = � r32e
ik2d2 + r21e

−ik2d2

r32r21e
ik2d2 + e−ik2d2

�2

, �4�

Rsample = � rsubstrate�1 − �� + �

rsubstrate�− �� + �1 + ��
�2

, �5�

where r32=n2−n3 /n2+n3 and r21=n1−n2 /n1+n2 are the rela-
tive indices of refraction. rsubstrate is the ratio between the
electric components of the incident and reflected light of the
substrate. n1, n2, and n3 are the refractive indices �Fig. 1�a��.
We take n1=1 for air and n2=1.47 for SiO2. n3 is presented
by LUXPOP.13 d2 is the thickness of SiO2, and k2d2
=n2�d2 /c is the light phase shift through the oxide layer.
Based on Eqs. �4� and �5�, the mathematical relation between
G��� and the contrast is established. Consequently, G��� is
obtained directly from the reflection contrast spectra of
graphene. Here, we assume that the imaginary part of G���
equals zero in the present energy scale.4,6,14,15 The param-
eters chosen for the substrate in the calculations are the main
sources of error.

The obtained optical conductivity is given in Fig. 3�a�. It
spreads in two energy regions: region A �1.6–2.2 eV� is in
the visible region, while region B �3.0–3.8 eV� is almost in

FIG. 1. �Color online� �a� Schematic diagram
of our reflection contrast measurement. �b� Mi-
croscopic image of the graphene sample with MG
and bilayer graphene �BG�. The substrate is
380 �m n+-doped 	110
-oriented silicon with
300�10 nm dry thermal oxide on the top. �c�
The Raman spectra of our sample. G band and
2D band are clearly observed, which are two
characteristic signals used to identify graphene
with different thicknesses �Ref. 10�.

FIG. 2. �Color online� �a� 300–800 nm reflection contrast spec-
tra for all samples including MG, BG, and three thick graphite
layers G1, G2, and G3. Thickness of graphite: G3	G2	G1. �b�
The zoomed-in reflection contrast spectra for the MG and BG.
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the near-ultraviolet region. Notably, G��� behaves differ-
ently in the two regions. In region A, G��� is nearly constant
with GMG=0.9e2 /4� for the MG and GBG=1.8e2 /4� for the
BG, which are systematically lower than the theoretical ex-
pectations G0 and 2G0. This is an inevitable result of the
ideal-circumstance approximation, Me= I, which will be dis-
cussed below. In region B, nevertheless, G��� increases rap-
idly with the photon energy. Within a narrow energy region
of 3.0–3.8 eV, the remarkable increase in G��� is up to three
times, which is from 1.2e2 /4� to 3.3e2 /4� and 2.4e2 /4� to
6.6e2 /4� for the MG and BG, respectively. Unlike in regions
A and B, G��� could not be given accurately in the other
regions under the present sample parameters, where the con-
trasts of graphene are close to zero �Fig. 2�b��. By modulat-
ing the thickness of SiO2 experimentally, G��� in these blind
energy regions would be obtained. In Fig. 3�b�, we make a
comparison between G��� of the MG and optical sheet con-
ductance of bulk graphite, which is converted from the opti-
cal data in previous works.16,17 The rapid increase can also
be seen in bulk graphite. Yet the dimensional difference is
still obvious in the present energy scale, which reveals that
the electronic structure of graphene is modified from the one
of bulk graphite.

The behaviors of G��� shown in Fig. 3�a� are just the
exterior performances of the special electronic structure of
graphene. Figures 3�c� and 3�d� plot the curves obtained
from the first-principles calculations of MG’s band structure
and DOS, which are in agreement with the previous
works.18,19 The Dirac fermion picture for graphene �E
=�kvF� is valid only close to the Dirac point. vF is the Fermi
velocity of graphene. Here, the DOS D���
= �dN /dk� / �dE /dk�
k /vF=� /vF

2 has a linear relation with
energy. Therefore, the optical conductivity G���


D�� /2� /� tends to be a universal constant G0 independent
of frequency.14 As the photon energy increases up to the
visible region around 2 eV, the triangular warping and non-
linear effects appear and result in a slight deviation of DOS
from the normal linear value �region A in Figs. 3�c� and
3�d��. The increase in DOS is very limited in the visible
region. Consequently, the universality of G��� still exists
approximately as has been verified by the experimental ob-
servation �region A in Fig. 3�a��.

