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Aligned arrays of semiconducting single-walled carbon nanotubes (s-SWNTs) represent ideal con-

figurations for use of this class of material in high performance electronics. Development of means

for removing the metallic SWNTs (m-SWNTs) in as-grown arrays represents an essential chal-

lenge. Here, we introduce a simple scheme that achieves this type of purification using direct,

selective current injection through interdigitated electrodes into the m-SWNTs, to allow their com-

plete removal using processes of thermocapillarity and dry etching. Experiments and numerical

simulations establish the fundamental aspects that lead to selectivity in this process, thereby setting

design rules for optimization. Single-step purification of arrays that include thousands of SWNTs

demonstrates the effectiveness and simplicity of the procedures. The result is a practical route to

large-area aligned arrays of purely s-SWNTs with low-cost experimental setups. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916537]

I. INTRODUCTION

Success in the continued down-scaling of critical dimen-

sions in silicon transistors is largely responsible for the revo-

lutionary changes that have occurred over the last several

decades in modern information processing technology. Such

scaling becomes increasingly difficult as these dimensions

approach fundamental limits.1 Here, excessive power den-

sities and short channel effects represent two major

obstacles.2,3 One path for further progress involves the de-

velopment of channel materials that offer superior electrical

properties compared to those of silicon. Among the wide va-

riety of materials that can be considered, single-walled car-

bon nanotubes (SWNTs) remain one of the most promising

candidates.4 Field effect transistors (FETs) built using

SWNTs offer superior speeds of operation and levels of

energy efficiency compared to those of alternatives; the

small dimensions of the SWNTs also allow suppression of

short channel effects.3,5,6 Integration of SWNTs into practi-

cal circuits requires large-scale arrays of horizontally

aligned, perfectly linear, purely semiconducting SWNTs (s-

SWNTs).3,5 One means to realize such arrays begins with so-

lution processes to purify as-grown mixtures of metallic

SWNTs (m-SWNTs) and s-SWNTs,7,8 followed by align-

ment of the s-SWNTs via deposition onto a substrate of in-

terest.9–11 In spite of some notable successes and continued

promise,3,5 key challenges in this scheme include avoiding

damage to the SWNTs during solubilization, removing resid-

ual surfactant after deposition, and achieving perfect align-

ment and perfect purity of s-SWNTs (>99.9999%12) in the

arrays.5 A different approach, also with some demonstrated

utility, begins with growth of chemically and structurally

pristine, nearly perfectly aligned SWNTs on quartz sub-

strates,13,14 followed by removal of the m-SWNTs. Many

removal methods, ranging from electrical breakdown15 to

optical ablation16,17 and chemical etching18 have been

explored, but each has significant disadvantages in terms of

efficiency in elimination of m-SWNTs, retention of s-

SWNTs and/or applicability to large arrays.12

Recently developed purification methods based on nano-

scale thermocapillary flows overcome these drawbacks.19–21

Here, selective, mild heating of m-SWNTs causes temperature

gradients that drive local flow of an overcoat of an amorphous

small molecule organic material (thermocapillary resist,
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Tc-resist). Such flows open trenches around the m-SWNTs,

thereby exposing them for complete removal by reactive ion

etching (RIE). The low temperature operation (several

degrees) of this process, together with means for highly selec-

tive heating of the m-SWNTs (directly based on their electri-

cal properties), enables unmatched levels of purity,

experimentally demonstrated at >99.9925%20 limited only by

the statistics of the measurement and likely much higher.

Options for selectively heating of m-SWNTs include electrical

probing through partial-gate transistor structures19 and expo-

sure to electromagnetic waves in the microwave20 or infrared

regimes.21 These techniques provide excellent selectivity and

outstanding performance in purification. The partial-gate tran-

sistor structures are, however, cumbersome to fabricate and

sometimes leave residues that are difficult to remove.

Electromagnetic radiation offers operational simplicity, mini-

mal processing, absence of residue, and scalability, although

high throughput operation requires large-scale sources. At the

laboratory scale, co-integrated antennas are needed to enhance

the microwave fields that can be generated from desktop

microwave ovens.20 For laboratory-scale infrared lasers, expo-

sure requires raster scanning of a small focused spot at rates

smaller than 0.4 lm/s.21 Scale-up is possible, but with capital

costs that might lie outside of the realm of resources readily

available for academic research.

