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Measuring the DC conductivity of very thin 
lms could be rather di�cult because of the electrical contact issue. 	is DC
conductivity can, however, be extracted fromnoncontactmeasurements at GHz and THz frequencies using elaborated conductivity
models that nicely 
t the experimental data. Here we employ this technique to study theDC conductivity of fragile nanometer-thick

lms of multiwalled carbon nanotubes and monolayer graphene. 	e THz response of the 
lms is measured by THz time-domain
spectroscopy. We show that the THz conductivity of the samples is well 
tted by either Drude-Lorentz model or Drude-Smith
model, giving information on the physics of electrical conductivity in these materials. 	is extraction procedure is validated by
the good agreement between the so-obtained DC conductivity and the one measured with a classical 4-point probe in-line contact
method.

1. Introduction

One-dimensional (1D) carbon nanotubes (CNTs) and two-
dimensional (2D) graphene layers exhibit unique electrical,
optical, andmechanical properties [1–3]. Consequently, these
carbon nanostructures have been introduced in numerous
electronic devices, such as 
eld-e�ect transistors [4] and
supercapacitors [5], or as conductive 
exible adhesives [6].
A comprehensive knowledge of the electrical conduction
in actual CNTs and graphene layers, as well as a precise
measurement of its value, is compulsory for designing opti-
mized electronic components. Commonly, contact devices
are employed to characterize the current-voltage response
of the carbon nanostructure samples and then to determine
their electrical properties [7, 8].However, the contacting issue
may damage the fragile thin 
lms and thus may prevent a
multiple measurement procedure and/or a subsequent use of
the tested devices. 	erefore, a noncontact and nondestruc-
tive technique is needed in practice.

Amongmodern techniques, terahertz time-domain spec-
troscopy (THz-TDS) is known for years to be a precise

tool for noncontact characterization of samples like semi-
conductor wafers [9], paint 
lms [10], art and historical
pieces [11], biological tissues [12], and so forth. Sub-THz
continuous wave and THz-TDS have already been widely
applied to study carbon nanostructure samples [13–15]. As
THz-TDS delivers the magnitude and phase of the THz
waves transmitted or re
ected by the samples, the complex
permittivity of the sample material is obtained from THz-
TDS data. In the case of conductive materials, the THz
conductivity can be calculated from the complex permittivity.
However, theDCconductivity cannot be directly determined,
as the available THz power decreases sharply and falls
below the noise level at lower frequencies (typically below
100GHz). Nevertheless, by 
tting the experimental THz-
TDS data with an adequate conductivity model, the electrical
conductivity can be extrapolated from its measured values
at THz frequencies, assuming the material does not exhibit
resonances at lower frequencies, like piezoelectric ones. As
compared to free space measurements at lower frequencies
(MHz-GHz), working at THz frequencies exhibits the strong
advantage of a smaller wavelength, which permits dealing
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Figure 1: THz spectra obtained for (a) MWCNT samples and (b) MG samples. Insets show the corresponding temporal signal achieved.

with smaller realistic samples without artifact induced by
di�raction e�ects.

In this work, we apply this procedure to obtain the
electrical DC conductivity of multiwalled carbon nanotubes
(MWCNTs) 
lms and of monolayer pristine graphene (MG)
samples.	e conductivities of theMWCNT andMG samples
are, respectively, described with a combined Drude and
Lorentz model and by a Drude-Smith model. To validate our
procedure, we compare the so-achieved DC conductivities
with the ones obtained with a conventional 4-point probe
measurement [16]. 	e good agreement demonstrates the
e�ciency of the noninvasive THz-TDS technique in deter-
mining the electrical parameters of fragile thin 
lms [17–20].

