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Terahertz optical properties of multilayer graphene: Experimental observation of strong
dependence on stacking arrangements and misorientation angles
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The optical conductivity of monolayer and multilayer graphene in the terahertz spectral region is experimentally
measured using terahertz time-domain spectroscopy. The stacking arrangement and the misorientation angle of
each sample are determined by Raman spectroscopy. The chemical potential of each sample is measured using
ultrafast midinfrared pump-probe spectroscopy to be 63 or 64 meV for all samples. The intraband scattering
rate can be obtained by fitting the measured data with theoretical models. Other physical parameters, including
carrier density, dc conductivity, and carrier mobility, of each sample can also be deduced from the theoretical
fitting. The fitting results show the existence of misoriented or AA-stacked layers with an interaction energy
of α1 = 217 meV in our multilayer samples. Here we show that the scattering rate strongly depends on the
stacking arrangement of the sample. High scattering rates and high optical conductivity are associated with
AA-stacked samples, while lower ones are associated with misoriented multilayer graphene. This implies that
the THz optoelectronic properties of multilayer graphene can be tuned by purposefully misorienting layers or
employing different stacking schemes.
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I. INTRODUCTION

Graphene has been a subject of intense interest in the
research community since it was successfully isolated in
2004.1 Due to its unique energy band structure, the frequency
of the graphene plasmon and the band gap of the graphene
nanoribbon are in the terahertz (THz) region.2,3 Therefore,
graphene is considered a promising material for THz opto-
electronic devices, such as THz detectors and modulators.4,5

The optical conductivity of graphene in the THz region also
allows graphene to support nanoscale THz surface plasmonic
applications.6 To develop these graphene-based THz
optoelectronic devices, it is of great importance to understand
the optical properties of graphene in the THz spectral region.
The optical conductivity of graphene in the THz spectral region
has been measured by several groups using Fourier-transform
infrared spectroscopy (FTIR)7–9 or THz time-domain
spectroscopy (THz-TDS).10,11 However, there has been a lack
of experimental studies on the optical conductivity in the THz
spectral region of multilayer graphene with different stacking
arrangements. In this paper, we report our measurements
of the THz optical conductivity of graphene with different
numbers of layers using THz-TDS. The obtained experimental
data are fitted with models of different stacking schemes.
Many key physical parameters, including the intraband carrier
scattering rate, the carrier density, the dc conductivity, and
the carrier mobility, are deduced from the theoretical fitting
analysis of the experimental data. The stacking arrangement
and the misorientation angle of each graphene sample are also
determined with our best effort, and their implication for the
physical parameters of the sample is clearly illustrated.

II. THEORECTICAL MODELS

In the THz spectral region, the optical conductivity of
graphene is dominantly determined by the intraband carrier

scattering.12 Semiclassically, the intraband conductivity of
monolayer graphene can be expressed as12

σmono (ω) = e2

πh̄2

2kT

τ−1 − iω
ln

[
2 cosh

( μ

2kT

)]
, (1)

where e is the electric charge, h̄ is 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, and μ is the chemical potential (i.e., the
Fermi level). Here and throughout the rest of this paper, we
have assumed that the frequency dependence of τ is sufficiently
weak so that it can be regarded as a constant. Our initial
analysis shows that this is a good approximation in the THz
spectral region of our interest in this paper. The frequency
dependence of τ is an important subject to be further studied in
our future research. Equation (1) can also describe the optical
conductivity of misoriented (turbostratic) multilayer graphene,
which is frequently observed in chemical vapor deposition
(CVD) synthesis.13,14 The energy dispersion of misoriented
multilayer graphene is linear near the Dirac point, like that
of monolayer graphene, but with a reduced Fermi velocity.15

Because Eq. (1) is not a function of the Fermi velocity, it can
also be used to calculate the optical conductivity per layer of
misoriented multilayer graphene.

For AA- and AB-stacked multilayer graphene, however,
the interlayer interaction greatly changes the band structure
so that Eq. (1) is not accurate for these stacking schemes.
AA-stacked N -layer graphene has a band structure consisting
of N Dirac bands that are shifted in energy. The energy
differences among these bands are 2α1cos[rπ/(N + 1)],16

where r = 1,2, . . . ,N and α1 is the interaction energy of
vertically neighboring atoms. The interaction energy α1 and
the interlayer separation of AA-stacked graphene are not the
same as those of AB-stacked graphene because the atomic
arrangement of the system is fundamentally different for these
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two stacking types. The interlayer separation is measured to
be around 3.6 Å for the spacing between AA-stacked layers,17

which leads to the value of α1 = 217 meV.18,19 The optical
conductivity per layer of AA-stacked multilayer graphene
can be expressed as the average of the contribution from N

different Dirac bands. Using Eq. (1), we obtain

σAA(ω) = e2

πh̄2N

2kT

τ−1 − iω

×
∑

r=1,2..N

ln

(
2 cosh

{
μ + 2α1cos[rπ/(N+1)]

2kT

})
.

