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Terahertz (THz) conductivity of single walled carbon nanotube (SWNT)/poly-vinyl alcohol (PVA)

composites has been studied in the frequency window of 0.3–2.0 THz. SWNT/PVA composite

films with a constant thickness of 300 6 20 lm are grown by dispersing required amount of SWNT

in PVA solution via a slow drying process at room temperature under ambient condition. THz time

domain spectroscopic measurements have been performed in transmission geometry at room

temperature under N2 atmosphere and THz conductivity spectra have been extracted from the time

domain data. It is found that conductivity of these samples can be efficiently tuned by changing the

length of the SWNTs and also the SWNT weight fraction. For the highest weight fraction at a

frequency of 1.5 THz, longer SWNT sample (average length� 15 lm) showed 80% increased

conductivity than its shorter counterpart (average length� 2 lm) of the same diameter (1–2 nm).

Shielding effectiveness of the samples has also been engineered by simply changing the effective

length of SWNT inclusion in the polymer matrix. A modified Universal Dynamic Response model

is applied to analyze the conductivity spectra of the samples. V

I. INTRODUCTION

During the last decade, Terahertz (THz) spectroscopy

has emerged as a salient technique to explore the high fre-

quency optical properties of thin films,1–3 nanomaterials,4,5

and carbon nanotubes (CNTs)6–11 in a non-invasive way

owing to the availability of powerful and compact THz

sources and detectors. Research has recently been focused

on developing different types of compatible optical compo-

nents like THz electro-magnetic interference shielding

devices,12–14 THz attenuator,13 THz polarizer,15,16 and THz

band-pass filter17,18 to manipulate THz radiation in an

effective way. In this context, high quality single walled

carbon nanotubes (SWNTs) have received major attention

as a building block in most of the cases due to their fasci-

nating optoelectronic response in this frequency range.

Significant efforts have been made to understand the fre-

quency dependent conductivity properties of CNT-polymer

composite materials in the dc to the GHz frequency

range19,20 and presently in the THz frequency range.

Subsequently, researchers are now trying to extend such

studies in even higher frequency domain.14 The inclusion of

CNTs in a polymer matrix results in an increased electrical

conductivity as well as enhanced mechanical stability of the

composite; conductivities in the order of 0.01–0.1 S cm�1

can be achieved for CNT-polymer composites with a CNT

loading of 5%.6 Such modifications have been found to be

dependent on various inter-related factors such as aspect

ratio, weight fraction, chirality, intrinsic conductivity, tube-

tube interaction, functionalization, and solubility of CNTs.

CNT-polymer composite materials offer important applica-

tions in the field of solar cells, charge storage, and electro-

magnetic shielding devices; hence, a proper understanding

vis-a-vis tunability of electrical properties of such compo-

sites is very important for successful device applications.

Electromagnetic frequency response of such materials can

be tuned by chemically modifying the CNT or by control-

ling the CNT aggregate structure.21 However, such proc-

esses are rather complicated and difficult to execute due to

the requirement of high electric or magnetic field for CNT

alignment and complicated CNT surface modification tech-

nique. It therefore stands to be a challenging job to realize

an easy way to modulate the electrical properties of such

composites. In consonance with some earlier studies,

dimensions of CNTs, in particular, their length has been

concluded to play an effective role in modifying frequency

dependent (near d.c. to GHz) conductivity of such compo-

sites.21 In the present report, we have attempted to regulate

the conductivity of SWNT/poly-vinyl alcohol (PVA) films

within the frequency range of 0.3–2.0 THz in a controlled

way by varying SWNT length.

THz conductivities of different types of SWNT films

have been investigated extensively in the recent past.9–12

Manipulation of THz conductivity by aligned, doped, or

acid treated SWNTs has also been experimented in a hand-

ful of studies.7,8,12 A broad THz conductivity peak (TCP)

has been universally observed in the THz conductivity

spectra of different SWNT films in the frequency range of

1.5–30 THz.10,11,22–24 Two distinct theories have emerged

to explain this TCP. According to one of the possible mech-

anisms,23,24 TCP depends on the interband transitionsa)Electronic addresses: abarman@bose.res.in and rajib@bose.res.in.
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across the narrow gap in the vicinity of the Fermi point aris-