2. Experimental Part

2.1. MWCNT and MG Samples. MWCNT samples were
made of a pure and homogenous thin 
lm of MWCNTs
deposited over a fused quartz substrate. A nanotube sus-
pension was prepared by mixing and ultrasonicating (380W,
20min) deionized water (10mL), sodium dodecyl sulfate
(Sigma Aldrich 71725, 0.1 g), and MWCNTs (Hanwha Nan-
otech CMP-330F, 10mg). 	e nanotube suspension was
deposited on a 
lter paper (Whatman Anodisc 25) by the
vacuum 
ltration method. 	en, we removed the sodium
dodecyl sulfate surfactant by rinsing with deionized water.
Finally, the MWCNTs 
lms were transferred onto fused
quartz substrates. 	e MWCNTs 
lm thickness of our two
samples, namely, MWCNT1 and MWCNT2, is 162 and
193 nm, respectively.	e diameter of the 
lms is 18mm,while

the quartz substrate is a 25 × 25 × 2.15mm3 [13].
MG 
lms were fabricated as follows [2, 21]: copper foils

from Alfa Aesar (46986, 99.8%, thickness 25 �m) were used
as catalytic substrates. 	ey were heated to 1000∘C with
H2 
ow (3 sccm) and annealed at 1000∘C for 30min. 	en,
graphene 
lms were grown by a low pressure chemical vapor

deposition (LPCVD) by introducing CH4 in the deposition
chamber for 10min (20 sccm). Specimens were lastly cooled
rapidly to room temperature, without any gas 
ow. 	e
synthesized MG 
lms were transferred onto a fused quartz

substrate (20 × 20 × 0.5mm3) by the wet transfer method. A
thin layer of polymethyl methacrylate (PMMA) dissolved in
chlorobenzene (Sigma-Aldrich 82265, 46mg/mL) was put on
top of MG, followed by a curing. 	en, the copper substrate
was etched in ammonium peroxydisulfate solution (Alfa
Aesar 54106, ACS, 98.0%, 0.1M) for 3 hours. Finally, the
PMMA/graphene 
lm was transferred onto the fused quartz
substrate, followed by removal of PMMA using acetone.
	e MG 
lm thickness of our two samples, namely, MG1
and MG2, is a one-atom thick layer deposit on over quartz

substrates (15 × 15 × 0.5mm3). Fused quartz was chosen
as the substrate material for all samples because of its high
transparency in the THz domain (Figure 1). It exhibits a
refractive index of about 1.95 and its power absorption is low
but increases continuously with frequency to reach 8 cm−1 at
2 THz (inset of Figure 2).

2.2. Time-Domain Spectroscopy and THz Signals. 	e THz
responses of the samples have been characterized using a con-
ventional THz-TDS setup [22, 23].	e samples are located at
the waist of the THz beam: at any frequency of the available
THz signal, the Rayleigh length of the beam is much larger
than the bare or covered substrate; therefore, the sample can
be considered as illuminated at normal incidence by a plane
wave. To execute a THz di�erential analysis, 3 measurements
have been performed for each sample: one without sample,
one with a bare substrate, and 
nally one with the MWCNT
(Figure 1(a)) and MG (Figure 1(b)) samples.

	e waveforms are recorded over a 35 ps time window,
leading to a spectral resolution of 28GHz. Each waveform
has been recorded several times, in order to check the
experimental reproducibility and to minimize the noise by
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Figure 2: THz pulses transmitted through MWCNT and MG
samples.	e inset shows the optical properties of noncovered fused
quartz at THz frequencies.

averaging the records. 	e THz spectrum of the averaged
waveforms is obtained through a numerical fast Fourier
transform. To simplify the extraction of the 
lm parameters,
an appropriate time windowing of the substrate and sample
waveforms rejects the echoes resulting from rebounds in the
substrate [24].

Under this hypothesis, the frequency signals write

�� (�) = ����������(�/	)
��(�/	)�̃�
,
�� (�) = �� ���������

1 − ��������2(�/	)
�̃� �
�(�/	)
�̃���(�/	)�̃�
, (1)

where the subscripts � and � designate the signals measured,
respectively, for bare substrate and covered substrates. ��
is the air-incident beam. 	e subscripts 	, 
, and � are
for ambient medium (air), 
lm, and substrate. � is the
thickness of the MG sample; ��� and ��� are the coe�cients of
transmission and re
ection at the interface between media 

and �. �̃� = �� +��� is the complex refractive index of medium
. From (1), the complex transmission �(�) for thin 
lm with
magnitude (�) and phase shi� (�) can be de
ned as

� (�) = �� (�)�� (�) = � (�) �
��(�). (2)

