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ABSTRACT

Single-walled carbon nanotube (SWNT) —polymer composites have been fabricated to evaluate the electromagnetic interference (EMI) shielding
effectiveness (SE) of SWNTSs. Our results indicate that SWNTs can be used as effective lightweight EMI shielding materials. Composites with

greater than 20 dB shielding efficiency were obtained easily. EMI SE was tested in the frequency range of 10 MHz to 1.5 GHz, and the highest

EMI shielding efficiency (SE) was obtained for 15 wt % SWNT, reaching 49 dB at 10 MHz and exhibiting 15 —20 dB in the 500 MHz to 1.5 GHz
range. The EMI SE was found to correlate with the dc conductivity, and this frequency range is found to be dominated by reflection. The

effects of SWNT wall defects and aspect ratio on the EMI SE were also studied.

Because of their unique structure and properties, single-SWNTs and MWNTs, make them an excellent option for
walled and multiwalled carbon nanotubes (SWNTs and creating conductive composites for high-performance EMI
MWNTSs) have been investigated for many potential applica- shielding materials at low filling. For example, MWNTSs have
tions12 Particularly, their fascinating electrical and mechan- been added to polymer matrixes for EMI shielding materials
ical properties offer a new arena for the development of and tested in the frequency range of-812.4 GHz (X band)
advanced engineering materiéig.Electromagnetic interfer-  with 20 dB for 7% MWNTs loading in polystyrene (P
ence (EMI) shielding of radio frequency radiation continues Joo et al. studied the electrical conductivity and EMI
to be a serious concern in society. Lightweight EMI shielding properties of MWNTSs in poly(methyl methacrylate) (PMMA)
is needed to protect the workspace and environment fromcontaining Fe. They achieved 27 dB for 40% MWNTs
radiation coming from computers and telecommunication loading’® MWNT composites with encapsulated Fe have also
equipment as well as for protection for sensitive circuits. been studied for their microwave absorption, but with a
Compared to conventional metal-based EMI shielding ma- different phases and shapes of included®Péery recently,
terials, electrically conducting polymer composites have Xiang et al. synthesized MWNT composites with silica and
gained popularity recently because of their light weight, studied their microwave attenuation in the X baa&arlier,
resistance to corrosion, flexibility, and processing advan- Grimes et af° reported that SWN¥Fpolymer composites
tagess 15 possess high real permittivity (polarizatiosi) as well as

The EMI shielding efficiency (SE) of a composite material imaginary permittivity (adsorption or electric loss) in the
depends on many factors, including the filler’s intrinsic 0.5-2 GHz range. They found that the permittivity decreases
conductivity, dielectric constant, and aspect r&fidThe rapidly with increasing frequency. Recent studies have
small diameter, high aspect ratio, high conductivity, and reported that SWNTs can be dispersed into epoxy with a
mechanical strength of carbon nanotubes (CNTSs), including very low percolation threshoR£*22

In this work, we report the first results of EMI shieldin
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composites have been carried out with MWN%&1° The 0.1
electrical properties of small-diameter SWNTSs are distinctly 0.01
different from their larger-diameter MWNT counterparts. 1E-3
Small-diameter (i.e., ¥ d < 2 nm) SWNTs can be either 1E-4
metallic or semiconducting depending on their chirality 1E-5
integers f,m). The energy band gaps of these tubes are in % 1E6
the range of 0.51 eV, that is, the gaps are large compared 2 1&7
to kT and, in the absence of defects, the thermally producedz 1€
free carrier concentrations should be low near room tem- 3 1€¢
perature. In addition, small-diameter metallic SWNTs have 3 1E-10
been found to be exceptional metals, even exhibiting ballistic ~ 1E-11
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transport at low temperatuf€?>MWNTSs, however, because 1E-12 log(P-pe)/PQ)

of the larger inherent diameter of SWNTs present in the  1E-13

concentric tube shells (i.ed > 5 nm), should be ap- 2 0o 2 4 & 8 10 12 14 16
proximately zero gap semiconductors or exhibit very weak wt % SWNT p

band overlap, leading to weak semi-metallic behavior. Thus, N .
per unit wt % added to the polymer host, the nature of the Figure 1. log DC conductivity ¢) vs mass fractiong) of SWNTs-

‘1 : long composites measured at room temperature. Inset:-ldog
EMI shlgldlng properties of MWNT and SWN"I'—ponmer plot for o vs ((p — pc)/pc) for the same composites. The straight
composites are expected to be altogether different. line in the inset is a least-squares fit to the data using eq 1 returning