As the photon energy further increases up to the near-
ultraviolet region, the universality of G��� totally disappears.
Note that both the valence and conduction bands turn flat
near the M point, where the photon transition energy is close
to 4 eV �Fig. 3�c��. The reason why the optical conductivity
increases with energy is that the flat dispersion relation cor-
responds to an extraordinarily large DOS, which leads to a
greatly enhanced interband transition probability. Approxi-
mate estimation based on Fig. 3�d� shows that the G��� of
MG is more than three times the universal value as the pho-
ton energy approaches 4 eV, agreeing well with our experi-
mental data in region B. This rapid increase in G��� in the
near-ultraviolet region was predicted by recent theoretical
work.14 Since the absorption coefficient of graphene, Pg=1
−Tg−Rg�2�, is proportional to G���, the opacity of
graphene in 4 eV reaches the maximum more than three
times that in the visible region, which makes much sense in
detection of a suspended graphene.10

In order to understand well the origin of the contrast of
graphene, furthermore, we present systematic analysis con-
sidering the optical transfer process. In general, the contrast
is a combined effect of both the reflection and absorption of
bare graphene. Based on the universal optical conductivity
G0 of MG in the visible region, one can calculate with Eq.

FIG. 3. �Color online� �a� Ex-
perimentally obtained G��� in the
energy regions A and B. �b� Com-
parison between optical conduc-
tivity of MG and sheet conduc-
tance of bulk graphite. �c� First-
principles calculation of MG’s
band structure close to the K
point. �d� First-principles calcula-
tion of MG’s DOS spectrum. Blue
dashed lines in �d� represent the
linear relation between DOS and
energy close to the Dirac point.
Red arrows plotted in �b� and �c�
represent the photon-induced elec-
tron transitions with energies of 3
and 4 eV. The colored regions in
�b� and �c� cover the electron tran-
sition positions with photon ener-
gies in regions A and B.
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�1� that the transmittance Tg, reflectance Rg, and absorption
coefficient Pg are 97.7%, 0.013%, and 2.3%, respectively.
Note that the 2.3% absorption of light by graphene makes
much sense to the contrast. The light beam transmits through
the graphene twice in the transfer process. Hence a constant
4.5% contrast spectrum is obtained only in consideration of
the light absorption �green dashed line in Fig. 4�. However,
the actual contrast spectrum is an energy-dependent curve
rather than a horizontal line, which can be attributed to the
minor reflection of graphene. Although the reflectance by
MG is only 0.013%, very close to zero, it contributes dra-

matically to the contrast due to the light interference. The
discussions about BG can also be given accordingly.

Now we go back to consider the environmental influence
resulting in Me� I, which is typically surface absorption of
water, which is inevitable in air atmosphere. Suppose the
graphene sample and substrate are both covered by a film of
water with a thickness d �d�1 nm under normal circum-
stances�; the calculations are given in Fig. 4. One can see
that surface absorption of water makes the contrast lower
than that in an ideal circumstance, and consequently results
in systematic deviation: GMG�G0 and GBG�2G0 �Fig.
3�a��. Therefore, by considering the surface absorption of
water in the calculation of Eq. �2�, the obtained optical con-
ductivity is very close to the theoretical expectations.

In summary, we provide a comprehensive method for
studying graphene and determining the optical conductivity
with reflection contrast spectroscopy. It is found that G��� is
nearly constant with the theoretical predicted values in the
visible region. As the photon energy increases up to the near-
ultraviolet region approaching 4 eV �the photon transition
energy at the M point�, G��� increases rapidly with the en-
ergy. We give the first-principles-calculated band structure
and DOS spectrum of graphene, which explain well the high-
energy behaviors of G���. Our work reveals more aspects of
graphene’s optical and electronic properties, and gives inspi-
ration for more effective detection of graphene in the near-
ultraviolet region.
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FIG. 4. �Color online� Comparison of calculated reflection con-
trast spectra of graphene with �red dot-dashed curve� and without
�blue short-dashed curve� considering the surface absorption of wa-
ter. The calculated result is almost unchanged among different
thicknesses of water around 1 nm. The green dashed line is the
calculated contrast spectrum under assumption of zero reflectance
of graphene �Rg=0�. The black curve is the experimental reflection
contrast spectrum of MG.
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