Here, we introduce an exceptionally simple, alternative

thermocapillary based purification approach. Direct current

injection using two terminal (2 T) interdigitated electrodes

formed with low work-function metals causes Joule heating

selectively in the m-SWNTs, with sufficient amplitude to

enable thermocapillary flows. Experiments and simulations

described in the following highlight the underlying phenom-

ena and provide design guidelines and processing conditions

for achieving high purification selectivity and efficiency.

Demonstrations involve purifying arrays of thousands of

SWNTs in a single step. The scheme represents a practical

route to large-area aligned arrays of purely s-SWNTs with

readily available experimental setups.

II. PURIFICATION SCHEME

Schematic illustrations shown in Figs. 1(a)–1(d) summa-

rize the overall scheme. First, deposition of Fe catalysts on

quartz substrates followed by growth via chemical vapor depo-

sition (CVD) yields horizontally aligned arrays of individual

SWNTs (Fig. 1(a)).14,20 Photolithographic patterning, electron

beam evaporation and lift-off of metals with low work-function

(smaller than the mid-gap energy of SWNTs �4.8 eV, Ref. 22)

define the interdigitated electrodes (Fig. 1(b)). Thermal evapo-

ration of a thin layer of thermocapillary resist (Tc-resist, typi-

cally 30 nm of a,a,a0-Tris(4-hydroxyphenyl)-1-ethyl-4-

isopropylbenzene), followed by direct application of pulsed

voltages to the electrodes through contacting probe tips causes

Joule heating selectively in the m-SWNTs. This mild heating

can be sufficient to drive thermocapillary flows in the Tc-resist

in the immediate vicinity of the m-SWNTs (Fig. 1(c)).20,23 Low

work-function metals are crucial for such operation. Typically,

the electrodes consist of 80 nm Ti (due to the easy evaporation

of metal and formation of stable contacts), but other metals

such as Mo, Al, Mg, etc.20 can also be used. Here, the Schottky

barriers between these metals and the s-SWNTs effectively

block the flow of current and thereby avoid any significant

Joule heating in (and associated thermocapillary flows around)

the s-SWNTs.20 RIE removes the exposed m-SWNTs, leaving

the s-SWNTs unaffected. Finally, removing the Tc-resist with

acetone and wet etching the interdigitated electrodes (Transene

TFT for Ti) leaves nearly perfectly aligned arrays of linear,

pristine, purely s-SWNTs (Fig. 1(d)).

Selectivity and efficiency are important criteria for

assessing the operation of this type of purification process.24

Selectivity demands the elimination of all m-SWNTs and the

preservation of most of the s-SWNTs. Efficiency corre-

sponds to the ability to purify large-area arrays of SWNTs

rapidly. In addition to the use of low work-function metals

as contacts, proper designs of the interdigitated electrodes,

carefully selected parameters for inducing the thermocapil-

lary flows, and effective thermal management are important.

The following sections highlight these and other essential

issues.

III. DESIGN OF INTERDIGITATED ELECTRODES

Schematic illustrations in Fig. 2(a) highlight the im-

portant geometric parameters for the interdigitated layout,

including the length (L0) and width (W0) of the gap

between the electrodes, and the length of the electrodes

(L1). Decreasing L1, while increasing L0 and W0 improves

the purification efficiency by reducing the unpurified areas

(i.e., those occupied by the electrodes). A practical con-

straint for such scaling, however, is the requirement for

FIG. 1. Schematic illustration of a process for purifying aligned arrays of

SWNTs based on direct current injection through two-terminal (2 T) interdi-

gitated electrodes and thermocapillary flows. (a) Growth of SWNTs on

quartz substrate by CVD. (b) Fabrication of interdigitated electrodes of low

work-function metals. (c) Deposition of a thin layer of Tc-resist, followed

by pulsed current injection to induce Joule heating and associated local ther-

mocapillary flows that selectively expose the m-SWNTs. (d) Removal of the

exposed m-SWNTs, followed by the Tc-resist and interdigitated electrodes,

to leave aligned arrays of purely s-SWNTs.
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spatially uniform heating across the gap (along the width

direction). When W0 is too long or L1 is too short, the

potential drop along the electrodes can be substantial,

resulting in non-uniform heating. Such effects can be cap-

tured by finite element analysis (FEA, using COMSOL,

Inc.) of the distribution of the electrical potential (Fig.

