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Purification of Single-Walled
Carbon Nanotubes Based
on Thermocapillary Flow
Single-walled carbon nanotubes (SWNTs) are of significant interest in the electronic
materials research community due to their excellent electrical properties and many
promising applications. However, SWNTs grow as mixture of both metallic and semicon-
ducting tubes and this heterogeneity frustrates their practical use in high performance
electronics. Recently developed purification techniques based on nanoscale thermocapil-
lary flow of thin film overcoats enables complete elimination of metallic SWNTs from
as-grown arrays. We studied the thermocapillary flow to purify SWNTs analytically and
established a simple scaling law for the film thickness profile in terms of the geometry
(e.g., film thickness), material (e.g., thermal conductivity and viscosity), and loading
(e.g., power density) parameters. The results show that the normalized thickness profile
only depends on one nondimensional parameter: the normalized power density. These
findings may serve as useful design guidelines for process optimization.
[DOI: 10.1115/1.4030330]

Keywords: single-walled carbon nanotube, thermocapillary flow, Joule heating

1 Introduction

SWNTs represent one of the most promising candidates for
next generation semiconductor devices due to their superior elec-
trical properties compared to those of other materials being con-
templated as enhancements to silicon-based platforms [1–3].
As-synthesized SWNTs, however, contain a mixture of both
metallic and semiconducting tubes, which frustrates their use in
high performance devices. The integration of SWNTs into practi-
cal applications requires horizontally aligned arrays of purely
semiconducting SWNTs (s-SWNTs) [4,5]. One means to realize
such arrays involves first purifying solution suspensions of mix-
tures of metallic SWNTs (m-SWNTs) and s-SWNTs followed by
alignment of s-SWNTs on a target substrate [6–10]. Remaining
challenges in this approach are to avoid any damage to the tubes
during the solubilization process, to achieve perfect alignment in

the arrays, and to completely remove all residual surfactant. A dif-
ferent approach begins with the growth of perfectly aligned
SWNTs on a quartz substrate [11,12] followed by the removal of
m-SWNTs. Various removal techniques such as electrical break-
down [13], optical ablation [14,15], and chemical etching [16]
offer the capability to remove m-SWNTs, but none can approach
the purity requirements for applications in modern digital elec-
tronics (>99.9999% s-SWNTs) [17].

Recently developed approaches based on nanoscale thermoca-
pillary flows enable complete elimination of m-SWNTs with the
ability to meet even the most demanding purity requirements [18].
Figure 1 shows a schematic illustration of the process, beginning
with the growth of perfectly aligned SWNT arrays on a quartz
substrate followed by the fabrication of a partial-gate transistor
structure. An ultrathin (�20 nm) amorphous film of small-molecule
material, a, a,a0-tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene
(i.e., MG2OH), is then deposited on the top to cover the SWNT
arrays. The injection of current from the transistor structure indu-
ces Joule heating only in m-SWNTs and results in a very large
temperature gradient (�107 K/m) [18], which drives local flows in
the thin film to open trenches around the m-SWNTs, thereby
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exposing them for complete removal by reactive ion etching.
Removing the thin film and electrode structures completes the
process to yield arrays of only s-SWNTs, which are well suited
for planar integration into diverse classes of devices and sensors.
Selectively heating of m-SWNTs for this process can also be
accomplished through exposure to electromagnetic waves in the
microwave [19] or infrared regimes [20], as means to avoid the
need for fabricating and then removing the partial gate structure.

Figure 2(a) shows AFM images of a m-SWNT coated with thin
film (�25 nm) after Joule heating (0.66 V/lm) for 1, 10, 30, 60,
120, and 300 s with a substrate temperature of 303 K [18]. The
cross-sectional trench profiles extracted from experimental mea-
surement are also shown in Fig. 2(b) [18]. As the time increases,
the trenches gradually widen and deepen as the displaced material
forms ridges at the edges.