(2)

It is also possible that a multilayer graphene consists of
misoriented layers as well as layers that are AA or AB stacked.
For example, it has been suggested that for ABA′ graphene
(an AB-stacked bilayer plus a misoriented monolayer), the
Raman spectrum is the combination of the spectra from an
AB-stacked bilayer and a misoriented monolayer,20 and its
band structure is a superposition of that of the AB-stacked
bilayer and a linear dispersion band.21 The superposition of
band structures provides us with the convenience in calculating
the optical conductivity of such a mixed system of different
stacking schemes. In this case, the optical conductivity of
ABA′ graphene is the sum of the optical conductivity of
an AB-stacked bilayer and that of a misoriented monolayer.
Here we generalize this conclusion to multilayer graphene
comprising AA-stacked and misoriented layers as supported
by the fitting results from our experimentally measured data
described below. For example, from Eqs. (1) and (2), the optical
conductivity of an AAA′ graphene trilayer, which comprises
one AA-stacked bilayer and one misoriented monolayer,
is σAAA′ = 2 × σAA|N=2 + σmono. Hereafter, for the ease of
reference, we shall call Eq. (1) the graphene or misoriented
model, Eq. (2) the AA model, and any combination of them
the mixed model.

III. EXPERIMENT

A. Sample preparation

Our graphene samples were synthesized by CVD on a cop-
per substrate. By carefully controlling the airflow of a mixture
of methane and hydrogen in a heated furnace, monolayer
graphene was uniformly grown on a copper substrate. The
samples were then spin coated with poly(methyl methacrylate)
(PMMA). The PMMA/graphene can be detached from the
copper substrate by etching the copper with an aqueous
nitric acid solution. The detached PMMA/graphene was
then transferred and deposited on the sapphire substrate
by direct contact. The PMMA was dissolved subsequently,
leaving monolayer graphene on our target substrate. PMMA
residues on the sample were then eliminated by the annealing
process. N -layer graphene samples were obtained by repeating
the aforementioned process N times on the same sapphire
substrate. For this work, we used five graphene samples
on sapphire substrate with N = 1,2,3,5, and 7, respectively.
The number of layers in each sample was confirmed by the
quantized absorption level of each sample seen in the optical
transmission measurement using broadband visible light, as

FIG. 1. (Color online) Transmittance (%) (measured at the wave-
length of 600 nm) of samples with different numbers of graphene
layers.

shown in Fig. 1. The quantized absorption level can be tuned
by varying the synthesis condition in the CVD process; for this
reason, different values are observed by different groups.22,23

B. Raman spectroscopy

The Raman measurements were performed at room tem-
perature under ambient conditions with a laser of 488-nm
excitation wavelength and 5-mW power. As shown in Fig. 2,
every one of the Raman G′-band spectra of our multilayer
samples can be described by a single Lorentzian shape, which
excludes the possibility of any of our samples being AB
stacked.24 Furthermore, except for the bilayer sample, the
other multilayer samples (N = 3, 5, 7) all show a G′ blueshift
with respect to that of the monolayer graphene (Table I). This
indicates that the Fermi velocity is renormalized and some
layers, if not all, are misoriented.20,25 The G′-band intensity,
shown in the inset of Fig. 2, is greatly influenced by the
number of layers and the rotational angle of misorientation.
It has been shown theoretically and experimentally that for
misoriented bilayer graphene, the integrated intensity of the
G′-band increases with inceasing rotational angle.26,27 The
integrated intensity can even be higher than twice that of
monolayer graphene.26 If this trend also applies to multilayer

FIG. 2. (Color online) Raman G′-band spectra of monolayer
(N = 1) and multilayer graphene with different numbers of layers
(N = 2, 3, 5, 7). From left to right, as the arrow indicates, are curves
for two-, one-, seven-, three- and five-layer graphene samples. The
intensity is scaled to the same level to show the shifts of the curves.
In the inset are the absolute Raman scattering intensities of the same
data. Curves associated with different numbers of layers are indicated
by the arrow. Corresponding curves are shown in the same color.
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TABLE I. Raman G′-band shift and FWHM for graphene samples
of different number of layers.