2(b)). Here, the SWNTs are treated as thin film resistors

with an equivalent sheet resistance of r0=
D
3

� �
, where r0 is

the average resistivity of the m-SWNTs (�50 kX/lm),20 D

is the SWNT density (i.e., the number of SWNTs per unit

length in the direction perpendicular to their orientation,

here taken as 1.5 SWNTs/lm), and the factor of 1/3 origi-

nates from the percentage of m-SWNTs in the as-grown

arrays.25 Insulating boundary conditions on the sides of the

electrodes ensure periodicity.

An analytical model based on transmission line theory26

can quantify the role of key parameters in determining the

level of uniformity of the electrical potential. The model

treats the adjacent electrodes as transmission lines linked by

the SWNTs in the channel (as another transmission line).

The injected current gradually transfers from one end of the

electrode through the SWNTs and into the other. Electrical

potential differences between the two electrodes along the

width direction (x-direction) can be written

DV xð Þ ¼ V0cosh x=LTð Þ

cosh
W0

2LT

� �
þ W0

2LT
sinh

W0

2LT

� � ; (1)

where V0 is the applied voltage, and LT is the characteristic

current transfer length, defined as

LT ¼
ffiffiffiffiffiffiffiffiffiffiffi
3r0t

4Dq0

s ffiffiffiffiffiffiffiffiffiffi
L0L1

p
: (2)

Here, q0 and t are the resistivity and thickness of the

electrodes, respectively. Both the analytical analysis and

FEA suggest that increasing LT/W0 enhances the uniformity

(Fig. 2(c)). Although increasing L1 or decreasing W0

achieves this goal, such adjustments reduce the purified area.

The preferred option, then, is to increase L0, which improves

both the purification efficiency and the heating uniformity.

IV. RANGE OF VALIDITY FOR SCHOTTKY BARRIERS

Schottky barriers associated with low work-function met-

als are critically important to good selectivity. Such barriers

suppress the flow of current into the s-SWNTs most effectively

at small applied biases.27 Figs. 3(a) and 3(b) show typical ex-

perimental measurements and simulated results for 2 T current-

voltage (IV) characteristics of arrays of as-grown SWNTs (esti-

mated as �500 tubes, with the usual mixture of m-SWNTs and

s-SWNTs) and purely s-SWNTs (purified by a microwave-

based thermocapillary method,20 estimated as �333 tubes),

respectively. The distances between the electrodes in both cases

are 15 lm. Measurements used a vacuum probe-station at room

temperature. Simulations assume that 1/3 of the SWNTs are

m-SWNTs and that the others are s-SWNT, and that both types

have the same diameter distributions.20 Calculations for the

s-SWNTs rely on solving the electrostatics and drift-diffusion

transport in a self-consistent manner; the IVs for the m-SWNTs

follow from the Landauer formula, with effects of acoustic

and optical phonon scattering.20,28,29 For the as-grown array

FIG. 2. (a) Schematic illustration of important geometric parameters of the

interdigitated electrodes, including the lengths (L0) and widths (W0) of the

gaps between the electrodes, and the length of the electrode (L1). (b) FEA of

the distribution of electric potential on the interdigitated electrodes. The

image is stretched in the direction perpendicular to X axis for ease of view-

ing. (c) Analytical analysis (solid lines) and FEA (solid squares) of electric

potential differences between two adjacent electrodes along the width direc-

tion (x-direction), for different designs. When the current transfer length

(K
ffiffiffiffiffiffiffiffiffiffi
L0L1

p
, K ¼

ffiffiffiffiffiffiffiffi
3r0 t

4Dq0

q
) is larger than W0, the potential differences approach

to the applied voltage (V0).

