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I. Introduction and Motivation 

A. K. Geim K. S. Novoselov 

J. C. Meyer et al, Nature 446 ,05545 (2007) 
A. H. Castro Neto et al, REVIEWS OF MODERN PHYSICS 81, 108 (2009). 
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Introduction -- Graphene-based Science and Applications 
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Motivation: 

   Due to its unique energy band structure, the frequency of 
graphene plasmon and the bandgap of graphene nanoribbon are in 
the THz region. 
   Graphene is considered a promising material for THz nano-

electronic devices and  THz nano-optoelectronic devices. 
THz emitter and detector  
THz modulator 
THz plasmonic waveguide 
THz stimulated signal amplifier 
THz laser 

   To develop these graphene-based THz devices, it is of great 
importance to understand the optical properties of graphene in the 
THz spectral region, include optical conductivity, dielectric 
constant, intraband carrier scattering rate, the carrier density, and 
the carrier mobility. 

    The dependences of these parameters on the stacking 
arrangements of multilayer graphene are investigated. 

T. Otsuji et al, J. Phys. D: Appl. Phys. 45, 303001 (2012).  
A. Vakil etal,and N. Engheta, Science 332, 1291 (2011). 
F. Xia, et al, Nature Nanotech. 4, 839 (2009). 
B. Wang et al, Appl. Phys. Lett. 100, 131111 (2012). 
C. H. Ganet al, Phys. Rev. B 85, 125431 (2012). 
R. Davoyanet al, Phys. Rev. Lett. 108, 127401 (2012). 
J. M. Liu et al, unpublished 
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In the THz spectral region, the optical conductivity of graphene is dominantly 
determined by the intraband carrier scattering. 

The intraband conductivity of monolayer graphene can be expressed as: 
  

e is the electric charge,                                        
ħ is the Planck’s constant,  
k is the Boltzmann constant,                               
T is the temperature,  
τ is the relaxation time of carriers near the chemical potential,  
ω is the angular frequency of photons,              
μ is the chemical potential (i.e., the Fermi level) 
 

Above equation can also be used to calculate the optical conductivity per 
layer of misoriented (turbostratic) multilayer graphene. 
 
 
 

 .     

II. Theoretical Models:  
   Optical Conductivity in THz Range  

V. P. Gusynin et al, New J. Phys. 11,095013 (2009). 

R. W. Havener et al, Nano Lett. 12, 3162 (2012). 
A. Reina et al, Nano Lett. 9, 30 (2008). 
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  The optical conductivity per layer of AA-stacked multilayer graphene can be 
expressed as the average of the contribution from N different Dirac bands: 
 
 
 
 
 
 
α1 is the interaction energy of vertically neighboring atoms 
α1= 217 meV for AA-stacked layers 
 
              I. Lobato et al, Phys. Rev. B 83, 165429 (2011). 
              X. Yuehua et al, Nanotechnology 21, 065711 (2010). 

 
It is also possible that a multilayer graphene consists of misoriented layers 

as well as layers that are AA or AB stacked.  
 
For a AAAʹ trilayer graphene (an AA-stacked bilayer plus a misoriented 

monolayer), then 
 
 
 
 
 

AAA AA mono2
2

N
σ σ σ′ =

= × +

( ) ( )( )2
1

AA
1,2

1
.

2
.

2 cos / 12 ln 2cosh
2r N

r Ne kT
kTN iτ

µ α π
ω

σ ω
π −

=

  + +
=    −    

∑


H. Min et al, Prog. Theor. Phys. Suppl. 176, 227(2008). 

P. Poncharal et al, Phys. Rev. B 78, 113407 (2008). 
S. Latil et al, Phys. Rev. B 76, 201402 (2007). 
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III. Sample preparation: CVD process 
 Produced by Prof. Lain-Jong Li 
 
 
 
 
 
 

N-layer graphene samples were obtained 
by repeating the process N times on the 
same sapphire substrate. We used five 
graphene samples on substrate with N = 1, 
2, 3, 5 and 7, respectively.  



IV. Experiments 
 
 
 
A. Raman spectroscopy 
      To probe numbers of graphene layers, stacking order,  
      crystalline structure, electron-phonon behavior, …… 
 

L.M. Malarda et al, Physics Reports 473 (2009) 5187 曾珮珊 NCTU master thesis,2012  

G’ peak 

G’ peak: double resonance Raman process 

laser : 488-nm 
5-mW power 



L.M. Malarda et al, Physics Reports 473, 5187 (2009). 
K. Kim et al, Phys. Rev. Lett. 108, 246103 (2012). 
Y. Hao et al, Small 6, 195 (2010). 
P. Poncharal et al, Phys. Rev. B79, 195417 (2009).  
X. Yuehua et al, Nanotechnology 21, 065711 (2010). 
A. Jorio et al, ISRN Nanotechnology 234216(2012). 
T. G. Mendes-de-Sa et al, Nanotechnology 23 475602 (2012).  
 

