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ABSTRACT

Droplets of liquid drying on a surface with pinned contact area develop an internal hydrodynamic flow that carries entrained particles to the
air−liquid −substrate interface. We use this phenomenon in cylindrical, micrometer-sized droplets of large aspect ratio (more than 1000:1) to
align, position, and place individual anisotropic nanostructures such as single-walled carbon nanotubes (SWNT). More than 84% of SWNT are
aligned in parallel within ±5° relative to the target axis of alignment. A potential flow model accurately describes and quantifies the statistical
variation in the positioning of the nanostructures. We demonstrate for the first time the top-down parallel alignment and placement of individual
(unbundled) nanotubes from solution electrically contacted across gold electrodes.

Introduction and Motivation. An important, yet unresolved
problem in nanotechnology is the large-scale, top-down
placement of nanostructures from solution with controlled
orientation, position, and adhesion to a surface. Such control
is essential for advances in nanoelectronics,1,2 sensor
development,3-6 and synthesis of photonic arrays.7 A diverse
set of approaches have been proposed including dielectro-
phoresis,8,9 gas flow,10 magnetic alignment,11 electrospray,12

quasi-two-dimensional nematic phases,13 and self-assembled
monolayers (SAMs) with high affinity for nanoparticles14-16

assembled via microcontact printing or dip-pen nanolithog-
raphy. Only the last two techniques are capable of aligning
and trapping anisotropic nanoparticles without an externally
applied force. The approach using nematic phases does not
give uniform alignment on a large scale as the angle of
alignment varies spatially with the distance from the
electrodes. Moreover, this technique uses DNA-coated nano-
tubes,17 where adsorbed DNA is difficult to be removed after
deposition on a surface. Similarly, the approaches using
SAMs require a specific surface chemistry or its absence on
the nanoparticle that interacts with the patterned layers on
the surface. This is problematic when incompatible chem-
istries are needed to disperse nanoparticles in solution, as is
typically the case. As an example, these methods have only

been utilized to align and place less-useful bundles (ag-
gregates) of SWNT because organic solvents are required
for the deposition.18 The requirement of a particular surface
chemistry also confounds the ability to functionalize and treat
nanoparticles before assembling them on a surface. The
absence of an efficient technique has led to an increased
interest in CVD19,20 grown SWNT directly on substrates
rather than on bulk grown SWNT.

Several researchers have utilized evaporating droplets to
assemble nanoparticles such as SWNT,21 but it is not obvious
that such approaches can yield precision of single-particle
deposition. Additionally, the spherical geometries of the
droplets utilized are less advantageous, confining materials
to circular or ring-shaped patterns that are not easily
incorporated into complex electrical devices, such as field
effect transistors and metallic interconnect applications, for
which parallel alignment of single nanotubes and bundles22

of nanotubes is respectively desired.

Picknett and Bexon23 distinguished between two modes
of evaporation of sessile drops on solid surfaces. In one, the
contact angle remains constant and the contact area decreases,
which is also calleddepinned contactor shrinking. In the
second mode the contact area is constant with decreasing
contact angle, known aspinned contact. The nature of the
contact lines during evaporation is a function of several* Corresponding author. E-mail: strano@mit.edu.
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factors, including the rheological properties of the evaporat-
ing liquid, surface roughness and heterogeneity, the rate of
the evaporation, and the evaporation mechanism. As observed
by several researchers, evaporation may be by only one of
the above modes24,25or by a third mode that is a combination
of the first two modes, particularly pinned contact drying
followed by shrinkage drying.26,27 Many believe that the
origin of the third mode (evaporation mode switching) is
the existence of contact angle hysteresis23 on a surface.26

Accordingly, the hysteresis leads to an evaporation mode
initially with an unchanged contact area and a diminishing
contact angle until the receding contact angle is attained.
After this, the constant contact angle (depinned contact) mode
supersedes.26,27