FIG. 3. (a) Representative experimental measurements and simulated results

for two terminal (2 T) current-voltage (IV) characteristic of an as-grown

array of �500 SWNTs. (b) Experimental and simulated IV characteristics of

an array of purely s-SWNTs (�333 SWNTs). The current becomes non-

negligible for voltages above �25 V. (c) Ratio of the 2 T current contributed

by the m-SWNTs to that from the s-SWNTs as a function of voltage. (d)

Ratio of 2 T currents as a function of channel length for an average electric

field of 2 V/lm.
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(Fig. 3(a)), the total current increases almost linearly with the

voltage for voltages <7 V, which is consistent with the domi-

nating contribution of m-SWNTs to the current in this regime.

The slope decreases for voltages >7 V, due to increases in

phonon scattering. At high voltages, the IV curve becomes

sub-linear again, where currents from both m-SWNTs and

s-SWNTs contribute in a significant way. This behavior is con-

sistent with the results of Fig. 3(b), which correspond to the

case of for purely s-SWNT arrays. Here, the current is negligi-

ble at low voltage and then increases dramatically at a threshold

voltage of �25 V, corresponding to an onset of failure of the

Schottky barriers (mainly due to band to band tunneling fol-

lowed by impact ionization).28,30 The different IV behaviors for

the m-SWNTs and s-SWNTs result in changes in the ratio of

their 2 T currents (Fig. 3(c)) with voltage. This ratio gradually

decreases from>100 at low voltages (<25 V) to�5 at voltages

that approach electrical breakdown (75 V). At a fixed bias

value, the heating induced in each SWNT is proportional to the

current. As a result, the selectivity for heating of the m-SWNT

is greatest at low bias values. The conditions for the experiment

must be chosen, therefore, to enable thermocapillary flows in

this regime.

Further consideration of the selectivity centers on the

choice of L0. For a given electrical field (2 V/lm used in the

simulation in Fig. 3(d)), the ratio of currents between

the m-SWNTs and s-SWNTs decreases with increasing L0.

Such scaling is mainly attributed to the rise of applied vol-

tages necessary to maintain the electric field at a certain

level. We note that the simulations here consider a different

measurement condition (air) compared to those in Figs.

3(a)–3(c) (vacuum). However, the overall trends represented

in Figure 3 are independent of measurement environment,

and the quantitative values are also not affected significantly.

Although large L0 enhances the purification efficiency and

the heating uniformity, the selectivity deteriorates if L0 is too

large. In addition, non-bridging SWNTs may appear for

increased L0. Thus, there is a trade-off in optimizing L0.

V. PULSED HEATING FOR THERMAL MANAGEMENT

Thermal management is important, particularly when

applied to large numbers of SWNTs where increases in the

background temperature associated with heating of the

SWNTs, in aggregate, can be non-negligible. This increase

in temperature reduces the viscosity of the Tc-resist, thereby

changing the dynamics of thermocapillary flows in a manner

that can be difficult to control, particularly in samples that

involve significant spatial variations in the density of the

SWNTs. The effects of cumulative heating can be minimized

by the use of pulsed applied voltages, with duty cycles suffi-

ciently small to allow cooling in between pulses. Three

dimensional (3D) FEA (ABAQUS) reveals the effects and

aids in optimization. Fig. 4(a) shows a schematic representa-

tion of the 3D layouts used for simulations that consider, for

simplicity, heating only in the m-SWNTs. The calculations

use periodic boundary conditions with arrays of m-SWNTs

that have lengths of 15 lm and spacings that depend on the

density (assuming that 1/3 of the SWNTs are metallic). As

shown in Fig. 4(a), the m-SWNTs lie beneath a layer of

Tc-resist with a thickness of 30 nm on a quartz substrate

(500lm thick). The thermal conductivity, density, and heat

capacity are 0.2 W�m�1�K�1, 1160 kg�m�3, and 1500 J�kg�1�K�1

for the Tc-resist; 4000 W�m�1�K�1, 1300 kg�m�3, and

400 J�Kg�1�K�1 for the m-SWNT; and 6 W�m�1�K�1,

2650 kg�m�3, and 740 J�Kg�1�K�1 for quartz.19,31,32 The top

surface of the Tc-resist layer is assumed to be adiabatic.19,33

The bottom of the quartz substrate has a temperature fixed to

the ambient.