To produce SWNTFpolymer composites for EMI shield-  the best fit valueg. = 0.062% and3 = 2.68.
ing, we have formed well-dispersed SWN&poxy resin
composites using an in situ process described below. SWNTsa Keithley SCS 4200. Figure 1 shows the dc conductivity
used in this work were made with a modified arc-discharge (o) of SWNTs/epoxy composites as a function of SWNTs
apparatus using Ni/Y as the cataly3#’ Because it is well ~ mass fraction [f). As can be seen, below 0.6 wt %, the
known that the filler's particle size and length/diameter aspect conductivity displays a dramatic increase of 10 orders of
ratio have a significant impact on the composite’s percolation magnitude, indicating the formation of percolating network.
point and its EMI performance, we have studied SWNTs The inset in Figure 1 shows that the electrical conductivity
with different aspect ratios and/or wall structures for the obeys the power la%#
composite fabrication. They were obtained as follows: (1)
arc vaporization using He as the carrier gas in the arc oOdWw-— ,,Jﬂ 1)
chamber; this material exhibited the largest bundle length/
diameter aspect ratio (i.e., referred to here as “SWNTs-
long™); (2) arc vaporization using He/10% G@s the carrier
gas; these materials exhibit smaller aspect ratio (referred to
here as “SWNTs-short”); and (3) material obtained after
annealing “SWNTs-short” at 1100C for 3 h in atube
furnace under Bl(referred to here as “SWNTs-annealed”);
these tube bundles exhibit enhanced conductivity due to thelog(a) versus log(e — po/po) plot, the SWNT/epoxy

removal of wall defects and functional groups. composite conductivity agrees very well with the percolation
A commercially available bisphenol A-type epoxy resin pehavior predicted by eq 1. As can be seen, the straight line
(618 type, Tianjin Resin Company) and an amine-type jn the figure withp, = 0.062% andg = 2.68 gives an
hardener ([GHzCONH(GHANH) H],, Tianjin Ningping  excellent fit to the data with a correlation factor of 0.98.
Chemical Co., LTD, Model: A022-2) were used to prepare The percolation threshold is found to be quite low, that is,
the polymer matrix. The resin/curing agent ratio was 2/1. 0,062 wt % SWNT, indicating a very efficient dispersion of
Briefly, SWNTs were first dispersed in acetone in an SwNTs into the polymer matrix at low concentration. The
ultrasonic bath (Gongyi Yuhua Instrument Co., LTD, value of the critical exponenf3, is found to be in good
Model: KQ400B, 400 W) at room temperature ®h and  agreement with the theoretical results for a percolating rod
then an epoxy resin/acetone solution was added to thenetwork systeni:2° Our values for the percolation thresholds
SUSpenSion of SWNTSs. After the mixture was again sonicated in our po|ymeﬁepoxy materials are in good agreement with
for 2 h, the hardener was added during mechanical stirring. studies by Kim et a#* for their SWNTs-epoxy system.
The mixture was further sonicated for 15 min, and then the  Figure 2 shows a representative SEM image (Hitachi
mixture was poured into suitable molds to allow the acetone 5-3500N) for the cross section of the 10 wt % SWNT loading
to evaporate completely. The composite was cured further composite. The image shows that the SWNTs were dispersed
at room temperature overnight. homogeneously within the epoxy matrix. Apart from the very
The dc electrical conductivity of the SWNTs/epoxy low percolation threshold, we also observed that the con-
composites was determined using the standard four-pointductivity reaches 0.20 S/cm at 15 wt % SWNT loading. This
contact method on rectangular sample slabs in order tovalue is 12 orders of magnitude higher than that of the pure
eliminate contact-resistance effects. Data were collected withepoxy resin (i.e., 2.44< 1012 S/cm).

where ¢ is the composite conductivityy is the SWNT
volume fractiony. is the percolation threshold, afds the
critical exponent. Because the densities of the polymer and
the SWNT are similar, we assume that the mass fracfipon,
and volume fractiony, of the SWNTSs in the polymer are
almost the same. As shown in the inset of Figure 1 for the
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both the 10 and 15 wt % loadings. The target value of the
EMI shielding effectiveness needed for commercial applica-
tions is around 20 dB (i.e., equal to or less than 1%
transmission of the electromagnetic wave). Thus, our results
indicate that SWNT/epoxy composites with-105 wt %
loadings can meet the commercial application SE demands
and can be useful, for example, in mobile cell applications.

When electromagnetic radiation is incident on a slab of
material, the absorptivityX), reflectivity (R), and transmis-
sivity (T) must sum to the value “one”, that i§,+ R+ A
= 1. The total EMI shielding effectivenesSHe) is the
sum of contributions from absorptiorSE), reflectance
(SEr), and multiple reflection$Bky), for example SEota =
SE. + SK + Shy. When SEq > 15 dB, it is usually

Figure 2. SEM image of the cross section of SWNTs-long/epoxy
composites with 10 wt % loading.

