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ABSTRACT

We report on a carbon nanotube network which is composed of aligned metallic and randomly oriented semiconducting single-walled carbon
nanotubes. The material is formed by using a novel radio frequency dielectrophoresis setup, which generates very large dielectrophoretic
force fields and allows dielectrophoretic assembling of nanotube films up to 200 nm thickness. Polarization dependent absorption measurements
provide experimental evidence for the electronic type specific alignment behavior. We explain the experimental data with an advanced model
for nanotube dielectrophoresis, which explicitly takes into account both the longitudinal and transversal polarizability. On the basis of this
model, we calculate the dielectrophoretic force fields and show that semiconducting nanotubes deposit under very large fields due to their
transversal polarizability even for high field frequencies.

The behavior of single-walled carbon nanotubes (SWNTs) ments on 60-nm thick films of SWNTs, which were
under dielectrophoresis (DEP), i.e. the translational force anddeposited with a field strength of the order 0&210” V/m

the torque exerted on suspended polarizable particles by aronto an array of interdigitated electrodes. The orientation of
inhomogeneous electric fiefdyas attracted much attention  the two nanotube types differs significantly: metallic nano-
recently. Apart from using DEP for the assembly of tubes show a high degree of alignment parallel to the electric
nanotubes and nanowires in a controlled Wwayjt was field lines, while semiconducting nanotubes are randomly
proven to be an effective method to separate metallic and oriented. In addition, finite element simulations are presented,
semiconducting SWNTS:!! So far in the numerical analysis  that predict attractive forces acting on semiconducting
of dielectrophoretic response, the dielectric anisotropy of nanotubes solely due to their perpendicular polarization.
carbon nanotubes was neglected and only polarization along ¢ 41igin of the dielectrophoretic force and torque acting

the tub.e axis was taken Into aC_CO%t' on a dielectric particle (with permittivity, and conductivity
In this work, we discuss the influence of structural and ;) \which is suspended in a medium with different dielectric

c_lielectric anisotropy in the presence of very Iarge_electric properties .,01) and exposed to an inhomogeneous electric
fields. We propose an extended model of SWNT dielectro- ¢4 Eex= Eo Re[expiwt)], is the interaction of the particle’s

phoresis, which predicts effects like the deposition of j,,ed multipolar moments with the electric fidléxcept

semu;onductln_g nanotubes dfzr ;{reql:jenmes abo(\j/_?fthe CI9SStor the case where the particle is located near zero field, the
OVer frequencies measured befoand a Severe dillerence oo yric force and torque are well described within the

In the alignment of metallic vs semiconducting NANOMUbeS. e w0 moment method, considering only the dipole mo-
Experimental evidence for the different alignment is provided 13 . o S
mentpe.® In this approximation the particle is assumed to