A full understanding of the physics associated with the thermo-
capillary flow is important to further optimize the purification.
One critical issue in thermocapillary enabled purification lies
in the control parameters (e.g., time and power) to obtain narrow
trenches and to prevent the exposure of surrounding s-SWNTs.
The essential question is, what is the critical condition to form a
full trench when the trench depth equals to the film thickness?
Although the major physics associated with the thermocapillary
flow has been explored [18–22], the above critical issue
remains unknown. Our objective here is to establish a scaling law
for the trenches in terms of geometry parameters, material proper-
ties, and loading parameters to provide guidelines for optimizing

the trench geometry and obtain the critical condition to form a full
trench.

2 A Scaling Law for the Trench

The motion of the thermocapillary flow in thin film can be
approximated as unidirectional, since the SWNT length
(L� 30 lm) is much larger than its diameter (�1.0 nm). A two-
dimensional model is established for the thickness profile h x; tð Þ
by following the approach of Darhuber et al. [23] to assume the
thin film as a Newtonian liquid. The evolution of film thickness
h x; tð Þ can be well approximated by the one-dimensional lubrica-
tion equation [21]
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with boundary conditions h 61; tð Þ ¼ hf and @2h=@x2 61; tð Þ¼ 0
(zero pressure), and initial condition h x; t¼ 0ð Þ¼ hf . Here, x is the
coordinate along the direction normal to the SWNT axis, c is the
surface tension, which usually depends linearly on the surface
temperature rise DTsurface xð Þ¼ Tsurface xð Þ�T1 of thin film from
the ambient temperature T1, i.e., c¼ c0� c1DTsurface xð Þ, where c0

is the surface tension at T1 and c1 is the temperature coefficient
of surface tension, s¼ @c=@Tð Þ @T=@xð Þ is the thermocapillary
stress, and l is the film viscosity at T1.

Fig. 1 Schematic illustration of the process for purifying arrays of SWNTs

Fig. 2 (a) AFM images of a SWNT coated with thin film (�25 nm) after Joule heating for 1,
10, 30, 60, 120, and 300 s, (b) trench profiles extracted from experimental measurements.
(Reprinted with permission from Jin et al. [18]. Copyright 2013 by Macmillan.)
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The time scale of heat conduction is on the order of millisec-
ond, while that in purification via thermocapillary flow is on the
order of minutes. Therefore, a steady-state analysis for heat con-
duction can be performed to obtain the temperature distribution
resulting from an m-SWNT with power dissipation per unit length
Q0 embedded in a thin film of MG2OH with thickness hf on a
quartz substrate. The quartz substrate is modeled as a semi-infinite
substrate because its thickness (�1 mm) is much larger than that
of film (�25 nm). Due to the large aspect ratio of SWNT (i.e., the
length �30 lm and the diameter �1 nm), the SWNT can be mod-
eled as an L-long line heat source. The natural convection at the
top surface of film is negligible and assumed to be adiabatic [18].
The bottom of the quartz substrate has a temperature fixed to the
ambient. Solving the steady-state heat conduction equations gives
the surface temperature rise of film as [18,21]

DTsurface xð Þ ¼ Q0

pks
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where kf and ks are thermal conductivities of film and substrate,
respectively, J0 is the 0th-order Bessel function of the first kind.

The thickness profile in Eq. (1) are very complex, since it
depends on multiple material parameters (e.g., viscosity l, surface
tension c, and thermal conductivities kf and ks), geometry parameters
(e.g., film thickness hf ) and loading parameters (e.g., power per unit
length Q0). Next, a simple scaling law is established to show clearly
the influences of various parameters on the thickness profile.

By introducing the nondimensional terms DTsurface

¼ c1DTsurface=c0, �x ¼ x=hf , �h ¼ h=hf , �t ¼ c0t= lhfð Þ, �L ¼ L=hf ,
�Q ¼ Q0c1= ksc0ð Þ, �k ¼ kf=ks, �n ¼ nhf , and �g ¼ g=hf , Eqs. (1) and
(2) then become
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which yield a simple scaling law for the film thickness such that
the normalized film thickness depends on only three nondimen-
sional parameters: the normalized SWNT length �L ¼ L=hf , the
normalized thermal conductivity �k ¼ kf=ks and the normalized
power density �Q ¼ Q0c1= ksc0ð Þ, i.e.,

�h ¼ h
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¼ �h �x ¼ x
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The SWNT length (�10 lm) is usually much larger than the
film thickness (�15 nm), and the film conductivity (�0.1 W/m K)
is much smaller than that of substrate (�10 W/m K). Under
L� hf and ks � kf , Eq. (5) can be further simplified as

�h ¼ h
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¼ �h �x ¼ x
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;�t ¼ c0t
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� �
(6)

i.e., the normalized film thickness depends on only one single
nondimensional parameter: the normalized power density
�Q ¼ Q0c1= ksc0ð Þ.