_ _ ] assumed tha®Eow ~ SEx + Sk (i.e., Shy is negligible).
o) . kTP s 50 Using the equationSEz = —10 10gR, SEow = —10 log T
T ] C: 4 %10 G: = %20 in Epoxy |1 andA =1 — T — R, we can therefore get absorptivity)(
§ 40 s D: v %15 H: —=— %10in Silica_| | 40 reflectivity (R), and transmissivityT). In this work, for the
s : \ SWNTs-long epoxy composite with 10 wt % loading, the
2 X =] reflectivity (R), absorptivity &), and transmissivityT) are
é 30 . :v' == 730 0.90, 0.08, and 0.02 at 1.0 GHz. Thus, the contribution of
o o aXy - reflection to the total EMI shielding effectiveness is much
2 20- . {: e dao larger than that from absorption. Similar results were
% . *e, Ne S n%l Aa A-Mmeﬁ:m observed at other frequencies and with other loadings above
'.E ) S I R 1 the percolation threshold. Similar findings were reported in
= 101 '--».__ S-e ..-".,-q': . 4110 the investigation of the shielding mechanism of MWNT
w , ST Ll , polystyrene composité€1” For the PMMA-MWNTs with
10 100 1000 10000 Fe'® and epxoy-MWNTs with crystalline Fé? it was
Frequency(MHz) observed that the contribution from absorption to total EMI
SE was larger than that from reflection. However, the authors
Figure 3. EMI shielding effectiveness (plots labeled-®) for identified this with the ferromagnetic Fe in the system.
SWNT-—polymer materials (wt % 315) studied in this work (10 In Ei 3 f . SWNT EMI shieldi
MHz to 1.5 GHz). Plots labeled EH are higher frequency data n Figure 3, for comparison to our shielding

on MWNT-based material presented for comparison: E, MWNTs results at four wt % loadings, we also display data for the
in PS from ref 16; F, MWNTs in PMMA from ref 18; G, MWNTs ~ most significant MWNT composite results in the litera-
in epoxy resin from ref 19 and the value of thexis for G is the turel216.1819 These MWNT studies were made in the

reflection loss; H, MWNTSs in silica from ref 12. frequency range of 220 GHz (X-band), that is, a decade

It is well established that the EMI shielding effectiveness higher frequencies than the present studies. As can be seen
of a conductive composite is strongly related to its dc in the figure, the composites of MWNTSs based on sifita,
conductivity. The EMI shielding effectiveness (SE) of a (Polystyrene) PS?and PMMA'® exhibit a nearly frequency-
material is defined aSHdB) = —10 log(P/Po), whereP; independent EMI SE performance. For the MWN8poxy
and P, are, respectively, the transmitted and incident COmMposite with additional crystalline needle-shapele;
electromagnetic power. For example, an attenuation of thethe reflection loss was found to fluctuate with frequency and
incident beam by a factor of 100 (i.e., 1% transmission) is identified with the inclusion of Fe. In agreement with our
equivalent to 20 decibels (dB) of attenuation. In this study, results, all of these studies found that the contribution to the
the EMI shielding effectiveness of SWNEpoxy compo- EMI SE from reflection is much larger than that from
sites was measured with a HP8753C vector network analyzerabsorptioni>®’except when high mass density ferromag-
using an industrial standard method. Composite slabs ofnetic Fe is in the systed#:* Compared with our measured
dimensions 180« 180 x 1.5 mm were measured in the 10 SWNT bundle percolation threshold 0.06% (SWNTs-long),
MHz — 1.5 GHz frequency range. Figure 3 shows the @ higher percolation threshold of 0.3% was observed for the
variation of the EMI shielding effectiveness over the MWNT composites with PMMA?
frequency range of 10 MHz 1.5 GHz for various SWNT There have been many intensive studies to learn how to
loadings. It is observed that at fixed frequency SE increasesachieve low wt % percolation thresholds for various
with increasing wt % of SWNTSs. For a fixed SWNT wt %, MWNT217:18.3834 agnd SWNP-20.3538 composites. In some
SE increases with decreasing frequency in our measuredcases, the results were found to outperform current technolo-
frequency range. The highest SE we observed was for thegies based on other additives. Even though one might
composite with 15 wt % SWNTs-long, that iISE= 49.2 anticipate that wall defects and the aspect ratio are important
dB at 10 MHz. At higher frequencies, the composites made parameters affecting the EMI SE, their impact on EMI
from SWNTs-long exhibitedSE ~ 20 dB at~1 GHz for shielding has not yet been explored in MWNfolymer
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Figure 4. Impact of wall integrity and aspect ratio on the EMI
shielding effectiveness of the composites containing 10 wt %
SWNTs.