Degan et al.28,29 and Petsi and Burganos30,31 have inves-
tigated the flow pattern inside drying droplets with both
spherical and cylindrical geometry. Pinning of the contact
line of the drying droplet ensures that liquid evaporating from
the edges is replenished by liquid from the interior. This leads
to an internal flow toward the contact line. Hence pinned
contact drying of droplets of colloidal suspensions forms
“coffee ring” stains28 due to this internal flow carrying all
the suspended particles toward the edges of the droplet. This
phenomenon of ring-type deposition resulting from droplet
drying with pinned contact has successfully been used to
assemble diblock copolymers,32 DNA,33 gold nanocrystals,34

and aligned mesh of carbon nanotubes on various surfaces.21

An unanswered question is whether the internal hydro-
dynamics of a drying cylindrical droplet can align, place,
and deposit individual anisotropic nanoparticles such as
nanotubes or nanowires with precision on a nanometer scale.
In this work, we explore this possibility and its potential
applications.

Concept and Mathematical Development.When a
solvent evaporates at a constant, pinned contact area from a
cylindrical droplet (Figure 1a), an internal flow develops
(Figure 1b) similar to the case of spherical droplets.28,29

Entrained particles are expected to be carried to the outer
edges of the droplet due to this flow. Petsi and Burganos31

derived an analytical solution for the potential flow inside
this evaporating cylindrical droplet. The potential flow in
the droplet follows∇2æ ) 0 (irrotational and incompressible
flow), with the velocity potential described byV ) ∇æ, where
æ and V are velocity potential and velocity, respectively.
Using a bipolar coordinate system, they showed that the
resulting velocity components in Cartesian coordinates are:

where the velocity components in a bipolar coordinate system
(R,â,z)31are:

Here,J is the local evaporation flux,θc(t) is the contact angle

Figure 1. Hydrodynamics in a cylindrical drop to align and place anisotropic nanoparticles. (a) Solvent evaporating from the curvilinear
surface of a cylindrical droplet with constant, pinned contact area and decreasing contact angle from 30° to 15°. White arrows represent the
internal flow field in the droplet that carry entrained particles (black rods representing the anisotropic nanoparticles (SWNT)) to the outer
edges of the droplet. (b) Velocity vector field in the cylindrical droplet drying with pinned contact area and decreasing contact angle from
30° to 15°. (Note: y-axis is not in scale with thex-axis)
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at time t, F is the liquid density, anduns(t) is the normal
component of the surface velocity at timet given by:

J is assumed to be constant over the surface of the droplet
and equal toJo. Both uns(t) andθc(t) are functions of time,
and for a constant contact area evaporation, the contact angle
decreases with time as:

whereR is the radius of the droplet andJTOT is the total
evaporation rate per unit length of the cylindrical line given
by:

Figure 1b shows the predicted velocity distribution in the
same cylindrical droplet drying with pinned contact area at
two subsequent times where the initial contact angle of 30°
falls to 15°. The arrows representing the flow field converg-
ing to the droplet edges, suggesting that an entrained
nanostructure could be aligned by the flow and positioned
at the narrow interface between the air, solvent, and substrate.

In this work, we ask if this internal flow in a cylindrical
droplet can align and place anisotropic nanoparticles such
as nanotubes or nanowires with precision on the nanometer
scale. As a technological objective, the controlled parallel
alignment and positioning of individual (unbundled) SWNT,
for example, has not been demonstrated to date. To answer
this question, we develop an experimental platform for
creating cylindrical droplets and studying their internal
hydrodynamics during evaporation. Statistics are generated
on the frequency of alignment and placement errors, with
experimental results directly compared to flow field simula-
tions. The success of such a scheme is shown to depend upon
a careful balancing of particle convection and solvent
evaporation time scales. Last, we demonstrate that this
method can align and place SWNT over preformed electrodes
for electrical testing of individual nanotubes.