in the form of polarization dependent absorption measure- be small compared to the characteristic length scale of the
electric field and changes in the surrounding field due to
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Eex) and torquelpep = pesr X Eex. IN the case of alternating  nanotubes is dominated by surface conductivity rather than
fields with sufficiently high frequencies, it is common the intrinsic conductivity. Also, the DEP forces acting on
practice to use the time averaged valUEsegpland [T pepll metallic SWNTSs in the low-frequency regime are comparable
The effective dipole momeimts can be expressed interms to those acting on semiconducting SWNTSs, indicating a
of the particle volume and the effective polarizability tensor similar value of the conductivity. Therefore, we assume an
a multiplied by the external fieldEex. For spherical particles  equal and isotropic value of, for both nanotube types. The
aLis a scalar multiple of the unitary matrix apgk is parallel rotational energy for an individual SWNT is given by
to the electric field. The effective dipole moment of non-
spherical particles on the other hand is different along each , _ f Tde =
principal axis and therefore depends on the orientation of ~ <7 4
the particle with respect to the external field, particularly —1/4 Eoz[onpara— Oorthal cos ¢ = Uoco§ @
for anisotropic polarizability. We approximate a nanotube
by an ellipsoid, which is analytically describable. When the \yhere the angle between the long axis and the electric field
anisotropy in the polarizability follows the principal axes, s denoted byp.
the dipole moment in the particle’s coordinate system is given During a dielectrophoretic deposition experiment both
DY Peftn = Y mOnm'Eextm fOr n, m= 1, 2, 3, wheret is a translational and rotational movement activated by the
diagonal matrix witho, = 4/3 mabeeiRe(le; , — €1l/[€] + dielectrophoretic force and torque respectively are opposed
(60— €)la), n =1, 2,3 by the random Brownian motion of the nanotubes due to
Herea, b, andc are the semimajor axes of the particle,  their thermal energy. Therefore, the degree of alignment of
L, are the depolarization factors along the principal axes andthe nanotubes in suspension and the efficiency of their
€1 = € — iodw. Furthermore, we account for a deposition or repulsion depends on the relation between the
dielectric anisotropy in the dielectric function of the particle, rotational energWror = / [T or the translational energy
e;n. To determine the effective dipole moment and the Upgp = [[Fpepld dz on the one hand and the thermal energy
dielectrophoretic force in the global coordinate system, a ksT on the other hand.
coordinate transformation is necessafy= RaR'.1® While the torque (and the rotational energy) acting on each
The time averaged dielectrophoretic torque on el- individual nanotube is not accessible in our experiment, we
lipsoidal particles then has the following form: can determine the average alignment of the collectivity of
ML = Y2Eo mEo, i 0tmm — Gnn] Ok nme-* Wheredy nmis the Levi- nanotubes, which is a measure Ggor, in terms of the
Cevita tensor fok, n, m= 1, 2, 3 in the particle’s coordinate  nematic order paramet& This parameter, which is com-
system. The orientation of a lossless particle is stable, whenmonly used within the description of liquid crystals, is 0 for
its longest axis is aligned parallel to the external field. For the isotropic phase with arbitrary particle orientation and 1
lossy particles the stable orientation depends on the field for the nematic phase, when all particles are aligned parallel
frequency and abrupt changes from one stable orientationto a common axi4? Since we want to compare the predicted
into another can be observed. This can be explained by theaverage alignment of the nanotubes in suspension with the
fact that a distinct relaxation time of the MaxwelWagner degree of alignment determined by absorption spectroscopy
polarization exists for each of the principal axis. These of nanotubes deposited onto a sample surface, the common
relaxation times and the corresponding critical frequencies axis in our case is the projection of the electric field vector

are defined a4 during deposition onto a plane parallel to the substrate
surface. For two-dimensional problems the order parameter
W = 27(M) ]t = is defined asS = cos(@) (mean value averaged over all

(A - LYo, — Lo, M2a((1 — L)e; — L€y )] particles), wheré is the angle between the long axis of each
’ ' particle and the common alignment axis and corresponds in

The same behavior is expected for lossless particles withOUr case to the anglg defined above. o
surface induced conductivity. To calculateS, we assume a Boltzmann distribution

SWNTs are rod-like particles with a length much larger function for the anglep
than their diameter. Due to the rotational symmetry the

particle properties can be described by their components exp(—U, cos ¢/ksT)

parallel and orthogonal to the nanotube axis. If we ap- flg, Up) =— 3

proximate the SWNT shape by a prolate ellipsoid and choose Sz €¥P(Ug coS gl T) dp

the 1-axis of the particle’s coordinate system parallel to the

nanotube axis, it follows thatpara= 011 aNdOlortho = 022 = with Up defined as above. Figure 1 shows the result of our

033 With Lpara® 107° andLonno = (1/2)(1— Lparg. According calculations assuming the following properties for the
to theoretical predictions SWNTs have highly anisotropic nanotubes: lengtth = 0.5 um and diameted = 1 nm,

permittivities!”*8In the case of metallic nanotube er;>> depolarization factord paa = 107° and Lomne = 0.5, an
eret, while for semiconducting nanotube&m ~ ey ~ isotropic conductivity of both metallic and semiconducting
€orno (Nere ene:**™ corresponds to the above-definegl; nanotubes o, = 0.35 S/m and permittivities) . = 10%
andeg,s°corresponds tez ). In previous work we have  and egm, = oo para = 30 €0.”1718 For the surfactant

argued that the conductivity of micellated semiconducting suspension we usegi = 0.1 S/m andk; = 85¢.
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Figure 1. Nematic order paramet&as a function of the frequenayand amplitudeE,, of the applied electric field. The values of S are
color coded from blue (S 0) to red §= 1). Also shown are sections of the contour plot, tracgw®f the frequency 0Hz and electric
field amplitude 10 V/m. The calculations are based on the structural and dielectric properties of SWNTSs as given in the text. (a) Metallic

nanotubes: Moderate deposition parameters lead to a high degree of alignment in the high-frequency range. (b) Semiconducting nanotubes:

While the alignment at low frequencies resembles that of metallic nanotubes, the situation changes drasticallyfordz: much higher
field strengths are necessary to overcome the random orientation and two turn-over frequéf)cags predicted, which mark the transition
from one stable orientation into another.

For low frequencies { < 10° Hz) the conductivity
dominates the polarizability and the alignment of both =
nanotube types is equal. For high frequencies, moderate field}
strengths suffice to perfectly align the metallic nanotubes.
The semiconducting nanotubes, on the other hand, are
randomly oriented up to much higher field strengths. Once
this random orientation is overcome, the stable orientation

Two turn-over frequencies’/{®) mark the transitions from
parallel to orthogonal and again to parallel alignment.

The samples were prepared by dielectrophoretic deposition
of individually dispersed SWNTSs onto an array of interdigi-
tated Al-electrodes on a transparent quartz-glass substrate.
After placing a droplet of 1L of nanotube suspension onto ||
the electrode array, an AC signal was applied for 10 min ?
with a frequency = 10 MHz and peak-to-peak voltage of
Vpp = 40 V. This corresponds to an electric fiely, of the

order of 2x 107 V/m, which is an order of magnitude larger - S _ X
on interdigitated electrodes. The image shows a section of the

than in ref 8 For high solution conductlv!ty as inour _case sample containing one gap (dark gray area) and two half-electrodes

the liquid obstructing dielectrophoresfswhich is observable  dielectrophoretically deposited nanotubes. The thickness of the
under a light microscope. We found that electrothermal nanotube film is~60 nm, as measured with AFM. Inset shows
moton can be efficenty suppressed by using AC-votage [*(eTEl B s of 2 g e £ s
bursts of 16-100 us durfelthn gnd 1 ms perlod.. Moreover (a) andy = 90° (b), asgdefined in Figyure 3. Thegtrong%iﬁerence
we observe that heat dissipation in the evolving nanotube i, contrast reflects the polarization dependent absorption of the
film is greatly suppressed by the use of Al electrodes with nanotubes.

a natural oxide layer as compared with Au electrodes. The

sample was then rinsed with,8 and gently dried off with To measure the absorption spectra of our films, we used
nitrogen gas. A scanning electron micrograph of a typical a Fourier transform infrared spectrometer (Bruker Equinox
sample is shown in Figure 2. The thickness of the nanotube 55) combined with an infrared microscope (Bruker Hyperion
film was determined with atomic force microscopy (AFM) 2000). Figure 3 shows a schematic of the measurement setup.
to ~ 60 nm. Supplementary Figure 2 shows an AFM image Nonpolarized light from the light source passes through an
of the sample. We anticipate that the final film thickness is aperture and illuminates the sample from the bottom. Since
limited due to screening of the electric field by the nanotube the electrodes are non-transparent, light passes only through
film. the gaps and is partly absorbed by the SWNT film. By
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Figure 2. Scanning electron microscopy image of a SWNT film
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Figure 4. Absorption raw data for three settings of the analyzer
(black curves). The angte is defined with respect to the external
field during deposition. While the peak around 650 nm, which
corresponds to metallic nanotubes (“M1"), strongly depends on the
setting of the analyzer, the peak around 950 nm, corresponding to
Figure 3. Schematic of the setup used for polarization dependent semiconducting nanotubes (“S2"), is virtually independent. How-
absorption measurements on dielectrophoretically deposited SWNTs.ever, there is a fraction of small-diameter semiconducting nanotubes
Nonpolarized light illuminates the sample from the bottom and is (“S2*"), that show a similar dependence as the metallic nanotubes.
partly absorbed by the nanotube film covering the electrode gaps. Note that this “S2*” shoulder can be seen more clearly in the raw
An analyzer between sample and detector allows for polarization data of Supplementary Figures-8. Green curves: fitted data using
dependent measurements. While metallic nanotubes (depicted ashe basic spectral data “M1/S2*” and “S2” shown in the inset and
blue rods) in the gaps are aligned parallel to the external field and fit parameters given in the text.