ing out of the finite radial curvature of SWNTs. In this

theory, the magnitude of the narrow band gap is given by

EG ¼ ð3c0a2
C�CÞ=ð4d2

t Þ cos a, where aC�C ¼ 0:142 nm is the

interatomic distance in graphene, dt is the nanotube diame-

ter, c0 is the tight binding transfer integral, and a is the chi-

ral angle.11 This relation suggests that TCP varies inversely

with the nanotube diameter. The other proposed mechanism

infers that the electromagnetic response of a single or a col-

lection of SWNTs depends strongly on its length in the THz

regime where localised surface plasmon resonance is re-

sponsible for its conductivity and the TCP increases with

decreasing SWNT length.10,11,22 According to this theory,

THz radiation introduces a collective charge oscillation

(plasmon) along the nanotube axis and the plasmon fre-

quency is determined by the length and charge density of

the nanotubes. TCP appears when the plasmon frequency

resonates with the frequency of the probing THz radiation.

This peak gets broadened due to the variation of length

among different SWNTs in the sample, defect states in

SWNT surface, etc. The increase in TCP is also related

with intensity decrement of THz conductivity of short

SWNTs due to their weak scattering ability, damaged side-

walls, and smaller electron relaxation time due to increased

defect cites. Recently, Shuba et al.22 have shown that TCP

increases from 4.5 to 30 THz with decreasing SWNT length

and the effect has solely been attributed to the excitation of

localized surface plasmon resonance. Based on the reliabil-

ity of the latter theory, THz conductivity of composites con-

taining SWNTs is expected to be tailored by varying the

effective length of SWNTs and such tuning is essential for

emerging applications of SWNT based optoelectronic devi-

ces including attenuators, shielding devices, polarizers, etc.,

working in the THz frequency range.

In the present investigation, we have dispersed SWNTs

of two different lengths in PVA matrix. THz spectroscopic

measurements have been performed at room temperature and

real conductivity spectra of the samples are extracted in the

frequency range of 0.3–2.0 THz. We found that conductivity

of the SWNT composite samples can be tuned effectively by

changing the effective length and weight fraction of SWNT

in the polymer inclusion. Conductivity at a particular fre-

quency increases linearly for a specific type of SWNT with

increasing weight fraction. For a given SWNT weight frac-

tion, THz conductivity can be increased up to 80% by simply

changing the effective length of SWNTs. Hence, desired

conductivity can be obtained by choosing the appropriate

SWNT effective length and weight fraction in a SWNT com-

posite material for successful device applications. As an

example, we have also studied the electromagnetic interfer-

ence shielding (EMIS) of the samples and the shielding effi-

ciency (SE) is found to be increased up to 75% by changing

the effective length of SWNTs. The conductivity spectra of

the samples have been analyzed by using a modified

Universal Dielectric Relaxation (UDR) model. The discus-

sions based on these results have revealed intriguing aspects

on THz response of SWNT/Polymer composite films and

their possible application in future THz devices.

II. MATERIALS, SAMPLE PREPARATION, AND
MEASUREMENTS

SWNTs (>90% carbon content, diameter

�1.0–1.2 nm) of two different lengths (average lengths of

15 lm and 2 lm) were purchased from NanoAmor, USA at

highest available purity and processed without further puri-

fication. All the SWNTs were bundled and no special isola-

tion technique was employed to separate them. PVA (99%

hydrolyzed, M.W. 89 000) was purchased from Sigma

Aldrich and Millipore de-ionized (DI) water was used for

sample preparations. 1 g granular PVA was dissolved in

10 ml DI water with continuous magnetic stirring for

45 min at 80 �C to produce a clear solution. Required

amount of SWNT powder was mixed with 5 ml DI water

and ultrasonicated for 30 min before mixing it with the

clear PVA solution. The SWNT/PVA solution was magnet-

ically stirred for another 45 min before pouring into a glass

petridish, which was then kept at an ambient condition for

slow drying for 10 days to prepare composite films of thick-

ness 300 6 20 lm for spectroscopic measurements. Bare

PVA film has an uncharacteristic refractive index and

increasing absorption coefficient; therefore, it does not con-

siderably affect the characteristic of THz conductivity of

SWNT. Two different types of SWNT samples namely,

S_L (Dia� 1–2 nm, average length� 15 lm) and S_S

(Dia� 1–2 nm, average length� 2 lm) were dispersed in

PVA matrix at room temperature via slow drying process at

three different weight fractions (0.1%, 0.8%, and 1.6%) and

they were denoted as S_L1, S_L8, S_L16, S_S1, S_S8, and

S_S16.

