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Multiwall carbon nanotube (MWNT) sheets are a class of nanomaterial-based multifunctional tex-

tile with potentially useful microwave properties. To understand better the microwave electrody-

namics, complex AC conductance measurements from 0.01 to 50 GHz were made on sheets of

highly aligned MWNTs with the alignment texture both parallel and perpendicular to the micro-

wave electric field polarization. In both orientations, the AC conductance is modeled to first order

by a parallel frequency-independent conductance and capacitance with no inductive contribution.

This is consistent with low-frequency diffusive Drude AC conduction up to 50 GHz, in contrast to

the “universal disorder” AC conduction reported in many types of single-wall nanotube materials.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905220]

While carbon nanotubes (CNTs) are fascinating nanoma-

terials in and of themselves, the ability to assemble CNTs

into macroscopic yarns1–3 and sheets4,5 has resulted in

nanomaterial-based multifunctional textiles with widely use-

ful mechanical,4,6 thermal,7 optical,4,8 and electrical4,5 prop-

erties. Sheets composed of long, highly aligned multiwall

nanotubes (MWNTs) can have a DC resistance anisotropy ra-

tio of 10 to 100 between current flow perpendicular and par-

allel to the prevailing MWNT alignment.4 This electrical

anisotropy and the fact that a sheet is composed of MWNTs

10 to 20 nm in diameter, usually grouped into strands

�100 nm thick spaced 0.1 to 0.5 lm apart, mean that MWNT

sheets can be used as wire grid polarizers for infrared light.4

Other demonstrated applications for CNT based textiles

include thermoacoustic loudspeakers,9 supercapacitors,10 and

high-power microwave absorbers.11,12

Although many mechanical and DC electrical properties

of CNT-based textiles have been reported, much less attention

has been paid to their microwave properties. Relatively little is

known about the physical mechanisms governing or even the

values of basic linear AC properties such as microwave con-

ductance. Understanding AC response is critical to all high-

frequency and high-speed electronic applications of these

materials. Microwave conductance has been measured on

many types of single wall nanotube (SWNT) materials in the

form of self-assembled arrays,13,14 thin-film networks,15,16 and

semiconducting and metallic SWNT “paper”17 and “mats.”18

Interestingly, the microwave conductance of SWNTs in the

tens of GHz range in most,13–17 but not all18 these formats, has

been described by a “universal disorder” or glass-like electro-

dynamic response.19 Whether a similar AC conduction

mechanism holds for MWNT textiles has not been known

until now.

In this letter, we directly address these gaps in knowl-

edge by reporting measurements and modeling of the com-

plex microwave conductance of highly aligned MWNT

textile sheets across a broad frequency range of 0.01 to 50

GHz with the MWNT strands orientated parallel and perpen-

dicular to the microwave field polarization. The major fea-

tures of the MWNT sheet conductance vs. frequency can be

approximately modeled by a frequency-independent resistor

and capacitor consistent with conventional low-frequency

diffusive AC conduction,20 in contrast to glassy universal-

disorder dynamics seen in many SWNT materials.

A MWNT forest was grown by catalytic chemical vapor

deposition (CVD) on a silicon substrate seeded with a 3 nm

iron catalyst film deposited by electron-beam evaporation.

For MWNT growth, a He/H2 (30%)/C2H2 (2%) gas mixture

was flowed at 1020 sccm through a quartz tube CVD reactor

at 700 �C and 1 atm pressure for 10 min. The MWNTs in the

forest averaged 420 lm high with an areal mass density of

3.4 lg/cm2. A self-supporting highly aligned MWNT

sheet 8 mm wide, several cm long, with areal density of 2.7

lg/cm2 was dry-drawn from the sidewall of this forest in the

manner described in detail in Ref. 4. Segments �1 cm long

by 0.5 cm wide were cut from this sheet and assembled over

the ground-signal-ground (g-s-g) gaps of co-planar wave-

guides (CPWs) designed for broadband microwave measure-

ments (Fig. 1(a)). Each MWNT sheet was adhered to its

CPW by wetting with drops of isopropanol and subsequent

alcohol evaporation. The surface tension during evaporation

densified the MWNT sheet, reducing its thickness from 20 to

50 lm down to �0.2 lm. Scanning electron microscope

inspection (Fig. 1(b)) showed that the densified MWNT

sheets were composed of long, highly aligned MWNT

strands interconnected by thinner bundles of tubes to create a

laterally extended network with a dominant directional align-

ment. Two-point DC resistance measurements using silver

print contacts gave sheet resistances (including contact re-

sistance) of 7100 6 1120 X/� for current perpendicular (?)

to the strand alignment and 540 6 46 X/� for current paral-

lel (k) to the alignment for an anisotropy ratio R(?)/R(k) ¼
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13 6 3.3. The electrical properties of the densified sheets

were stable over several weeks to months in ordinary room

conditions, although they were highly susceptible to mechan-

ical damage (e.g., fraying or peeling) if improperly handled.