G’: larger intensity 
smaller FWHM 

Probing the stacking order by Raman spectroscopy 

G’ peak lineshape fitting 
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A. Raman spectroscopy   
 

1 layer 2 layers 3 layers 5 layers 7 layers 
Stacking 
arrangement 

---- AA stacking AA stacking 
with small 
misoriented 
angle 

misoriented 
angle stacking  

large misoriented angle  
(5 layers with large 
misoriented angle and bilayer 
AA stacking*)   

I-Tan Lin et al, PHYSICAL REVIEW B 86, 235446 (2012).  

single Lorentzian shape ----- no AB stacking 
2 layers ---- redshift ------ AA stacking with impurity 
3, 5, 7 layers ---- blueshift ------ misoriented angle 
3 layers- Small intensity, large FWHM 
        ---- small misoriented angle 
7 layers- large intensity, small FWHM 
        ---- large misoriented angle 
 

Normalized G’ peak 
G’ peak 



The Fermi level of each simple is measured using ultrafast optical pump- mid-
infrared probe spectroscopy (63 or 64 meV) for all samples. 

 
By finding the sign change of ΔR using different wavelengths of the mid-

infrared probe beam, the location of μ can be found. For all samples, μ was 
found to be 63 or 64 meV. 

B. Ultrafast Optical Pump Midinfrared Probe Experiment 

曾珮珊 NCTU master thesis,2012  



 
 
 

 C. THz-Time Domain Spectroscopy 
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THz-TDS is used to measure the THz optical conductivity.  



( )

0

( ) ( )( ) ( 1,2,3,5,7) ; ( ) ( 0)
( ) ( )

( ) 1*( ) ( ) 1; ( / )( ) 1
( ) 1 *( )( )

t t
sam sub

i i

i sam s
f s f

sub s

E Et N t N
E E

t nT T e n n n c Nd
t n Z Nd

ϕ ω

ω ωω ω
ω ω

ωω ω ω
ω σ ω

= = = =

+
= = = >> > <<

+ +

THz-Time Domain Spectroscopy 

ns = 3.07 is the refractive index of the sapphire substrate 
Z0 = impedance of free space 
σ* = complex conductivity 
d = thickness of one graphene layer 
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Measured optical conductivity spectra (solid curves)  
and theoretical optical conductivity spectra  
(dashed curves). 
Different models are used for fitting the data of  
different samples.  
 A monolayer graphene : 
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The misoriented graphene has the same expression 
 except with a reduced Fermi velocity. 

For N-layer AA-stacked graphene: 
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C. THz-Time Domain Spectroscopy 

1 layer 2 layers 3 layers 5 layers 7 layers 
Stacking 
arrangement 

---- AA stacking AA stacking 
with small 
misoriented 
angle 

misoriented 
angle stacking  

large misoriented angle  
(5 layers with large misoriented 
angle and bilayer AA stacking*)   

AAA AA mono2
2

N
σ σ σ′ =

= × +



Other fitting results: 
The obtained experimental data are fitted with models of different 
stacking schemes.  
 
1. For the bilayer and trilayer samples, the experimental data fit well with 
      the AA model with an interaction energy of α1 = 217 meV, which is 

consistent with the theoretical value of α1 reported previously.  
               I. Lobato et al, Phys. Rev. B 83, 165429 (2011). 
              X. Yuehua et al, Nanotechnology 21, 065711 (2010). 

2. Many key physical parameters, including the intraband carrier scattering 
rate, carrier density, DC conductivity, and carrier mobility, are also 
deduced from the theoretical fitting analysis of the experimental data. 

 
 
 
 
 
 
 

C. THz-Time Domain Spectroscopy 

1 layer 2 layers 3 layers 5 layers 7 layers 
scattering rate (1012 s-1) 9.9 29.2 40.1 18 24.1 

relaxation time  τ (fs) 101 34.2 24.9 55.6 41.5 
carrier density 
(1012cm2/layer) 0.44 5.58 7.22 0.48 1.91 

DC conductivity 
(104Ω1/layer) 8.04 8.82 6.33 4.25 5.25 

mobility (cm2 V-1 s-1) 11420 987.9 547.9 5534 1718 



V. Analysis and Discussions 

1.To further show the existence of AA stacking in our samples, we also fit 
 the experimental data using Eq. (1) by assuming that all the samples have 
 decoupled graphene layers, with both τ −1 and μ as fitting parameters.  
 
A: Fitting results for scattering rate (τ-1) based on the assumption of 
     possible AA stacking with experimentally measured values of μ 
     obtained by the optical pump-MIR probe experiment. 
 