THz measurements were carried out in a commercial

THz time domain spectrometer (TERA K8, Menlo

Systems).14,16,25 A 780 nm Er doped fiber laser having pulse

width of <100 fs was used to excite a dipole type PC

antenna, which produced a THz radiation having bandwidth

up to 2.5 THz (>60 dB). The radiation transmitted through

the sample was then focused on a similar antenna and

detected coherently. The frequency dependent power and

phase of the transmitted pulse were obtained by using

Fourier analysis of the measured time domain electric field

amplitude ETHzðtÞ. Polarization of ETHzðtÞ depends on the

pump beam polarization and the bias voltage direction in the

THz antennas.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the THz time domain waveform passing

through S_L8 and S_S8 films and the corresponding FFT

amplitude in the frequency domain is shown in the inset. It is

distinctly evident from the FFT amplitude that optical pa-

rameters of the films can effectively be extracted in the fre-

quency range of 0.3–2.0 THz, beyond which the signal to

noise ratio reduces appreciably.

The peak to peak time domain THz amplitude is found

out to be larger for S_S8 than S_L8 indicating higher THz

conductivity (i.e., larger absorption of THz waves by the

samples) for the longer SWNT composites. The frequency

dependent complex refractive index and the complex

dielectric constants for the composite films are deduced by



numerically solving Fresnel’s transmission coefficient for

each film by using the THz transmission spectra.25,26

Special care has also been taken account for the thickness

distribution of different films during calculation of fre-

quency dependent optical properties. The difference

between the theoretical (ðHtheoryðxÞ) and experimental

(HexpðxÞ) transfer function ðHtheory xð Þ ¼ 1� r2ð Þe�i fn�1ð Þk0d

�
PM

m¼0 ðr2e�i2~nk0dÞm and Hexp xð Þ ¼ ~Es ðxÞ
~Er ðxÞ
Þ is minimized by

using the well known Nelder-Mead minimization

technique to extract the frequency dependent complex re-

fractive index (~n), where r is the reflectance, x is the angu-

lar frequency, d is the sample thickness, m denotes the

number of Fabry-Perot etalons present in the spectra, ~EsðxÞ
and ~Er ðxÞ are the complex electric field passing through

the sample and falling on the sample. Fabry-Perot oscilla-

tions in the extracted frequency dependent optical parame-

ters are minimized by carefully choosing the appropriate

thickness (which has also been verified using scanning elec-

tron microscopy images) and the number of Fabry-Perot

etalons present in each sample. THz conductivity is

retrieved from complex optical constant using the following

relations:

~nðxÞ ¼ nðxÞ þ ikðxÞ;

~eðxÞ ¼ ~n2ðxÞ ¼ n2ðxÞ � k2ðxÞ þ i2nðxÞkðxÞ
¼ erealðxÞ þ ieimaðxÞ;

~e xð Þ ¼ e1 þ i
~r xð Þ
e0x

;

~rðxÞ ¼ rrealðxÞ þ irimaðxÞ;

where ~nðxÞ is the complex refractive index with nðxÞ as its

real part and kðxÞ as its imaginary part, ~eðxÞ is the complex

dielectric constant of the system, e1 is the infinite dielectric

constant, e0 is the permittivity of free space, x is the angular

frequency of radiation, and ~rðxÞ is the complex conductivity

of the system with rrealðxÞ and rimaðxÞ representing its real

and imaginary parts, respectively.