hence perpendicular to the electrodes, semiconducting nanotubes

(depicted as red rods) are randomly oriented. For clarity, nanotubes Obviously the degree of alignment of metallic and
deposited on top of the electrodes are not included in this schematic,semiconducting nanotubes differs greatly in our sample.
since they do not contribute to the absorption spectra. The \;q¢5ilic nanotubes are well aligned and their preferential
anisotropic absorption by metallic SWNTs and the isotropic . L . . .
absorption by semiconducting SWNTSs is indicated by the blue and quentatlon is parallel .tO .the electric f'?ld durlng the deposi-
red arrows, respectively. tion process. The majority of the semiconducting nanotubes
are randomly oriented, but small-diameter semiconducting

varying the angle of the analyzer, which is placed between N@notubes (with S2 shifted te 800 nm, see ref 23) show
an alignment similar to the metallic nanotubes. There are

sample and detector, the polarization dependence of the™' € \usi be d ¢ hi sis:
absorption is determined. Due to a large depolarization effect WO Important conclusions to be drawn from this analysis:

SWNTs preferentially absorb the component of the light (1) the SWNTs are deposited individually, not in bundle_s_,;
parallel to the nanotube axi$.lt is therefore possible to (2) although both nanotube types apparently undergo positive

determine the alignment of nanotubes in a sample by dielectrophoresis for the chosen experimental conditions,

analyzing the polarization dependence of the absorptionthelr response to the exte.rnal equtnc f'.e Id is_different,
spectra? compatible with the theoretical considerations above. Fur-

o i thermore, we performed Raman spectroscopy, that confirm
The black curves in Figure 4 show absorption spectra ye ingisively different degree of alignment of the two
measured on the sample shown in Figure 2. The spectralnanotube types (see Supplementary Figures 7 and 8).
range was chosen to cover the M1 absorption band of Tg analyze the measured absorption spectra, we first
metallic SWNTSs (centered around 650 nm for our nanotube exiract two sets of basic spectral data, one of them describing
material) as well as the S2 absorption band of semiconductingpe absorption of the aligned nanotubes, the other one
nanotubes (centered around 950 ffjhe main observation  representing the randomly oriented nanotubes. The first set
is that the shape of the S2-peak is virtually independent of of data, corresponding to “M1/S2*" in the inset of Figure 4,
the setting of the analyzer, which is characterized by the js obtained by subtracting the data of the measurement with
angley between the axis of the analyzer and the direction j, = 90° from the measurement witly = 0°, thereby
of the external electric field during the dielectrophoretic eliminating the polarization independent contributions. To
deposition. By contrast, the height of the M1 peak depends generate the basic spectrum of the randomly oriented
strongly on the analyzer setting. It is very pronouncedfor nanotubes (“S2”), we cannot use the plain data of the 0O
= 0° and almost completely suppressed jor= 90°. A measurement, because there is obviously some contribution
similar behavior was observed in samples prepared bybetween 600 and 800 nm from the aligned nanotubes.
dielectrophoresis of SWNTs dispersed with different sur- Therefore we modify the data of the® Gheasurement by
factants and length distributions but comparable deposition subtracting a fraction of the M1/S2* data, until we obtain a
parameters (see Supplementary Figure$)3 flat background between 600 and 800 nm.

Nano Lett., Vol. 7, No. 7, 2007 1963



With this choice of basic spectra the absorbaAder a polarizability that progressively dominates the dielectro-
specific angley is given by the functioff phoresis. To demonstrate this situation, we present numerical
field simulations, for which the finite element solver Flex-
PDE was used’

The dielectric force is defined within the particle’'s
coordinate system &ep = (1/2)V(0tparEpard T QorthoEorthc?)-
As,f(@,Uz)] cos’ (¢ — y) dg As a means of simplification, we assume a fixed orientation
of the nanotubes with respect to the global coordinate system.