Construction and characterization of the CPWs are

described in detail in Ref. 13. All CPWs were 1.0 cm long

Au-on-fused quartz with 3 lm gaps between the signal and

the two ground conductors and were designed for 50 X char-

acteristic impedance. The CPWs had 100 nm of Si3N4 insu-

lating the Au g-s-g conductors so that the MWNT sheets

coupled capacitively to the microwave field. In this way,

contact resistance effects were avoided, while the contact ca-

pacitance can be extracted from analysis of low frequency

dependence. Two sheet alignments were examined: domi-

nant MWNT strand orientation aligned (1) parallel (k) and

(2) perpendicular (?) to the polarization of the microwave

electric field in the CPW gaps (Fig. 1(a), inset of Fig. 2(b),

and inset of Fig. 3(b)). For each orientation, three separate

samples were measured. Among samples of same orienta-

tion, all qualitative frequency dependencies were reproduci-

ble, and quantitative agreement in measured values was

within 10%.

Phase-sensitive microwave reflection and transmission

measurements were made using a two-port vector network

analyzer (VNA) (Agilent N5245A). VNA signals were

coupled to/from a CPW using a pair of 150 lm pitch g-s-g
probes (GGB 67A-GSG-150) touched down at either end of

the CPW. The system was calibrated across the 0.01–50

GHz band to 50 X impedance up to the plane of the probe

tips using a commercial short-open-load-thru calibration sub-

strate (GGB CS-5). All data presented were taken at ambient

room temperature with samples in vacuum to prevent air or

moisture adsorption. Magnitudes and phases of the voltage

scattering or S-parameters Sij (i,j ¼ 1, 2) were recorded as a

function of frequency, f. The CPWs, with and without

FIG. 1. (a) Optical microscope image of a MWNT sheet assembled over the

Au ground-signal-ground (g-s-g) conductors of a CPW, with the MWNT

strands aligned parallel to the electric field (E) polarization across the gaps

(indicated by the red arrow). The g-s-g gaps are both 3 lm wide. Inset:

Transmission line model of a bare CPW. L and R are the series inductance

and resistance and Cbare is the bare shunt capacitance (all per unit length).

(b) Scanning electron microscope image of a segment of the MWNT sheet

showing bundles, fibrils, and forks.

FIG. 2. Shunt conductance Y per unit length for a CPW with MWNT sheet

aligned parallel to the microwave polarization. (a) Real Y from data (red

circles) and computed from a circuit model (blue solid curve). Inset: trans-

mission line model with generalized Y due to the MWNT sheet. (b)

Imaginary Y from data (red circles) and computed from a circuit model (blue

solid curve). Inset: Illustration of a MWNT sheet assembled on a CPW with

strands oriented parallel to the electric field (E) polarization near the gaps.

FIG. 3. Shunt conductance Y per unit length for a CPW with MWNT sheet

aligned perpendicular to the microwave polarization. (a) Real Y from data (red

circles) and computed from a circuit model (blue solid curve). Inset: circuit

model for the generalized Y depicted in the inset of Fig. 2(a). (b) Imaginary Y
from data (red circles) and computed from a circuit model (blue solid curve).

Inset: Illustration of a MWNT sheet assembled on a CPW with strands ori-

ented perpendicular to the electric field (E) polarization near the gaps.
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MWNT sheet, were symmetric with respect to the waveguide

ports (indexed 1 and 2) at either end of the CPWs, so the

reflection parameter (return loss) S11 ¼ S22 and transmission

parameter (insertion loss) S21 ¼ S12 to within experimental

accuracy. Experimental procedure was as follows: S-parame-

ters were first measured for “bare” CPWs, i.e., CPWs with

no MWNT sheet. The S-parameters of all bare CPWs were

the same to within 5% variance. MWNT sheets were then

assembled on designated CPWs and the S-parameters of

these “assembled” CPWs, i.e., CPWs with MWNT sheet,

were re-measured. One CPW was left bare as a control to

monitor systematic repeatability of measurements taken

prior to and after MWNT sheet assembly. Post-assembly

measurements showed that the control CPW’s S-parameters

matched the bare CPWs’ to within the original 5% variance.