Figures 2(a)–2(c) show the frequency dependent real

conductivity spectra of S_L and S_S films at different

SWNT weight fractions. It is observed that conductivity of

all the samples increases with increasing probing frequency

corroborating the observations reported in pervious experi-

ments.14 Conductivity of short SWNT composites is found

to be always smaller than that of the long SWNT composites

due to weak scattering capability and more damaged side-

wall of the latter. Previously, the appearance of a broad THz

peak near 3 THz in SWNT/Polymer composites has been

reported by Akima et al.10 They explained the appearance of

the peak in the light of surface plasmonic excitation. We

probe only the tail part of this TCP due to our restricted fre-

quency window (0.3–2.0 THz). According to the plasmon

excitation model, TCP frequency increases with decreasing

SWNT effective length and the intensity of the tail of the

conductivity spectra decreases simultaneously. We found out

this decreased conductivity tail for the short SWNT sample

as a fingerprint of plasmonic excitation model. For both

types of SWNTs, conductivity increases with increasing

SWNT weight fraction in the PVA matrix, a phenomenon14

attributed to the introduction of conductive element well

above the percolation threshold and local aggregation, and

offers important application in THz shielding devices and

THz attenuator devices.

Real THz conductivities at 1.5 THz of SWNT_long and

SWNT_short samples have been plotted as a function of

SWNT weight fractions in Fig. 3(a). It is found that THz

conductivity of SWNT/PVA composites at 1.5 THz increases

linearly with increasing SWNT weight fraction in the poly-

mer inclusion. Good linear fits are obtained with the slope

being higher for longer SWNT films. THz conductivity at

1.5 THz can be calculated for any given SWNT weight frac-

tion within the range of the present measurement window

using the relation ½39:4þ ðSWNT wt fraction� 1000� 5:24Þ�
in S m�1 for longer SWNT/PVA composites and ½29:9
þðSWNT wt fraction� 1000� 2:47Þ� in S m�1 for shorter

SWNT/PVA composites without actually measuring them.

The relative increment of real THz conductivity at different

FIG. 1. THz time domain amplitude of 8 mg SWNT_long and 8 mg

SWNT_short samples and the corresponding Fast Fourier Transform ampli-

tude are shown in the inset.

FIG. 2. Real THz conductivity of (a) 1 mg SWNT, (b) 8 mg SWNT, and (c)

16 mg SWNT samples fitted with modified UDR model. THz conductivity

of Bare PVA film is shown in the lower panel as a comparison.



SWNT weight fraction is given by
jrSWNT long�rSWNT shortj

rSWNT short
�100

� �
and plotted in Fig. 3(b) at the probing frequency of 1.5 THz.

It is evident from the figure that THz conductivity can be

increased up to as high as 80% for the highest SWNT weight

fraction and the increment can be modulated by simply vary-

ing the SWNT weight fraction in the PVA matrix. Such an

easy conductivity tuning is important in different high fre-

quency device applications such as EMIS and storage devi-

ces. As the conductivity of a composite is closely related to

its shielding capability,14 we have also studied the EMIS

property of the composite films and calculated the SE using

the following relation: SE¼�10� log jEt

Ei
j2

� �
, where Et and

Ei are the complex electric field transmitted through the sam-

ple and incident on the sample. The relative increment of SE

is given by
jSESWNT long�SESWNT shortj

SESWNT short
�100

� �
and shown in the

inset of Fig. 3(b) as a function of SWNT weight fraction. SE

can also be engineered by changing the effective SWNT

length in the composite as clearly observed in the figure. The

highest relative increment in SE is found out to be more than

75% in longer SWNT samples.

The conductivity spectra of a disordered composite ma-

terial obey a power law behaviour described by the following

relation:20

rrealðxÞ ¼ rD:C: þ Axs;

where rD:C: is the dc plateau observed in the low frequency

regime, A is a parameter which depends on the temperature,

s is the frequency exponent, which in turn depends upon the

conductive properties of the sample and the temperature and

can take values in the limit of 0< s< 1. The d.c. plateau

region (rD:C: ) is obtained up to a critical frequency xC

defined as rrealðx¼xCÞ ¼ 1:1rD:C: (Ref. 20) and beyond this

critical frequency limit, conductivity spectra maintain a sub-

linear frequency dependence (s< 1). This critical frequency

for SWNT/PVA composites in general lies in the MHz fre-

quency range and therefore does not appear in the present

investigation where the frequency range of interest is several

orders of magnitude higher. Such power law behaviour is a

characteristic of different transient phenomenon in disor-

dered systems including ac conductivity due to the random

walk of charge carriers through the percolation pathways.