A large value ofU, then corresponds to a narrow angular We can then easily transform from the particle’s coordinate
distribution, while a small value matches a wide SYyStém into the global coordinate system: for horizontally
angular distribution. The green curves shown in Figure 4 aligned nanotubes we derivoer = (1/2)(0parVE +
were obtained using for the “M1/S2*" tubes a value of %ortnoVE) anZd for verhcglly aligned nanotubeSper =
UMYSZ)eT = 2.3 and for the “S2” nanotubes a value (H/2)@parVE: + CornoVES).

of US%ksT = 0. The values fokJ, are consistent with our Figure 5 shows the simulated dielectric force fields acting
model calculations for SWNTs close to the substrate surface®n metallic (a and b) and semiconducting nanotubes (c and
(~1 um). This self-consistency as well as the excellent d)assuming horizontal or vertical alignment of the nanotubes
agreement of the fit with the measured data justifies the @s indicated. We chose a representative field frequency of
procedure for constructing the “S2” spectrum. 50 MHz such thatir, agne andagin, > 0 andagen < 0.

The different forms of alignment of metallic and semi- Note that metallic nanotubes are well aligned along the
conducting nanotubes strongly affect the determination of electric field lines, as shown before. Since the electric field
the composition of samples by optical absorption spectros-lines are horizontal above the gap, Figure 5a applies to
copy. A simple comparison of the peak heights or the peak Metallic nanotubes in this region, whereas Figure 5b applies
area measured with nonpolarized light will not render the to metallic nanotubes above the electrode, where the field
correct result, since the amount of metallic nanotubes will lines are vertical. Therefore, metallic nanotubes always
be underestimated. For instance, even if aligned nanotube€Xperience an attractive force toward the substrate. The
would absorb all parallel polarized light, the absorbance orientation of semiconducting nanotubes on the other hand
measured with nonpolarized light could never exceed 0.3. is random under the chosen conditions. Comparing the two
The fitting procedure described above depends strongly onrepresentative situations of horizontal and vertical alignment,
the choice of the basic spectra and is therefore not appropriated dramatic change in the force fields is observable. Taking
for a quantitative analysis of the sample composition. a closer look at Figure 5c¢, we see that the forces are repulsive

A point we have not discussed so far is why the alignment in regions where the nanotubes are parallel to the electric
of small-diameter semiconducting nanotubes “S2*" re- field (above the gaps), while they are attractive when the
sembles that of metallic nanotubes “M1”. As we assume the hanotubes are orthogonal to the electric field (above the
conductivity o, of all nanotubes to be dominated by the electrodes). The same, of course, holds true for Figure 5d.
surface conductanee a smaller nanotube diametéresults ~ These simulations clearly show that semiconducting nano-
in a bigger value ofr, 0 «/d 25257 and therefore a larger  tubes can be attracted to the substrate surface due to their
value ofU,, which increases the alignment. Another possible orthogonal polarizability, albeit the magnitude of the force
explanation would be a diameter-selective dispersion of theis smaller than in the case of the metallic nanotubes. With
nanotubes in the surfactant, which allows for residual bundles respect to the measured random orientation of semiconduct-
of small-diameter semiconducting nanotubes with metallic ing SWNTs in the gap, we note that the DEP force field
nanotubes. A comparison of fluorescence maps of nanotubessimulations predict repulsion only for semiconducting nano-
dispersed in SDS (sodium dodecyl sulfate) and SDBS indeedtubes which are oriented along tkxis. Nanotubes oriented
suggests such selectivity in the case of SBBSurther along they-axis andz-axis are attracted, which should result
analysis is necessary to verify either of these interpretations.in a depletion of semiconducting nanotubes closg te 0.

We now discuss the prediction of our nanotube DEP However, considering the drag coefficient of nanotubes,
model, that within a certain frequency rangé>..»5%  a which depends on the angle between the nanotube axis and
deposition of semiconducting nanotubes can occur due tothe direction of motior¥? we expect the highest deposition
their perpendicular polarizability and that this effect should rate for vertically oriented semiconducting nanotubes, which
only be observable in experiments at very large electric fields. upon touching the surface flip over without preferential
In earlier experiments under moderate fiellg,(= 20 V,,/ direction.

