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The optical absorption anisotropy of multi-walled carbon nanotubes (MWCNTSs) has been
quantitatively characterized through the determination of the absorbance and the degree
of linear polarization. A model considering the orientation of the MWCNTs and the sensi-
tivity to both co-polarized and cross-polarized radiation, through electric field depolariza-

tion effects, was used to understand the experimental results. The MWCNT optical
absorption cross-sections for both the co-polarized radiation (~0.1A%atom) and the
cross-polarized radiation (~0.05 A%atom) were found to be much larger than for single-
walled carbon nanotubes. Our results indicate the promise of MWCNTSs for applications

involving radiation absorption.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The optical properties of both single-walled and multi-walled
carbon nanotubes (CNTs) have been intensively studied for
many applications [1] incorporating light emission [2], detec-
tion [3], and a wide electromagnetic absorption spectrum (60—
2500 nm) [4-6]. The additional combination of high mechanical
strength [7] together with appreciable electronic [8] and ther-
mal conductivity [8,9] could also enable CNTs for coating mate-
rials, e.g., in pyroelectric detectors [10] and solar energy
conversion.

A defining characteristic of the optical properties of CNTs
arises from their anisotropic absorption due to their large as-
pect ratio/quasi one-dimensional topology. For example, it
was seen that the absorption of electromagnetic radiation
polarized parallel (co-/p-polarized) to the nanotube axis is lar-
ger than for the radiation polarized perpendicular (cross-/s-
polarized) to the axis [11,12]. Such anisotropy can be quantita-
tively understood through the measurement of the optical
absorption cross-section (¢), which is related to the ratio of
the transmitted intensity (I) to the incident intensity (lo),
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through I = I, exp(—nat) for a certain thickness (t) of the mate-
rial and material/CNT density (n). Note that the absorption
coefficient is defined here as ns, while the absorbance, 4, is
not. The transmittance (T) is defined and measured through I/I,.

In this paper, we report on the optical absorption cross-sec-
tion anisotropy (a)/c; o) for co-polarization and ¢, for cross-
polarization) for multi-walled CNTs (MWCNTs) as a function
of nanotube diameter. Such measurements and quantitative
determination, in addition to being of scientific interest, can
be used to interpret the degree of CNT alignment [12]. It was
seen that in comparison to the single-walled CNTs (SWCNTs)
[12], MWCNTs have much higher absorption cross-sections
[13] with a dominant contribution from the outermost layers.

2. Experimental procedure

Mats comprising vertically aligned MWCNTs were synthe-
sized on quartz substrates via thermal chemical vapor depo-
sition (CVD), using a 2-7 nm thick electron-beam evaporated
Fe catalyst film. The CNT growth was carried out using a mix-
ture of CoH, (99.96%) and Ar (99.999%) with flow rates of
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Fig. 1 - (a) SEM and (b) TEM images of synthesized MWCNT ensembles, (c) schematic of experimental setup of the absorption
measurements, in the (d) co-polarized, and (e) cross-polarized configurations.

30 sccm and 400 sccm, respectively. SEM images of the nano-
tube film revealed a uniformly aligned MWCNT ensemble
(Fig. 1a) with an average height, L ~ 15 um, and diameter in
the range of 5-20 nm (Fig. 1a).

The optical characterization was implemented mainly
through the experimental setup illustrated in Fig. 1c. Polar-
ized light (473 nm/633 nm) from linearly polarized lasers
was shone onto the MWCNT sample (at an angle 0; 0< 0 < =/
2). The optical path length, t, is hence equal to L/(cos 6). The
measurements were conducted both in the co-polarized (elec-
tric field parallel to the plane of incidence (Fig. 1d) - and
cross-polarized (electric field perpendicular to the plane of inci-
dence (Fig. 1e) - configurations. The transmitted intensity was
analyzed by a polarizer, before being collected by a photode-
tector (Thorlabs DET 110).