3. Models for THz Conductivity

In MWCNT thin 
lms, both free electrons, moving along
a nanotube or from a nanotube to another one, and bound
electrons, through resonant oscillations, contribute to the
relative permittivity. In addition, the free conductivity of
the CNTs depends on how the CNTs are rolled into [25].
Low-frequency phonon modes, that are resonant at THz
frequencies, are strongly involved in carrier scattering [26].

	us, it is necessary to combine both Drude approach of
metallic conductivity and Lorentzmodel of dielectric permit-
tivity to describe the electromagnetic response of MWCNTs.
Moreover, the 
lms consist of random and nonaligned tubes
dispersed in air, but with dimensions much smaller than
the THz wavelength. 	us, from an electromagnetic point of
view, theMWCNT
lm can be treated as an e�ectivemedium
with a complex permittivity function �̃e� [27]. Taking into
account the involved contributions to the permittivity, we
write

�̃e� = �∞ +
�∑
�=0


��2�
�2� − �2 + ��Γ� , (3)

where ��, ��, 
�, and Γ� are, respectively, the plasma
frequency, the resonance frequency, the strength, and the
damping frequency of the �th mode.

On the other hand, a graphene 
lm is a homogeneous
conducting material. 	e plasma frequency and carrier den-
sity have a nonlinear dependency, because of the conical
dispersion of the energy with momentum. It is important to
note that, in the THz range, absorption through intraband
transitions dominates the one related to interband transitions
[28], and thus intraband absorption in
uences mainly the
THz conductivity. 	erefore, up to date, THz conductivity of
graphene 
lms has been 
tted using the Drude model [29].
However, wewill showhere that theDrudemodel asmodi
ed
by Smith [30], taking into account a nonrandom scattering of
the free carriers, allows one to better adjust the experimental
data with the modeled curve. In the Drude-Smith (DS)
model, the expression of the complex conductivity is

�̃ (�) = �DC1 − 
�� (1 +
∞∑
�=1

��(1 − 
��)�) , (4)

where the �� coe�cient is the fraction of the electron original
velocity that is retained a�er the mth collision. If �� =0, the carrier momentum is totally randomized (classical
model by Drude). If �� = −1, the free carrier is completely
backscattered [31].

4. Results and Discussion

Figure 2 presents the transmission spectrum of the di�erent
studied samples as determined from the experimental data
using relation (2). All samples show almost a steady state
transmission line up to 1.5 THz. However, a�erwards there
are 
uctuations due to the insu�cient THz power. MG2 and
MWCNT2 are, respectively, the most (∼94%) and least (∼
81%) transparent samples.

4.1.MWCNTSamples. 	e imaginary part of the permittivity
of the 
lms, to which the absorption of the electromagnetic
wave is related, is in turn proportional to the real part of
the electrical conductivity. Figure 3(a) depicts the THz real
conductivity of the 
lms: it monotonically increases with
increasing frequency for both MWCNT samples. Figure 3(b)
shows the imaginary part of the electrical conductivity, which
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Figure 3: (a) Real and (b) imaginary parts of measured (markers) and 
tted DL model (lines) results of electrical conductivity for MWCNT
samples.
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Figure 4: (a) Real and (b) imaginary parts ofmeasured (markers) and 
ttedDSmodel (lines) results of electrical conductivity forMG samples.

decreases with increasing frequency. 	en, the conductivity
does not follow the simple Drude model and we need to
consider the Lorentzian contribution at high frequencies
as mentioned in (3). Our 
ts of the experimental data are
plotted as lines in Figures 3(a) and 3(b). One can notice
the excellent agreement between measured and calculated
conductivities, in both cases of real and imaginary parts. 	e
so-achieved plasma frequency is 
� = ��/2� ≈ 45THz,
corresponding to an equivalent-bulk density of carriers of

2–4 × 1019 cm−3. 	us, this plasma frequency of MWCNT

lms is much higher than the one in semiconductors [32]
and smaller than in metals [31] with a scattering time
(� ≈ 10 fs) of the order of metallic materials. In regular
semiconductors, 
� is proportional to the square root of
carrier density and inversely proportional to the e�ective

mass of the carriers. 	e average e�ective electron mass and
electron carrier density of MWCNTs are found between the
ones of doped semiconductors (e.g., n-doped silicon) and
perfect metal (e.g., Au). 	is behavior depends on physical
structure and varying chiral vector indices of the tubes.
	e Lorentz resonance frequency is around 4 and 6THz,
respectively, for MWCNT1 and MWCNT2.