20 um) semiconducting SWNTs were not deposited above The efficiency of the nanotube deposition depends on the
the critical frequency, ~ 3 MHz .87 In a recent experiment  relationUped/ksT. Figure 6 shows this relation for semicon-
at larger fields (10 Vy/2 um) we observed, ~ 30 MHz8 ducting nanotubes for different field strengtgg as function
Finally, in this work we find at very large electric fields (40 of the field frequency, with the translational energy split

1 /2 %,
Aly) =—:> S [Avsa fl,Up Vo) +
S cog (@ = 7) dg

Vo2 um) v > 80 MHz (see Supplementary Figures4). into a part depending amy,amand another depending 0Gino
This agrees with the model that at moderate fields the probedWe can clearly make out frequency domains, where the
critical frequency is due to the parallel polarizabiliqz,”ﬁ’a), attraction due to the orthogonal polarizability prevails over

whereas at larger fields and frequencies it is the orthogonalthe repulsion due to the parallel polarizability. This effect is
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Figure 5. Simulation of the dielectrophoretic force fields. For the simulation we choose a representative section extending from the center
of a positively charged electrode to the center of the next positively charged electrode. This “unit cell” then contains two electrodes and two

gaps on top of a 5@&m thick quartz substrate with permittivity = 5¢o and below a 5Q:m thick aqueous layer witkh = 85¢,. The

frequency of 50 MHz was chosen such thd’, o, andogims > 0 andasen < 0. The calculations are based on the structural and

dielectric properties of SWNTSs as given in the text. (a anB ks for metallic nanotubes and (c andEyep for semiconducting nanotubes,
assuming the nanotubes to be horizontally aligned or vertically aligned as indicated. While metallic nanotubes are attracted toward the
substrate surface, semiconducting nanotubes experience either attractive or repulsive forces depending on their orientation with respect to
the electric field.

separation, and some of the contradictory results in literature
might be attributed to the critical dependence of the nanotube
dielectrophoresis on the electric field strength and fre-
guency??® Note that for different experimental setups the
field amplitude at the electrode tips can significantly differ
from the nominal amplitude due to capacitive coupling or
impedance mismatch.

The results show that the model of nanotube dielectro-
phoresis, which has been used so far and is based on a scalar
dependence of the polarizability of the external field, is not
sufficient to describe SWNTs due to their structural and
dielectric anisotropy. Within an advanced model that also
incorporates contributions from the polarizability orthogonall

1x10’ 1x10° : : e :
v (Hz) to the nanotube axis, we predict a strikingly different

alignment behavior of metallic and semiconducting nano-
Figure 6. Standardized DEP potentidberksT for semiconducting  tubes under the influence of an electric field and a possible

nanotubes as a function of the frequencyf the applied electric  gaposition of semiconducting nanotubes for frequencies
field calculated for various field strengtksg,. The calculations are

based on the structural and dielectric properties for semiconducting above the Crosspver_ frequenCIes defined be_for_e due to the
SWNTSs as given in the text. The nanotubes are deposited only whenOrthogonal polarizability for very large electric fields. Our
Uper/ksT > 1 (highlighted in cyan). The indices “para” and “ortho”  polarization-dependent measurements of the optical absorp-
characterize the orientation of the nanotubes with respect to thetion on films of dielectrophoretically deposited carbon
electric field. The frequencies marked are the turnover frequencies nanotubes give clear evidence for the high degree of

(v™, as defined in the text), the frequencies corresponding to _. . ; .
Maxwell-Wagner relaxations/("V) and the crossover frequencies alignment Qf the mgtalllc nanotubes and a random or_lgntatlon
(v°9), where the Clausius-Mosotti factor changes its sign. of the semiconducting nanotubes, as predicted. Additionally,
we have illustrated the decisive influence of the orthogonal
more pronounced for high field strengths. The frequency at polarizability onto the dielectric force acting on semicon-
which UperkeT)orno becomes larger thanU6e/ksT)para ducting nanotubes by means of finite-element simulations.
depends critically on the assumed values for the conductivity
and the permittivity of nanotubes and suspension. For our Acknowledgment. The authors thank M. Pimenta and
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