B: Fitting results for scattering rate (τ-1) based on the assumption 
     that all samples are decoupled graphene layers. 
 
 
 
 
 

1 layer 2 layers 3 layers 5 layers 7 layers 
    A Chemical potential μ  (meV) 64 64 64 63 63 

Scattering rate  (1012 s-1) 9.9 29.2 40.1 18 24.1 
    B Chemical potential μ (meV) 91.4 190.9 248.1 70.3  114.9 

Scattering rate  (1012 s-1)  14.7 25.4 44.5 20.3 25.8 



2. The mobility obtained for the monolayer graphene is very high,  
    around 11420 cm2V-1s-1. The mobility in a practical monolayer device 
    might be much lower than this value as we have to consider the contact 
    potential or ineffective gate coupling. 
 

    For AA-stacked bilayer and trilayer graphene samples, the resultant 
    mobilities are much lower than that of the monolayer sample. Also note 
    that their optical conductivities are relatively high among the samples  
    due to the semimetal nature of AA stacking.  
 
    For the 7-layer sample, the rotational angle is sufficiently large that the 
    Fermi velocity is the same as . The obtained mobility is lower than that 
    of the 5-layer sample due to the existence of AA coupling in two of the  
    layers in this 7-layer sample. 
 
 1 layer 2 layers 3 layers 5 layers 7 layers 

mobility (cm2 V-1 s-1) 11420 987.9 547.9 5534 1718 

carrier density 
(1012cm2/layer) 0.44 5.58 7.22 0.48 1.91 

DC conductivity 
(104Ω1/layer) 8.04 8.82 6.33 4.25 5.25 



3. The scattering rate is relatively high for the bilayer and trilayer  
    samples, which can be explained by the dependence of the  
    scattering rate on the carrier density.  
 
    The carrier density is especially high in AA-stacked samples due to 
    the large overlapping of bands. Because the scattering rate of short- 
    range scatters is proportional to the square root of the carrier density : 
 
 
  
    our data indicate that short-range scatters are the dominant source of  
    scattering in our bilayer and trilayer samples. 
 
    Due to the AA-stacking coupling of two layers as suggested by the fitting 
    result, our 7-layer sample also has a relatively high scattering rate. The  
    sources of short-range scatters can be many, which cannot be identified 
    from our experimental data. 
 

1 layer 2 layers 3 layers 5 layers 7 layers 
scattering rate (1012 s-1) 9.9 29.2 40.1 18 24.1 
carrier density 
(1012cm2/layer) 0.44 5.58 7.22 0.48 1.91 

DC conductivity 
(104Ω1/layer) 8.04 8.82 6.33 4.25 5.25 

1 nτ − ∝ T. Stauber et al, Phys. Rev. B 76, 205423 (2007). 
E. H. Hwang et al, Phys. Rev. Lett. 98, 186806 (2007). 



Measured refractive index (solid curves) 
and theoretically calculated refractive 
index (dashed curves) using a proper 
model for each sample. nʹ and nʺ are the 
real and imaginary parts of the refractive 
index, respectively. From (a) to (e) are the 
data for samples of 1, 2, 3, 5 and 7 layers, 
respectively.  

I-Tan Lin et al, PHYSICAL REVIEW B 86, 235446 (2012).  

4. For each sample, the resultant refractive index that is deduced from the  
    experimental data, plotted along with the theoretically calculated refractive 
    index that is obtained using the appropriate model determined above for  
    each sample. The values of the fitting parameter  listed in Table 2A are used 
    for these theoretical calculations. As can be seen in Figure, the experimental 
    results can be fitted quite well by the theoretical models. 



1. We have measured the THz optical conductivity of graphene samples that have 
different numbers of layers.  

2. The high conductivities and the Raman spectra of our bilayer and trilayer 
graphene samples suggest the existence of AA stacking of these samples. 

3. The experimental data can be fitted using the AA model with an interaction energy 
α1 = 217 meV and an interlayer spacing that are both in very agreement with those 
reported in the literature.  

4. Our 5- and 7-layer graphene samples show the sign of rotational misorientation 
among layers as suggested in their Raman spectra and our fitting results.  

5. We also find that the scattering rate depends strongly on the stacking 
arrangement, with high scattering rates associated with AA-stacked samples and 
low scattering rates associated with misoriented multilayer samples.  

6. These studies and conclusions on graphene samples that appear in different 
rotational angles of misorientation and/or different stacking arrangements 
suggest that the transferring process in our CVD synthesis provides another 
degree of freedom in designing the electronic structure of multilayer graphene for 
desired electronic and optoelectronic characteristics. 

 

 
Future works: 
Frequency dependence of scattering rate in THz region 
THz optoelectronic devices of multilayer graphene   
 
  

 

VI. Summary 



Thank you for your attention !! 
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