4.2. MG Samples. Figures 4(a) and 4(b) display the THz
conductivity of MG samples. MG1 real conductivity is twice
the one of MG2, while its imaginary part is much higher.
	e values of conductivity are known to be sensitive to the
thickness of theMG
lms [14].	is di�erence in conductivity
behavior of the studied MG samples could come from the
slight variation in the transfer during the CVD synthesis
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Table 1: DC conductivity obtained using 4-probe technique and
determined from THz Drude models.

Samples
4-Probe conductivity

(S/cm)
THz-Drude conductivity

(S/cm)

MWCNT1 70.6 70.7

MWCNT2 66.6 66.7

MG1 3.46 × 104 3.5 × 104
MG2 6.96 × 103 2.1 × 104

process. Also, MG2 shows a non-Drude response because
of its smaller area than MG1, which explains why the
conductivity shows an oscillator at higher frequencies. As
a result of large scattering rates, the studied spectral range
is below the Drude roll-o� frequency. For the MG1 sample,
both real and imaginary parts of conductivity increase with
increasing frequency, which is well 
tted by a Drude-like
form (�� = 0, 
� ≈ 571THz and � = 34 fs) of the frequency-
dependent conductivity [18]. For the MG2 sample, however,
the negative imaginary part of THz conductivity decreases
with increasing frequency. It cannot be explained by a simple
Drude model, but it is well described by the Drude-Smith
theory (relation (4)) with ! = 1 and �1 = −0.6. 	e large
negative value of �1 indicates that the electrons are a�ected
by backward scattering as a result of the structural disorder
e�ects in graphene [14]. As for MG1 samples, the plasma
frequency 
� ≈ 492THz is in the visible range while the
collision value (� = 53 fs) is comparable to the ones of
metals.

4.3. Samples DC Conductivity. THz-TDS setups do not o�er
enough signal-to-noise ratio to determine the precise con-
ductivity at low frequencies, because the e�ciency of their
dipole-like THz antennas vanishes when reaching the DC
regime. However, this information can be extrapolated from
the conductivity by 
tting the spectra over the whole THz
range, whichminimizes the e�ect of noise or of discrepancies
at some given frequencies.	eDC conductivity of the 
lms is
simply deduced from the permittivity constant at frequency� = 0, using the 
tted plasma frequency and collision time(�DC = �2���0). 	e so-obtained values are given in the third

column of Table 1.
To validate our method, the DC electrical conductivity of

the 
lms was measured with a classical 4-probe technique,
using a Keithley 6221 current source and a Keithley 2182A
nanovoltmeter. Even though the 4-probe technique is always
di�cult to implement when dealing with thin 
lms (the
probes may mechanically damage the 
lm at the contact
location), the measured DC conductivity (column 2 of
Table 1) is very close to the average values deduced fromTHz-
TDS measurements and conductivity models (column 3 of
Table 1). 	ere is only one disagreement related to sample
MG2. It could arise from the not perfect 
t of the conductivity
curve at lower frequency (Figure 4) and especially of the
imaginary part of the conductivity, which is too small to be
determined with a great precision.

5. Conclusion

To summarize, THz-TDS has been demonstrated to be a
powerful noncontact tool to study the electrical conductivity
of MWCNT andMG 
lms from DC to THz frequencies. 	e
whole spectrum analysis gives us reliable information for the
DC electrical characterization of the samples. 	e conduc-
tivity of the 
lms was extracted from THz-TDS data using-
combined Drude models. 	e agreement between measured
and 
tted values is good, even though the experimental values
were rather noisy due to thickness of thin 
lms compared
to the thick substrates and also the limited sensitivity of the
THz-TDS setup over 1.5 THz.

	e electrical conductivity of MG 
lms with zero
bandgap is almost three orders of magnitude at DC level
and two orders of magnitude at THz frequencies, larger than
the one of MWCNT 
lms. MWCNT conductivity indeed
depends on the crystallinity of the graphitic layers and the
number of surface defects. MG1 and MG2 conductivities
are well described by Drude and non-Drude models. 	e
backward scattering occurring in the free electronmovement
may be explained by the structural disorder of the MG2 
lm
Drude-Smith response.
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