3. Results and discussion

3.1.  Absorbance characteristics of MWCNTs

Fig. 2a shows the measured transmitted intensity (I) depen-
dence of the MWCNT samples for co- and cross-polarized radi-

ation of wavelengths 473 and 633nm as a function of
substrate tilt, 0. In the figure caption, we use arbitrary units
for I as neutral density filters were used (to bring the signals
to the measurable range of the lock-in amplifier). A higher
transmission was observed for the cross-polarized radiation
compared to the co-polarized case, due to electric-field-in-
duced depolarization from the nanotube cross-section in the
latter which reduces the dynamical conductivity and lowers
optical absorption [14]. A reduced transmission for shorter
wavelength radiation was also noted [12,13] and could arise
from increased propensity for surface and bulk n-plasmon
excitations [15]. The absorbance (A4) was calculated from the
ratio of the transmitted to the incident intensity, through
I=1, exp(—4), and is plotted in Fig. 2b. The effective thickness,
t, in A (=not) was normalized to t = L/cos 0, to account for the
substrate tilt. While in the cross-polarized case, the absor-
bance, A%, was largely independent of 0 — as expected from
Fig. 1d, a sin? 0 variation for the co-polarized absorbance, A°
(Fig. 2c) was observed. It was noted that the 4°° for 473 nm
was lower at larger 0, compared to the 633 nm case, due to
greater light leakage. Such a dependence was justified when
the component of the electric field parallel to the nanotube,
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Fig. 2 - (a) Transmitted intensity of 633 and 473-nm radiation for the co- (co-) and cross- (cr-) polarized configurations. (b) A
higher absorbance (4), normalized to the effective path length, by (cos 0)?, is indicated for the 473-nm radiation and the
cross-polarized (4%) configuration, (c) 4°° is found to be proportional to sin? 0.

i.e., E° =E* sin 0 was considered [13] and the transmitted
intensity (which is proportional to 4°°) related to the square
of the electric field, through IE°|%. The value of the A at
6=0° [A°°(0°)] gave the absorbance for the cross-polarized
configuration while through extrapolating the measured
absorbance to 0=90° ie., A (0=90°, the absorbance for
co-polarized radiation was noted. The corresponding values,
for both 473 and 633 nm wavelengths, are listed in Table 1.
It was then inferred, for example, that at 473 nm, the nano-
tube absorption for co-polarized radiation was ~900 times (re-
lated to exp[A°°—A] = exp[14.9-8.1] = e%) larger than in the
cross-polarized case. While reflectance could be an issue, it is
more important at larger angles. Consequently, we have used
small incidence angles (<40°) for our measurements and anal-
yses (e.g., see Fig. 2c, where only the linear part of the graph
has been used). We have estimated a maximum reflectance

Table 1 — Absorbance (A), at 473 and 633 nm for co-

polarized [A®° (90°)], and cross-polarized [A®" (0°)] incident
radiation.

/. (nm) Absorbance

ACO (900) = ACO (Oo) = A/
473 14.9 8.1
633 11.7 6.1

of <6% for co-polarized light and a reflectance of <10% for
cross-polarized light [16].

With a perfectly aligned nanotube mat, the absorption
cross-sections g, for either the parallel (g) or perpendicular
(0,) radiation configuration, could be derived through
Ay=noit and 4, =no t, respectively, given a known CNT den-
sity, n, and t. However, such an assumption was unrealistic as
we observed through scanning electron microscopy (SEM)
observations (Fig. 1a) that the synthesized MWCNTs were
not exactly vertical to the substrate, but have a range of
orientations.