Fig. 4(b) illustrates the key parameters of the pulsed

bias, including the pulse width t1 and repetition period t0.

Their ratio defines the duty cycle. An applied voltage

V0¼ 25 V yields an average power density of 19.5 W/m

(estimated from experiments) per m-SWNT. Simulations

involve t0¼ 10 ls, and various duty cycles and densities of

SWNTs to reveal their effects on the temperature increases

and associated gradients. Fig. 4(c) shows the temperature

increase at the top surface of the Tc-resist (at x¼ 0) as a

function of time within a single pulse cycle. The black and

red curves correspond to arrays with densities of 1.5

FIG. 4. (a) Schematic representation of the 3D structure used for tempera-

ture calculations. (b) Illustration of the key parameters of the applied pulsed

voltage, including the length of the pulse t1 and the interval between pulses

t0. (c) Simulated temperature increase of the top surface of the Tc-resist (at

x¼ 0) as a function of time within a heating cycle. The black curve corre-

sponds to an array density of 1.5 SWNTs/lm, with t0¼ 10 ls and t1¼ 1 ls.

The red curve corresponds to an array density of 0.5 SWNTs/lm, with

t0¼ 10 ls and t1¼ 3 ls. (d) Infrared camera image of an array during appli-

cation of pulsed voltage. (e) Experimental measurements and simulated

results for the temperature increase during application of pulsed voltages

with different duty cycles. The results show a linear relationship between

the temperature rise and the duty cycle. (f) Simulated results for the maxi-

mum temperature gradient as a function of duty cycle.
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SWNTs/lm (duty cycle¼ 10%) and 0.5 SWNTs/lm (duty

cycle¼ 30%), respectively. The temperatures continuously

rise within the duration of the pulse and immediately begin

to decrease at the end of the pulse. Decreasing the duty cycle

or the density of the SWNTs reduces the cumulative increase

in temperature. An infrared camera (FLIR A655sc) allows

experimental measurements for comparison to these simula-

tion results. Fig. 4(d) shows an infrared image of an array

during application of a pulsed voltage. The red region in

between the tips results from elevated temperatures due to

cumulative heating associated with SWNTs in this area. Fig.

4(e) summarizes experimental measurements and simulated

results for increases in temperature for different duty cycles.

The experimental data correspond to analysis of the infrared

images, calibrated based on measurements using the same

devices heated to well-defined temperatures on a hotplate.

The computed temperature rise corresponds to an average

over the unit cell and over a period of time. The resolution of

the camera (�35 lm) is much larger than the spacings

between the SWNTs (�1 lm); likewise, the time response

(20 ms) is much longer than the duration of a single pulse

(10 ls). As expected, increases in tube density lead to

increases in temperature. The measured and simulated results

indicate a linear increase in the temperature with the duty

cycle, as might be expected. Decreasing the duty cycle only

decreases the cumulative temperature rise. The temperature

gradients, which determine the thermocapillary stresses that

drive flow in the Tc-resist, are independent of duty cycle

(Fig. 4(f)). These results confirm that controlling the duty

cycle represents an important means for the thermal

management.

Besides the thermal management, one may also expect

that pulse mode heating could help to reduce the trench

widths, which is critical for processing high density arrays of

SWNTs. However, experimentally observed trench widths

with pulsed heating are comparable to those from DC heat-

ing (�200 nm). This result most likely follows from the rela-

tive long pulse duration used in the experiment. For a pulse

width of 1 ls (shortest pulse duration provided by the pulse

generator), the thermal diffusion length in the quartz sub-

strate and the Tc-resist are around 3.6 lm and 600 nm,

respectively. Both of those lengths are larger than the typical

trench widths. Therefore, although pulse heating helps to

constrain the heat spreading, the pulse durations explored

here are too long to affect the trench width.

VI. DEMONSTRATIONS OF PURIFICATION

Selectivity and efficiency are influenced by materials

choices (the low work-function metal contacts), interdigi-

tated electrodes designs (L0, W0, L1), and operation condi-

tions (V0, pulse width and duty cycles, background heating).