Number of layers

1 2 3 5 7

G′ shift (cm−1) –3 6 15 6
G′ FWHM (cm−1) 40 37 48 45 43

graphene with N > 2, the average rotational angle among
layers in our trilayer graphene sample should be very small
because of the ultralow G′-peak intensity and the large full
width at half maximum (FWHM) of the G′-band spectrum
observed for this sample (Table I), which are both signatures
of a small rotational angle.26 For our five- and seven-layer
graphene samples, the peak intensity of the seven-layer sample
is around seven times that of monolayer graphene while that
of the five-layer sample is only about three times that of
monolayer graphene. Therefore, we conlcude that the average
rotational angle among layers in the seven-layer graphene
sample is larger than that in the five-layer graphene sample.
For our bilayer graphene sample, we believe that it has AA
stacking because its Raman spectrum has no G′ blueshift and
its G′-peak intensity is similar to that of the monolayer sample
(Fig. 2 inset). The small redshift might be caused by the finite
amount of charged impurity.28

C. Terahertz time-domain spectroscopy

To gain more physical details about our samples, THz-
TDS is used to measure the THz optical conductivity. The
THz-TDS experiments are briefly described in the following.
The generation and detection of THz pulsed radiation using
the free-space electro-optic sampling technique was set up
on a mode-locked Ti:sapphire laser operating at 800-nm
wavelength with 30-fs pulses at an 80-MHz repetition rate.
The femtosecond-pulse laser beam was split into a pump
beam and a probe beam. The THz pulses were generated by
using the pump laser pulses to trigger a semi-insulating-InP
photoconductive switch that consists of two parallel electrodes
spaced 0.5 mm apart and biased with a dc voltage of 100 V. The
generated THz-pulse beam was focused by a pair of off-axis
parabolic mirrors onto a graphene sample at normal incidence
with the incident THz electric field polarized parallel to the
sample surface. The temporal electric-field-amplitude profile
of an incident or transmitted THz pulse was sampled by
scanning the delay between the pump and probe optical pulses.
For this sampling measurement, the incident or transmitted
THz pulse being measured was focused by another pair of
off-axis parabolic mirrors on a 1-mm-thick (110)-ZnTe sensor
crystal. The polarization of the optical probe beam changes
when the ZnTe crystal was irradiated by the THz electric field.
The THz-induced phase retardation of the optical probe beam
was converted into an intensity modulation and detected by
using balanced photodiodes. In order to avoid any undesirable
effects from the humidity in the laboratory air, the THz-TDS
system was placed in a Plexiglas box and was purged with
dry nitrogen flow. The measured time-domain profile of the
incident THz electric-field amplitude is shown by the gray
curve (labeled Ei) in Fig. 3(a).

FIG. 3. (Color online) (a) Time-domain profiles of the incident
electric-field amplitude (Ei) and the transmitted electric-field am-
plitudes (Et) of THz pulses for the sapphire substrate and the
graphene samples with different number of layers. Ei is obtained
by measuring the transmitted signal through the air without the
substrate in the optical path. The framed region of the transmitted
profiles for Et is enlarged and shown in the inset. Indicated by the
arrow from top to bottom are the data for bare sapphire substrate
(N = 0) and for graphene samples with N = 1, 2, 3, 5, 7 number of
layers. (b), (c) Measured optical conductivity spectra (solid curves)
and theoretical optical conductivity spectra (dashed curves) for (b)
monolayer (N = 1) and bilayer graphene (N = 2), and (c) multilayer
graphene (N = 3, 5, 7). Different models are used for fitting the
experimental data of different samples (see text). The fitting values
for the parameter τ−1 are presented in Table II(a).

All samples were measured at the room temperature of
294 K. For each sample before graphene was placed on the
substrate, the time-domain profile of the transmitted electric-
field amplitude of the THz pulse through the bare sapphire
substrate was first measured as the background reference.
After each sample with graphene on the sapphire substrate was
made, the time-domain profile of the transmitted electric-field
amplitude of the THz pulse through the sample was measured.
These time-domain data are shown in Fig. 3(a). As can be
seen, the transmitted signal is reduced as the number of
layers increases. The spectra of the transmission coefficients
in the frequency domain were obtained by taking the Fourier
transform on the data in Fig. 3(a). The derived data are
complex numbers, carrying both the phase and amplitude
information. Using Maxwell’s equations with appropriate
boundary conditions, the ratio of the transmission coefficients
tsam (graphene sample on the sapphire substrate) to tsub (bare
sapphire substrate) in the frequency domain can be related to
the optical conductivity of the graphene sample without the
substrate as