3 Results and Discussion

Figure 3 shows the evolution of the trench profile from the sim-
ple scaling law in Eq. (6) at �Q ¼ 0:0041. The results clearly show

that the trenches gradually widen and deepen as the time
increases. At a critical normalized time of 5.5� 105, a full trench
forms corresponding to a normalized trench depth HTC=hf ¼ 1
(see Fig. 3). As the time further increases, the surrounding s-
SWNTs may be exposed due to the formation of a nonzero width
at the trench bottom (or the top surface of substrate, see Fig. 3).
The critical normalized time is very important in the purification
process, since it determines the minimal time to expose the
m-SWNTs and the optimal condition to fulfill the process.

Figure 4 shows the normalized trench depth HTC=hf versus the
normalized time �t ¼ c0t= lhfð Þat different normalized power den-
sities �Q ¼ Q0c1= ksc0ð Þ. A larger normalized power density gives
a larger normalized trench depth because a larger power yields a
larger temperature gradient (i.e., a larger thermocapillary stress s),
which could accelerate the formation of trenches. The experimental
measurements at �Q ¼ 0:00244 corresponding to Q0 ¼ 10 W=m,
ks ¼ 6:0 W=mK, c¼50:40�10�3�0:0738�10�3 DTsurface xð Þ
[24] (we take the surface tension of polystyrene as an approxima-
tion since it exhibits behaviors like the MG2OH), and hf¼15nm
are also shown for comparisons. The only unknown parameter is
the viscosity and it is fitted as 4�103 Pa s. Although there are
some deviations at a smaller normalized time, the scaling law gives
a good prediction for the critical normalized time �tcr¼c0tcr= lhfð Þ
at which a full trench forms. Figure 5 shows the critical normalized
time �tcr versus the normalized power density �Q¼Q0c1= ksc0ð Þ. The
critical normalized time decreases as the normalized power density
increases. An error analysis on the film thickness and power density
is performed to study their effects on the critical normalized time.

Fig. 3 Evolution of the trench profile from the scaling law

Fig. 4 The normalized trench depth HTC/hf versus the normal-
ized time �t 5 c0t= lhfð Þ
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It is shown that a 5% error on the power density may induce a max-
imum �13% error on the prediction of the critical normalized time
for 0:001� �Q�0:007. A 5% error on the thickness may induce a
similar error �5% on the prediction of the critical normalized time.
These results are very useful in determining the optimal condition
in the purification process.

It should be noted that the viscosity only appears in the normal-
ized time, and, therefore, it does not affect the thickness profile,
but it plays an important role on the speed to form a trench. An
increase of the viscosity decelerates the trench formation. Also,
the viscosity is assumed to be a constant in the modeling and this
is true since the temperature increase is �4 K for the power den-
sity on the order of �10 W/m in experiments. If the temperature
increase is large, a temperature dependent viscosity must be
included in the model [22].

4 Conclusions

We have studied the thermocapillary flow in the purification
process of SWNTs analytically. A simple scaling law, validated
by the experiments, for the thickness profile is established. It is
shown that the normalized thickness during thermocapillary
motion depends only on one nondimensional parameter: the nor-
malized power density �Q ¼ Q0c1= ksc0ð Þ, where ks is the thermal
conductivity of substrate, Q0 is the power density on SWNTs, c0

is the surface tension of thin film at the ambient temperature, and
c1 is the temperature coefficient of surface tension. The critical
normalized time to form a full trench also depends only on the
normalized power density. It is shown that the critical normalized
time decreases as the normalized power density increases. The
above results may serve as design guidelines for system optimiza-
tion especially for determining the optimal condition in the purifi-
cation process.
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