compositeg? Indeed, according to percolation theory, if the
conductive filler in the matrix has a high aspect ratio, then
the filler forms a conductive network at lower wt %. For
example, Yodh et al. reported detailed dc conductivity studies ]
for composites with different SWNTSs, and they found that 201
the SWNT bundle aspect ratio significantly impacts the & 1s -
threshold concentration and the composites’ conductlvity. @ ;]
Once percolation is achieved, the EM theory indicates that g ,
the EMI SE increases dramaticalyThus, for all of these
reasons, we were therefore motivated to study how the

No.of SWNT

SWNT aspect ratio and its surface structure/morphology Height of SWNTmm)
affect the SWNTF-epoxy EMI performance. The results of
our studies are presented below. Figure 5. Effect of arc growth conditions on SWNT bundle

; diameter and length, as measured by AFM; length (A) and height
Flgure_t 4 sho':/v_s _ourltl)EMIt (§E fdgi/é\ln\f'?'r t?hrete_ of our (B). SWNTs prepared under (a) pure He buffer gas and (b) 10 vol
composites containing wi» o S, that Is, com- o, CO,/He buffer gas. The average length of SWNTs is 1.43 and

posites with identical polymer, but based on “SWNTs-long”, 0.74 um for pure He and 10% CgHe buffer gas. The average
“SWNTs-short”, and “SWNTs-annealed”, as defined above. diameter of a SWNT bundle is 5.95 and 5.32 nm, respectively, for

For the same wt % loading, it is observed that the shielding pure He and 10% CgHe buffer gas. Error was estimated to be
effectiveness of SWNTs-short composite is much lower than ~8%. For AFM characterization, all samples (1 mg) were sonicated
that of SWNTs-long composite. This is consistent with EM in DMF (100 mL) for 2 h.

theory and the measured dc conductivities (0.05 S/cm, ) .

SWNTs-short; and 0.14 S/cm, SWNTs-long). The SWNT- SWNTS—Iong is observed to exhibit better EMI SE, as shown
annealed composites (based on annealed SWNTs-short? Figure 4.

material) were found to exhibit a significant increase in EMI It is well known that high-temperature annealing of
SE over that observed for the same SWNT wt % composites SWNTs in inert gas or vacuum can remove wall defects.
made from SWNTs-short. In our previous wdfkusing This annealing treatment is therefore expected to improve
AFM, we have found that the average aspect ratio of bundlesthe dc conductivity and thus the EMI SE. We observed these
of SWNTs-short /D = 740/5.32= 139, +8% error) is effects, as can be seen in Figure 4. It is worth noting that
significantly lower than that (1430/5.95 240) of SWNTSs- although the EMI shielding effectiveness increases signifi-
long. Figure 5 presents typical AFM statistics demonstrating cantly after high-T annealing, these composites still exhibited
the effect of arc growth conditions on the distributions for lower EMI SE than composites of the same loading based
SWNT bundle length and diameter. It can be seen that on SWNTs-long. This observed SE is also consistent with
SWNTs-short generated using He/10%G® the carrier gas  the observed conductivities (0.14 S/cm vs 0.12 S/cm). On
are significantly shorter than SWNTs-long generated using the basis of all of these results, we can conclude that a high
He. From the simplified percolation and EMI theories for aspect ratio of the SWNT bundles in SWN&poxy com-

the isotropic dispersion of a random rod netwdthe SWNT ~ posites is the most important parameter for improving EMI
composites with higher SWNT bundle aspect ratios are SE.

predicted to have lower percolation threshold concentrations, In summary, the EMI SE and conductivity of SWNT
higher conductivities, and better EMI shielding performances epoxy composites based on SWNTs with different aspect
under the same wt % loading. Indeed, the composite with ratios and wall defects have been studied. The highest EMI
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shielding effectiveness for SWNIepoxy composites was
found for materials with 15 wt % SWNTs-long as the
additive. The SE is found to be49 dB at 10 MHz, and the
shielding effectiveness is around-180 dB in the 500 MHz
to 1.5 GHz range. These results indicate that SWNT

polymer composites could be used as an effective and

lightweight EMI shielding material. We also observed a

strong correlation between the EMI SE and the dc conduc-

tivity, in agreement with the EMI shielding theory. The EMI
shielding SE was found to be dominated by reflection. We
also demonstrated that SWNPolymer composites with

higher SWNT bundle aspect ratios and better nanotube wall

integrities enhance the EMI performance significantly.
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