tsam(ω)

tsub(ω)
= 1 + n

1 + n + Nσ (ω)/cε0
, (3)
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TABLE II. Fitting results of scattering rate τ−1 for graphene
samples of different number of layers. (a) Fitting results for τ−1

based on the assumption of possible AA stacking with experimentally
measured values of chemical potential μ obtained by the pump-probe
experiment. (b) Fitting results for μ and τ−1 based on the assumption
that all samples are decoupled graphene layers.

Number of layers

1 2 3 5 7

(a) μ (meV) 64 64 64 63 63
τ−1 (1012 s−1) 9.9 29.2 40.1 18 24.1

(b) μ (meV) 91.4 190.9 248.1 70.3 114.9
τ−1 (1012 s−1) 14.7 25.4 44.5 20.3 25.8

where n = 3.07 is the refractive index of the sapphire substrate,
which was measured in our experiments and found to be
consistent with literature;29 c is the speed of light, ε0 is the
permittivity of free space, and σ (ω) is the measured optical
conductivity per layer of the sample.

D. Ultrafast optical pump midinfrared probe experiment

We also experimentally obtained the chemical potential μ

for each sample by using the ultrafast optical pump midinfrared
probe technique.30,31 Due to the redistribution around μ of the
carriers excited by the optical pump pulse, the reflectivity of the
sample increases (�R > 0) for a probe photon energy higher
than μ and decreases (�R < 0) for a probe photon energy
lower than μ. By finding the sign change of �R using different
wavelengths of the midinfrared probe beam, the location of μ

can be found. For all samples, μ was found to be 63 or 64 meV
[Table II(a)]. The details of the measurement are beyond the
scope of this paper.

IV. ANALYSIS AND DISCUSSIONS

With both μ and σ (ω) experimentally determined for each
sample, we can now determine the scattering rate τ−1 and
the stacking arrangement of each sample by fitting the real
part of σ (ω) to the real part of our theoretical conductivity
models using τ−1 as the fitting parameter. The fitting curves
are shown in Figs. 3(b) and 3(c). The measured values of μ

and the fitting values of τ−1 for these fitting curves are listed in
Table II(a). We find that the monolayer and five-layer graphene
samples fit well with the graphene/misoriented model. We
have also tried fitting the data with the mixed model to see
if there are AA-stacked layers in the five-layer sample. It
is found that the theoretical optical conductivity is too high
for the experimental data to be fitted with this model. 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
in the literature.18,19 Note that a different theoretical value of
α1 (361 meV) is also suggested in the literature,32 which does
not fit with our experimental data. This fitting result suggests
that there are locally AA-stacked regions in our misoriented
trilayer sample. The local existence of AA stacking is possible
when layers are misoriented, as illustrated in Fig. 4(a). As
suggested by its Raman spectrum in Fig. 2, our trilayer sample

is misoriented with small rotational angles. Because the size
of the local AA region in a unit cell increases rapidly with a
rotational angle smaller than 5◦,15,33 we can potentially have
an AA region that has a dimension comparable to the mean
free path of carriers in the resultant supercell if the angle is
sufficiently small. The Fermi velocity of AA-stacked trilayer
graphene is about 8.37 × 105 m/s.18 With a carrier lifetime
of τ = 25 fs that is obtained by fitting with the AA model,
the mean free path is 20 nm, which is around one hundred
lattice constants. Because the number of carbon atoms in
a supercell can easily reach thousands,33 it is possible that
our conductivity data are the direct measurement of locally
AA-stacked regions in the sample. For the seven-layer sample,
σ (ω) fits well with a mixed model of five misoriented layers
plus an AA-stacked bilayer. By comparison, the existence
of AA-stacking coupling is difficult to tell from its Raman
spectrum because it is overwhelmed by the Raman intensity
contributed by the misoriented layers.

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. The fitting results
are listed in Table II(b); they show a strong disagreement
with the values of μ that were experimentally obtained by
the pump-probe experiment. The large discrepancies in these
fitting values of μ with its experimentally measured values
cannot be explained by the inhomogeneity in the graphene
layers or in the impurity density. Clearly, the assumption of
decoupled graphene layers is not valid for all of our multilayer
samples.