This is referred to as the UDR model, as it finds applicability

to a wide class of disordered materials. The conductivity

spectra of SWNT/PVA films in the probed frequency range

are analyzed using a modified UDR model as explained

below. As the probing frequency reaches near the phonon

frequency (1012 Hz), deviation from UDR model can be

anticipated as the conductivity spectra get affected by the

lowest lying vibrational component or some cross terms

resulting from a coupling between vibrational and hopping

motion of some carriers.27 Treating all these effects sepa-

rately is a challenging task and a super-linear frequency de-

pendence (i.e., 1< s< 2) has been proposed to qualitatively

explain such spectra.27 The physical interpretation of such

behaviour has been elucidated by confined motion of carriers

in the vicinity of coulomb traps. Hopping or tunnelling type

of conduction of carriers is described by a sub-linear fre-

quency dependence (0< s< 1) and in case of 1< s< 2,

motion of carriers gets disturbed by columbic traps and there

movement is limited only in the local environment.27

THz conductivity spectra for all the samples are fitted

using UDR model and the fitted values of the frequency

exponent “s” are tabulated in Table I. For S_L1 and S_S1, s
value is greater than 1 (1.218 and 1.609, respectively) with

S_S1 offering a higher value than S_L1, indicating more

semiconducting nature of that sample as could be intended

for smaller tube lengths due to increased tube-tube junction

resistance and weak scattering capability. Due to very small

SWNT weight fraction, hopping conduction is not favoured

(s> 1) even in long SWNT sample, which is also predicted

by previous experiments.14 With increasing SWNT weight

fraction for both types of samples, number of possible perco-

lation pathways increases and as a result the conductivity

also increases. This is also reflected in the decreasing s value

in all the samples with increasing SWNT inclusion. The val-

ues of s are 0.82 and 0.75 in S_L8 and S_L16, respectively,

indicating hopping conduction and increased conducting

pathways with increasing SWNT weight fraction. The value

of s is greater than 1 for S_S8 and S_S16 films and the con-

ductivity is less than the corresponding long SWNT samples.

The confined local motion of carriers in S_S samples due to

FIG. 3. (a) Real THz conductivity at

1.5 THz for SWNT_long and SWNT_

short samples at different SWNT

weight fractions. (b) Increment of rela-

tive THz conductivity at 1.5 THz for

different SWNT weight fractions. The

relative increment in shielding effi-

ciency at 1.5 THz is shown in the

inset.

TABLE I. Variation of frequency exponent “s” for different SWNT films.

Property Sample

1 mg

SWNT

8 mg

SWNT

16 mg

SWNT

Value of frequency

exponent “s”

SWNT_short 1.609 1.159 1.129

SWNT_long 1.218 0.821 0.757



their short length, increased tube-tube junction in the vicinity

of traps has the character of purely dipolar interactions.

Despite the simplicity of the model, all the conductivity

spectra could be well described and correlated with physical

explanation.

IV. CONCLUSIONS

In summary, SWNT/PVA composite films are prepared

via a slow drying process with a constant thickness of

300 6 20 lm with varying SWNT length and SWNT weight

fraction in the PVA matrix. THz conductivity spectra are

obtained for these films in transmission geometry in the fre-

quency range of 0.3–2.0 THz. It is explicitly shown that

real conductivity of such films can be tuned up to 80% in a

controlled manner by carefully choosing the length and

weight fraction of the SWNTs. The effect of SWNT length

on the shielding properties of the composite has also been

studied and found to be tunable by more than 75%. This

leads us to conclude that conductivity as well as EMIS

property of SWNT/PVA composites can be tuned within a

broad range by simply changing the SWNT effective length

and weight fraction in the polymer matrix. The length de-

pendent high frequency conductivity of SWNTs is dis-

cussed in the light of surface plasmon resonance.

Adjustable THz conductivity of SWNT/PVA composites is

successfully analyzed with a modified UDR model. A super

linear frequency exponent (s> 1) is found for all the S_S

and S_L1 samples, whereas sublinear frequency exponent

(s< 1) is observed for S_L8 and S_L16 samples and are

explained successfully in the light of motion of electrons in

restricted atmosphere. A controlled way of THz conductiv-

ity modulation of SWNT/PVA composites will help the

possible future applications of such composites in solar

cells and high frequency EMI shielding devices.
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