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What does optical spectroscopy measure ?

Spectroscopic ellipsometer + ultraviolet-vacuum ultraviolet (UV-VUV) 
reflectometer [12]

Sample: Epitaxial Graphene
Si desorption process of 6H-
SiC(0001) at high temperature (T) 
in ultra high vacuum (UHV) 
condition. This was done under 
evaporation of Si-flux at 
evaporation T~850 oC[13].

The sample thickness is determined by 
measuring the Raman shift using attenuated 
substrate peak method described in Ref.
[14]. 

V. ConclusionsV. Conclusions

ReferencesReferences

New finding of high energies excitations in epitaxial graphene : Resonant exciton (transition energy 
of 6.3 eV) appears at room temperature. 
Resonant excitonic effects are very likely responsible for the electronic structure in graphene and 
still exist for very large number of layers --> showing the poor screening. 
Resonant exciton energy is red-shifted by 2.0 eV in epitaxial graphene. This is due to the influence 
of charge transfer from the substrate.

Reflectivity (R) measurement using 0 to 35 eV  
excitation energies [ref]. From 3.5 to 35 eV using UV-
VUV reflectometer at SUPERLUMI /HASYLab. (upper 
right and lower-right figures).  

Ellipsometry measurement using 0.5 to 5 eV  
excitation energies for normalizing the “high energies” 
data (lower-left figure).  

All done at room temperature.
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Thickness dependence of reflectivity 
data as a function of excitation energy.

Significant difference between substrate, 
graphene, and graphite data.

Optical conductivity analysis 

Sharp peaks at A (5.4 eV) and B (6.3 eV) appear 
in graphene  with N =1, 2, 8.
Another peak C (14.1 eV) appears for graphene 
with N = 8.
For N  ≥ 22, A  remains at the same position 
(5.4 eV)

(

.
For N ≥ 22, Intensity(position) of B decreases 
(blue-shifted)

)

.
For N ≥ 22, Intensity(position) of C increases 
(constant at 14.1 eV).

A, B, and C have different 
dependencies on number of 
layer N.   

What is the origin of these A, 
B, and C peaks?

This work has been made possible via funding 
from NRF-CRP grants (Graphene and Related 
Materials; Tailoring Oxide Electronic by atomic 
control; Multi-functional spintronic materials and 
devices) NUS YIA, Nanocore 
R-263-000-432-646, BMBF and MOE-AcRF-
Tier-1.   

Substrate Effects ? (no) Plasmonic excitation ? 

The thicker the samples the bigger the volume, 
thus one expects more light absorbed by 
graphene layer and absorption of the substrate 
should decreases. Our data shows opposite 
trend.   

At A : some contribution from π plasmon.
At B : no contribution from plasmon.   

Loss function, Im(ε−1),  analyses is sensitive to 
detect plasmonic excitation.   

Interband transitions ? (yes for graphite) 

At A  (~5.4 eV) : interband transition from π  to π* 
bands whereas van Hove Singularity occurs. 
Dipole transition is allowed.
At B2 (~12-13 eV) : interband transition from σ to 
σ* bands. Dipole transition is allowed.
At B1 (~6.5 eV) :  Dipole transition is forbidden
from σ  to quasicontinuum of free electronlike 
bands.   Our DFT failed to mimic the data.
Inset : calculation from [16] which is similar to 
ours.

Graphene: (electronic) structure, bonding 
2D system, SP2 orbitals, strong bonding 
in the plane[1-3].

Graphene: Optical properties 

Graphene: Optical properties at 
high energies range ? (theory)

h

Remaining p orbital is perpendicularly 
oriented to plane, Ballistic conductivity.

Linear band dispersion in the 
vicinity of  K  point in Brillouin 
Zone[4,5]. 

Valence band meets 
conduction band at a point 
crossing the Fermi level, 
resulting in many exotic 
phenomena.    

Focus on low energies (vicinity of π band, left figure).

Fine structure constant defines high transparency in 
graphene (right figure)[6].

Universality of optical conductivity (middle figure)[7,8]
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ABSTRACTABSTRACT : Using ultraviolet-vacuum ultraviolet reflectivity combined with 
spectroscopic ellipsometry, we report resonant excitonic (RE) effects at an usual 
high energy of 6.3 eV in epitaxial graphene. The RE arises from a background 
continuum of dipole forbidden transition (from σ  to free electron-like bands) and 
survives for very large number of graphene layers (N). For N  < 28, the optical 
conductivity is dominated by RE, while for N  >28 it is a mixture between RE and 
interband transition.

Left figure  : From ref.[9], excitonic (bounded 
electron – hole) effects at 4.7 eV.  It occurs in 
the vicinity of π to π* bands at M point.

Right figure  : From ref.[10], resonant 
excitonic (RE) effects at 8.3 eV.  It occurs in 
the vicinity of σ  to σ* bands at Γ  point and 
arises from background continuum of 
forbidden dipole transition. Due to RE the 
absorption spectra dramatically reshape 
(huge spectral weight transfer)  highly 
correlated ? 

Graphene: Optical properties at 
high energies range ? (experiment)

h

Left figure  : Ref.[13], confirmed the 
excitonic effect at 4.7 eV. 

Does the RE exist at higher 
energies? a systematic studiy   
of RE effect at higher energies is 
needed, as a function of layer 
number  (N, thus probing the 
screening effect).     

Resonant excitonic (RE) ? (yes for peak B)

R

Left figure  : partial spectral weight (W, 
integral of σ1) at different energy ranges. 
For N  < 28 RE dominates the electronic 
structure of epitaxial graphene , while  for N 
>  28 it starts to be dominated by interband 
transition.  
Right figure : Model of optical absorption of 
graphene which including the substrate 
effect. 

Left figure : B2 is not observed in our data, while B1 
seems likely, however B1 is forbidden dipole 
transition for interband but not for resonant exciton. 
Confirmed the ref.[10] but our data is redshifted by 2 
eV.
Right figure : ∆ is the separation between σ band and 
free electronlike bands (FEB). Due to the charge 
transfer (ne) from substrate to graphene, ∆  changed 
(mainly effect the FEB but not σ). Red arrow shows 
the ne in our case. ∆  does not depend on  N
significantly --> screening effects are reduced.

At A : interband transition from π to π* bands at 
M point.
At C  : interband transition from σ  to σ* bands 
along Γ-M.
Our DFT (Density Functional Theory) 
calculation yields similar result to our data and 
confirms the previous calculation [15].

tyconductivi optical
4

2
1 ==

π
ω εσ