A wide range of combinations of these parameters enable

proper operation of the purification process. Demonstrations

involve arrays of thousands of SWNTs (with densities �0.5

SWNTs/lm or �1.5 SWNTs/lm). Fig. 5(a) shows an optical

image of interdigitated electrodes of Ti (80 nm thick), with

L0¼ 15 lm, W0¼ 500 lm, and L1¼ 30 lm, and 4 parallel

channels. The current transfer length LT¼ 2.9W0 yields

uniform electric potentials (Fig. 2(c)). Applying a pulsed

voltage of 25 V provides sufficient temperature gradients to

induce thermocapillary flow, while maintaining the effec-

tiveness of Schottky barriers for selective heating. The pulse

period is 10 ls, applied for a total time of 15 min. Duty

cycles of 30% and 10% proved effective for arrays with den-

sities of �0.5 SWNTs/lm and 1.5 SWNTs/lm, respectively.

These choices not only minimize cumulative heating but

also allow sufficient time for the full formation of trenches.

This process occurs inside a vacuum probe-station, with a

heating stage that provides a uniform background tempera-

ture of 80 �C, thereby reducing the viscosity of the Tc-resist

to facilitate the thermocapillary flow. Other procedures, such

as RIE etching of the m-SWNTs and wet etching of the

electrodes, follow procedures reported previously.19–21

Transistors formed using arrays of SWNTs purified in this

case use source and drain contacts of Ti (1 nm)/Pd (80 nm)

formed at positions that coincide with those of the removed

Ti interdigitated electrodes. Layers of PMMA (950 A7,

1500 rpm for 45 s and 4000 rpm for 30 s, baking 110 �C for

8 min) and Ti (50 nm) serve as the gate dielectrics and gate

electrodes, respectively. Fig. 5(b) shows typical transfer

characteristics for transistors based on purified

and unpurified SWNT arrays (density� 1.5 SWNTs/lm).

Fig. 5(c) gives representative output characteristics of a tran-

sistor based on a purified array. Purification increases the on-

off ratio from 2.5 to �103, consistent with the removal of all

m-SWNTs. At the same time, the on current drops to �20%

of the value before purification. The loss in current is some-

what larger than that achieved on small arrays of SWNTs

using previous approaches19 but lies within the range

observed in mm-scale arrays.19 The discrepancy might arise

from slight overetching (95 W in plasma etching power

FIG. 5. (a) Optical image of a small set of interdigitated electrodes. (b)

Representative transfer characteristics of transistors based on purified

(black) and unpurified (red) arrays of SWNTs ones. The density before the

purification is �1.5 SWNTs/lm. (c) Typical output characteristics of the

transistor that uses purified SWNT arrays. (d) Statistical results of the on-off

ratio and output current for transistors based on purified and unpurified

arrays. The green and blue dashed ellipses indicate results from SWNTs

with density � 0.5 SWNTs/lm and �1.5 SWNTs/lm, respectively.
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compared to 80 W used previously), during the removal of

the m-SWNTs. Statistical results of the transistor studies

appear in Fig. 5(d). The green and blue dashed ellipses corre-

spond to arrays with densities� 0.5 SWNTs/lm and �1.5

SWNTs/lm, respectively. The on-off ratios range from

0.76� 103 to 6.9� 103 after purification, and the output cur-

rent retention ranges from 15% to 22%.

VII. CONCLUSIONS

In conclusion, this paper presents a simple scheme for

purifying arrays of SWNTs based on selective thermocapil-

lary effects that arise from direct current injection using

interdigitated electrodes. The method is effective and scal-

able, and can be implemented easily. Although the densities

of SWNTs that can be processed effectively in this way are

limited by the widths of the trenches that form from ther-

mocapillary flow (<5 SWNTs/lm,19,34 for the Tc-resist

used here) the resulting large-area aligned arrays of purely

s-SWNTs are sufficient for many applications and studies

of thin film transistors,12 radio frequency low noise ampli-

fiers,35 sensors,36 and other devices.29 Multiple transfer

printing of purified arrays, or use on arrays with high den-

sity, enriched content of s-SWNTs (from CVD growth37,38

or solution process10) represent promising paths to reach

the ultimate goals (density> 125 SWNTs/lm and

purity> 99.9999%) associated with applications in digital

electronics.12
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