3.2.  Influence of the degree of alignment of MWCNT on
transmitted intensity

The transmitted intensity, I, is a function of both (i) polariza-
tion angle, «, and (ii) the overall alignment of the CNTs. For
(i), I(2) = I, sin?x, where « was the angle between the radia-
tion polarization direction and the nanotube axis. The elec-
tric field (E) of the incident radiation on a MWCNT is
described through E=E;+E, (E”:f IEl cos(x) and El=)~' |El
sin(a) and where I, = [E%. Since it was previously determined
(Section 3.1) that the absorption of the co-polarized radiation
was orders of magnititude larger than the cross-polarized
radiation, the total transmitted electric field was expected to
be close to E,, ie., E~E,. With a perfectly aligned CNT
sample it was then expected that I(0°) =1(180°) =0, with
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minimum transmission (related to E,) while I1(90°)[=I(270°)] is
related to maximum transmission.

As previously outlined, the co- and cross-polarized absor-
bances, A, and A, are strictly defined for perfectly oriented
nanotubes, i.e., (¢) =0 where ¢ is the polar angle between
the nanotube axis and substrate normal as defined in
Fig. 3a. For a more disordered orientation, i.e., {(¢)#0, the de-
gree of CNT alignment should be considered. Consequently,
the absorbance (4) would be modified to, say 4 and A, for
the co- and cross-polarized case, respectively.

To model the CNT misalignment, we assumed a statistical
Gauss-Boltzmann distribution P(¢) [17], of the type:

exp(—A - sin® ¢)
J*, exp(~A - sin’ p)d(sin ¢)

P(p) =

P(p) has a maximum probability at ¢ = 0°, as shown in Fig. 3a.
A is a parameter, which tends to infinity for perfectly aligned
CNT mats and can be used to characterize alignment. The
parameter A was then determined to be ~80 for our particular
MWNT ensemble by comparing the measured transmitted
intensity to a simulated intensity, and was obtained by convo-
luting P(¢) at various values of A with (I(2)) (Fig. 3b).

3.3.  Order parameter and modified optical absorption
cross-sections

Having determined the appropriate P(¢) we determined an or-
der parameter [12,18] S, (0<S<1) defined through:
S= ffl P(¢)(3cos? p —)d(cos ¢). S=0 corresponds to a com-
pletely random/isotropically aligned CNT ensemble while
S =1 corresponds to perfect vertical alignment. We then esti-
mated, from the above expression, an S ~ 0.82. The effect of
such a finite S would be to modify the cross-sections, from
oy and o, to yy and n,, respectively. Consequently, we express

(4, and A') (see Table 1), ie., through :ﬁ—‘;‘ and 5, :%.
The CNT density, n, was estimated to be ~1.1x 107> mol/
cm?® - assuming 20 nm diameter MWNTSs arranged ~200 nm
apart through the SEM observations made on samples shown
in Fig. la.

The true absorption cross-sections (o and o) were then cal-

culated from the following equations [12]:
2 1
n = §(°’H —0.)S +§(“H +20.)

1 1
n, = 7§(6H 70L)S+§(6H +20,)

These values along with the degree of linear polarization
(DLP) =%, are listed in Table 2. The values previously ob-
tained [13] for SWCNTs were also tabulated for comparison.
It was noted that the optical absorption cross-sections of the
multi-walled CNTs were an order of magnitude larger than
those of SWCNTs. However, the DLP is approximately 35%

smaller.

3.4.  Relationship of the degree of linear polarization to
nanotube diameter

As the absorption cross-sections and the DLP seem to be re-
lated to the nanotube diameter (e.g., DLPswcent > DLPywenT,
as in Table 2), it would be of interest to understand such
dependencies in more detail. For this purpose, we measured
the absorbance (4°° and A“") of MWCNTs of different diame-

Table 2 - The co- (¢)) and cross- (¢, ) polarized absorption

cross-sections and the degree of linear polarization (DLP)
for MWCNTs and SWCNTs.