All bare CPWs had jS11j between –20 and –25 dB across

most of the measurement band, indicating a reasonable im-

pedance match to the 50 X system, and jS21j between –2 and

–11 dB. The bare jS21j’s frequency dependence was well

modeled by the series surface resistance loss of the Au elec-

trodes. Assembling MWNT sheets on the CPWs caused jS11j
to increase to –3.5 to –6 dB in k and –5 to –8 dB in ? orien-

tation, showing that the MWNT sheet caused significant im-

pedance mismatch. jS21j of the assembled CPWs in both

parallel and perpendicular orientations fell to between –13

and –59 dB across the measurement band, indicating that the

MWNT sheet also introduced significant shunt loss.

Because fused quartz and silicon nitride have low loss

tangents (�10–4) and Au is highly conductive, the bare/con-

trol CPWs were accurately modeled as standard lossy

transmission lines21 with series (signal in to signal out) in-

ductance L and resistance R per unit length of transmission

line and shunt (signal to ground) conductance per unit length

due solely to the capacitance between signal and ground con-

ductors. The bare CPW transmission line schematic is illus-

trated in the inset of Fig. 1(a). A standard analysis21 of

the bare/control CPW S-parameters yields the bare shunt ca-

pacitance (per unit length of transmission line) Cbare ¼ 1.2

6 0.05 pF/cm, including the Si3N4. The assembly of a

MWNT sheet across the g-s-g gaps adds an additional AC

shunt path to the transmission line with a shunt conductance

Y that may not be simply capacitive. The Y arising from the

MWNT sheet changes the propagation constant and imped-

ance of the CPW and so changes the S-parameters.

The shunt conductance Y of each assembled CPW was

determined from the S-parameters using the standard trans-

mission line de-embedding procedure detailed in Ref. 22.

The inset of Fig. 2(a) illustrates the transmission line sche-

matic used for an assembled CPW with Y (not assumed to be

purely capacitive) instead of the Cbare of the bare CPW. The

resulting real and imaginary Y are shown in Fig. 2 for k and

Fig. 3 for ? orientation using red circle markers. In both ori-

entations, Re Y shows a low-frequency roll-off and becomes

only weakly frequency dependent at high frequencies. Also

in both orientations, the high-frequency Im Y is to first order

a linear function of frequency.

The general features of Y(f) shown in Figs. 2 and 3

suggest a simple circuit model that can at least describe the

main characteristics in both k and ? orientations. The low-

frequency roll-off in Re Y is directly attributable to the

capacitive contact between MWNT sheet and Au electrodes.

This is simply modeled with a contact capacitance Ccontact

blocking low-frequency in-phase AC shunt current through

the MWNT sheet. The observation that at high frequencies

Re Y is only weakly frequency dependent suggests that the

in-phase shunt conductance of the MWNT sheet itself can be

approximately modeled by a shunt resistor with frequency-

independent conductance (per unit length of transmission

line) Gsheet in series with Ccontact. The linear behavior of Im Y
at high frequency indicates that the displacement current

gives a reactive shunt conductance that can be modeled by a

frequency independent parallel capacitance Cshunt. Physically,

Cshunt results from the polarizability of the MWNT sheet fill-

ing in the near-surface g-s-g gap volumes that were occupied

by vacuum in the bare CPW. Thus, assembly of the MWNT

sheet introduces a relative permittivity er > 1 in the gaps and

causes Cshunt > Cbare.

The resulting simple circuit model for Y(f) is schemati-

cally illustrated in the inset of Fig. 3(a). From this circuit

model, Re Y and Im Y in both k and ? orientations were cal-

culated and are plotted as solid blue curves in Figs. 2 and 3.

For k (Fig. 2), circuit parameters used for both Re Y and Im

Y are: Gsheet ¼ 2.2 X–1/cm, Cshunt ¼ 18 pF/cm, and Ccontact

¼ 40 pF/cm. For ? (Fig. 3), circuit parameters used for

both Re Y and Im Y are: Gsheet ¼ 0.35 X–1/cm, Cshunt ¼ 5.6

pF/cm, and Ccontact ¼ 10 pF/cm. These are not optimized fit-

ting parameters since one set of values is used to describe

both Re Y and Im Y—they should be taken as coarse values

that capture the major frequency trends of the complex con-

ductances. Also, it is clear that the Y(f) data show finer fre-

quency dependent details that cannot be described by any

reasonably simple circuit model.