Other physical parameters can also be derived using the
values of τ−1 and μ listed in Table II(a); the results are listed
in Table III. With the Fermi velocity of monolayer vmono

F
∼=

106 m/s,34 the mobility obtained for the monolayer graphene
sample is very high, around 11 420 cm2 V−1 s−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.14,35 For AA-stacked bilayer and
trilayer graphene samples, the carrier density can be calculated
with known band overlapping and vF

∼= 8.37 × 105m/s.18

The resultant mobilities for our bilayer and trilayer graphene
samples as listed in Table III are below 1000 cm2 V−1 s−1,
which are much lower than that of the monolayer sample.
Also note that, as seen in Figs. 3(b) and 3(c), their optical

TABLE III. Derived physical parameters of graphene samples
based on the parameters listed in Table II(a).

Number of layers

1 2 3 5 7

Relaxation time τ 101 34.2 24.9 55.6 41.5
(fs)
Carrier density 0.44 5.58 7.22 0.48 1.91
(1012 cm−2/layer)
dc conductivity 8.04 8.82 6.33 4.25 5.25
(10−4 	−1/layer)
Mobility 11420 987.9 547.9 5534 1718
(cm2 V−1 s−1)
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FIG. 4. (Color online) (a) Misoriented bilayer graphene with locally AA-stacked region illuminated by the incident THz pulse beam.
(b) Schematically drawing of the transmission measurement without (tsub) and with (tsam) a graphene sample on a sapphire substrate. (c) From
left to right: Filling of the lowest band by carriers in monolayer, AA-stacked bilayer, and AA-stacked trilayer graphene with the same chemical
potential μ.

conductivities are relatively high among the samples due to the
semimetal nature of AA stacking. For the five-layer sample,
the average rotational angle is about 10◦ judging from its
large blueshift of the G′ peak.26 The corresponding Fermi
velocity is 0.95vmono

F ,15 and the resultant carrier density and
mobility are obtained and listed in Table III. For the seven-layer
sample, its rotational angle is difficult to tell from its G′-peak
shift because the observed shift corresponds to many possible
angles.26 However, because the peak intensity is almost seven
times that of monolayer graphene, we can confidently assume
that the rotational angle is sufficiently large that the Fermi
velocity is the same as vmono

F .15 The obtained mobility is lower
than that of the five-layer sample due to the existence of
AA coupling in two of the layers in this seven-layer sample.
From Table III we also notice that 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. For the same chemical potential, the
carrier density is different in different subbands, as shown
in Fig. 4(c) for the lowest conduction band. As can be seen,
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 (τ−1 ∝ √

n),35,36 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 seven-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.

To further confirm our fitting results, we calculated the
refractive index n(ω) = {[ε∞ + iσ (ω)/ωd]/ε0}1/2, where d

is the thickness per layer, σ (ω) is obtained from the ex-
periment as in Eq. (3), and ε∞, which is contributed by
the interband transitions, is negligibly small compared to
the other term for the THz frequency region.37 We choose
d = 3.6 Å (Ref. 17) for the bilayer and trilayer graphene
samples (AA stacking), and 3.4 Å (Ref. 34) for the five- and
seven-layer graphene samples (misoriented). The choice of

3.4 Å is an approximation as we are not able to accurately
determine the rotational angles among the layers in the
five-layer sample and in the seven-layer sample. Figure 5
shows, 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 τ−1 listed in Table II(a) are used

FIG. 5. (Color online) Measured refractive index (solid curves)
and theoretically calculated refractive index (dashed curves) using
a proper model for each sample (see text). n′ and n′′ are the real
and imaginary parts of the refractive index, respectively. From (a)
to (e) are the data for samples of one, two, three, five, and seven
layers, respectively. Values of the fitting parameter τ−1 are listed in
Table II(a).

235446-5



LIN, LIU, SHI, TSENG, WU, LUO, AND LI PHYSICAL REVIEW B 86, 235446 (2012)

for these theoretical calculations. As can be seen in Fig. 5, the
experimental results can be fitted quite well by the theoretical
models.

V. CONCLUSION

In summary, we have measured the THz optical conduc-
tivity of graphene samples that have different numbers of
layers. The high conductivities and the Raman spectra of our
bilayer and trilayer graphene samples suggest the existence
of AA stacking of these samples. The experimental data can
be fitted using the AA model with an interaction energy α1

and an interlayer spacing that are both in very good agreement
with those reported in the literature. Our five- and seven-layer
graphene samples show the sign of rotational misorientation
among layers as suggested in their Raman spectra and our
fitting results. 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. 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.
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