Nanotube Wavelength o, (A%atom) o, (A%atom) DLP

m=a S+b, and 5, =c S+d, with the constraint that the net (nm)
sum, 7 + 2, is a constant (a, b, ¢, and d, are constants) which MWCNT 473 0117 0.062 0.31
follows from the consideration that such a sum which is char- 633 0.098 0.047 0.35
acteristic of an isotropic/unaligned sample is unchanged —— . o A 00
from one sample to another [12]. The modified cross-sections 633 0'025 0'005 0.65
(ni and n,) were then derived from the measured absorbance
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Fig. 3 - (a) The distribution/degree of alignment (through the angle ¢) of the synthesized MWCNTs was modeled to follow a
Gauss-Boltzmann type distribution, P(p). (b) The variation of the experimentally measured transmitted intensity with the
angle of polarization, «, is in excellent agreement with the simulated intensity obtained by convoluting P(¢) (with an A ~ 80)

with the expected transmission.
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Fig. 4 - (a) The absorbance ratio (41°°/A") increases proportionately with the MWCNT diameter (d). The straight lines are a guide
to the eye. (b) The degree of linear polarization (DLP) and the absorption cross-section anisotropy (s)/s,) as a function of the

nanotube diameter.

ters (d ~ 5, 20, and 32 nm) grown from catalyst (Fe) films of
different thicknesses (1.2, 2.8, and 5.5nm, respectively).
Fig. 4a, indicates, as was previously observed, that the absor-
bance anisotropy (=4°/A) varies with sin? 0 (c.f., Fig. 2¢) and
decreases with increasing catalyst film thickness/nanotube
diameter. The DLP and the absorption cross-section anisot-
ropy (=oy/o,) exhibit a similar trend (Fig. 4b).

While the correlation between the optical absorption and
tube diameter of CNT has not yet been resolved [19], the ef-
fects of the depolarization electric field (Eq) were used to give
a qualitative interpretation of the correlation between
absorption cross-section anisotropy (¢y/o,) and the tube
diameter (d). For cross-polarized radiation, the depolarization
effect was relaxed as tube diameter increases (i.e., Eq ~ 1/d),
due to a reduced local charge density resulting in ¢, increas-
ing with an increase in d through ¢, ~ 1/Eq ~ d. On the other
hand, this depolarization effect does not occur for co-polarized
radiation as the electric field/polarization is now parallel to
the long axis of the CNT, which leads to ¢, independent of
E4. The absorption cross-section (oy/a, ~ Eq ~ 1/d) was then
derived to be inversely proportional to d. Since a MWCNT
can be thought of as being composed of many SWCNTs ar-
ranged coaxially would be easy to attribute ¢ of a MWCNT
to the summation of those of the constituent SWCNTs, lead-
ing to gy increasing with d. However, if a MWCNT is consid-
ered metallic [20], the oy of a MWCNT would then only be
due to the external layer due to screening effects [21]. Such
correlation could be supported by a previous study on the
thermal properties of MWCNTs [22], which indicated weak in-
ter-wall coupling in MWCNT.

4, Conclusions

In summary, we have quantitatively determined, for the first
time, the absorption cross-sections for co-polarized (light
polarization parallel to the nanotube axis) and cross-polarized
(light polarization perpendicular to the nanotube axis) radia-
tion for multi-walled CNTs. In the experimental measure-
ments, the orientation and misalignment of the nanotubes
was also considered. It was seen that the measured cross-
sections (~0.1 A%atom) are much larger than those previously

determined for single-walled CNTs. Additionally, the co-polar-
ized cross-section is larger by a factor of two compared to the
cross-polarized absorption cross-section. However, the degree
of linear polarization (DLP) was seen to be smaller for the
MWCNT ensembles. The reduction of the depolarization
electric field perpendicular to the CNTs with increasing
diameter and the consequent increased absorption could
be responsible for the reduced DLP. These results indicate
that while MWCNTSs are inferior nanoscale polarizing ele-
ments, their increased absorption cross-sections could be
utilized for applications involving radiation detection and
absorption.
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