The circuit model values given above are physically rea-

sonable. Following Ref. 14, estimating the contact capaci-

tance between Au ground plane and an array of oriented

MWNTs, using the sizes and densities in this MWNT sheet,

separated by 100 nm of Si3N4 gives a contact capacitance of

order 10 to 100 pF/cm. On samples where MWNT sheet sam-

ples were assembled in k orientation on CPWs without Si3N4,

2-point DC resistance measurements gave DC shunt conduct-

ance of GDC ¼ 1 to 2 X–1/cm. This is somewhat less that the

2.2 X–1/cm drawn from the Y(f) circuit model, but the differ-

ence is within the range of possible contact resistance. The

sheet conductance anisotropy ratio is then Gsheet(k)/Gsheet(?)

¼ 6.3, about half of the 2-point DC resistance anisotropy ratio

R(?)/R(k). Again, however, possible anisotropy in contact re-

sistance is not accounted for in the DC measurements.

Finally, the sole difference in shunt capacitance geometry

between bare and assembled CPWs is the filling of vacuum

by MWNT sheet in the volume near the g-s-g gaps. Thus, the

ratio Cshunt/Cbare should give a measure of er of the MWNT

sheet. The modeled data give er(k) � Cshunt/Cbare ¼ 15 and

er(?) � Cshunt/Cbare ¼ 4.7. Since on physical grounds the

polarizability in k orientation should be larger than that in

? orientation, it is reasonable that the derived er(k)/er(?) > 1.

It is of interest to compare these results to existing work

on MWNT and SWNT materials in various formats. The

MWNT sheet conductance reported here is generally consist-

ent with low-frequency diffusive (Drude) AC conduction

r(f),20 where in the low frequency limit (excluding contacts)
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Re r � constant and Im r / f. In Drude conduction, when f
exceeds the mean scattering rate, inertial effects appear as an

inductance23,24 causing Re r and Im r to roll off at high fre-

quencies. The lack of inductive contribution in Y(f) implies

that the MWNT sheets’ AC dynamics are dominated by dif-

fusive scattering up to 50 GHz. This is consistent with prior

reports of single MWNTs being diffusive conductors25 even

though in the textile format one expects significantly more

scattering due to kinks and intersections between strands,

particularly in ? orientation. A Drude-like mechanism is

also consistent with AC results reported for SWNT “mats.”18

However, AC results on several other SWNT formats13–17

report an AC conductance having a sub-linear frequency de-

pendence Y(f) / f s for 0 < s < 1 from �1 to 50 GHz. This

behavior is interpreted as “universal disorder” AC dynam-

ics19 from a random glass-like distribution of scattering

potentials rather than ordinary diffusion. It is unclear what

microscopic material conditions differentiate between glass-

like and diffusive AC dynamics.

Further comparing our results to the literature, the val-

ues er(k) � 15 and er(?) � 5 obtained for MWNT sheets are

similar to the Re er ¼ 5 to 20 (from 20 to 50 GHz) reported

in Ref. 26 for various densities of SWNT/MWNT mixtures

with Ni and Y impurities. Moreover, our results show no evi-

dence of very large microwave permittivity as reported for

composites of MWNTs,27 SWNTs,28 and SWNT/MWNT

mixtures at high densities and low frequencies.26 The dis-

tinction may be that the MWNT sheets used here were 100%

CNT material forming a self-supporting network without

impurities or binders. It is possible that large permittivity

effects are characteristic of impurity or binder interactions at

high densities. Finally, our results also do not show evidence

for highly efficient microwave absorption that has been

reported for MWNT bundles, fibers, and mixtures at high

power.11,12,29 In these works, strong microwave heating was

observed using typically several hundred watts of microwave

power, compared to the microwatts used for the measure-

ments presented here. Thus, the results reported here are fun-

damentally linear response properties, whereas the strong

microwave absorption may be due to nonlinear effects only

observable at high powers.29

In summary, we measured the real and imaginary AC

conductance of CNT textile sheets composed of aligned

MWNT strands oriented both parallel and perpendicular to

the electric field polarization. Up to 50 GHz, the real con-

ductance in both orientations can be approximately modeled

to first order by a frequency independent conductance with a

conductance anisotropy ratio Gsheet (k)/Gsheet (?) � 6. The

reactance in both orientations can be modeled by a frequency

independent capacitance which yields a permittivity anisot-

ropy ratio er(k)/er(?) � 3. The AC transport through the

CNT sheet is consistent with simple diffusive scattering up

to 50 GHz, in direct contrast to the glassy AC conductance

reported in many forms of SWNT material. These results

provide useful physical input values and understanding for

the quantitative modeling and design of many possible

microwave applications of MWNT sheets, such as

microwave-driven selective heating,30 electromagnetic inter-

ference (EMI) shielding,31 and microwave radiation induced

electrochemistry.32
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