Results and Discussion.To verify the hypothesis that the
hydrodynamic flow pattern in evaporating droplets with
pinned contact, cylindrical geometry, and size of few
micrometers could align and place single anisotropic nano-
structures (SWNT in this work), we developed conditions
under which cylindrical droplets could be readily formed and
studied. Here, a gold-coated silicon wafer is patterned with
alternating rectangular strips of a polar (cystamine) and
nonpolar (octadecanethiol, ODT) self-assembled monolayer
using microcontact printing35 with a PDMS stamp. The width

of the strips are∼3.5 µm (polar SAM) and∼2.5 µm
(nonpolar SAM), respectively (Figure 2a). These dimensions
ultimately become the diameter and regular pitch of an array
of cylindrical droplets of aspect ratio exceeding 1000.

Interestingly, pure deionized (DI) water is simply excluded
from the entire region of hydrophobic and hydrophilic
patterns (Supporting Information Figure S1), but the addition
of 1 wt % sodium dodecyl sulfate (SDS) surfactant causes
segregation of the liquid into cylindrical droplets that
originate at apparently random points and propagate along
their length. We presume that these points are where the
liquid film reaches a critical height (as discussed below).
These cylindrical droplets are formed only on the polar SAM
region (Figure 2c). During drying under these conditions,
the contact area of these droplets remains pinned to the polar
region, potentially allowing for the internal flow field (Figure
1b) to form as discussed below.36

The solution of SWNT (1 wt % SDS in water) is deposited
by either immersion of the substrate into it or by application
of few drops to cover the surface forming a thin, homoge-
neous film (microscopic image in Figure 2b). As the film
dries, its height should reach a critical value where the surface
free energy is minimized by segregating into the desired
cylindrical droplets on the polar SAM region (Figure 2c).
Figure 2 shows both the microscopic images and schematics
of the process over time. This process of transition from
continuous surface of liquid film to cylindrical droplets
begins from several points within the film and they propagate
along the length rapidly. The contact area of the droplets
remains constant as it dries with its edges pinned to the edges
of the polar SAM (Figure 2c,d). The process terminates as
the ends at the length of the cylindrical drop contract rapidly,
leaving a solvent-free surface (Figure 2e,f). Cylindrical
sections after formation remain for an average time of 1.5 s
before complete evaporation due to the length contraction,
as observed using real-time video microscopy (see video,
Supporting Information).37 Because the cylindrical droplets
created in this way evaporate with pinned contact area,
theoretically the flow field described above should evolve
within its interior. The fast contraction along the length
prevents the final contact angle from reaching the receding
value and the contact area apparently remains pinned. As
observed previously,26,27 the switching of the evaporation
mode (pinned to unpinned) occurs when the contact angle
drops below its receding value. Additionally, the contraction
along the length is slow enough that it allows most of the
nanotubes to reach the droplet edges.38

SWNT that have been individually suspended (largely free
from bundles) in a surfactant/water mixture are utilized as a
model anisotropic nanoparticle to probe the interior hydro-
dynamics of these micrometer size (diameter∼3.5 µm)
droplets. When cylindrical drops are created with such
solutions, subsequent AFM topographic images taken after
solvent evaporation reveal individual nanotubes that are
highly aligned and positioned in very close proximity (within
300 nm) to the polar/nonpolar SAM interface (Figure 3).
We note that the parallel placement of individual (unbundled)
nanotubes at pre-defined locations has not been achieved
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before. The number density at the interface increases with
solution concentration (from Figure 3a-e) as expected, and
continuous “wires” of nanotubes can be created using a
concentration of 9.7 mg/L (Figure 3e). Section analysis on

a statistically significant population of deposited SWNT
confirms that they remain unbundled when deposited using
this process. The inset to Figure 3b shows a nanotube height
near 1 nm, corresponding to the diameter of a single electric

Figure 2. Microscopic images and schematics of SWNT alignment and placement using evaporation from micrometer sized cylindrical
droplets. (a) Microcontact printing is used to create rectangular polar regions flanked by rectangular nonpolar domains (as shown by the
AFM topography) each of width∼3.5 µm and∼2.5 µm, respectively, on gold surface over a length of 10 mm. (b) Initially, when SWNT
solution is deposited on the gold surface, a thin liquid layer results with decreasing thickness due to evaporation. (c) At a critical height of
the liquid film, the surface free energy is minimized by segregating into cylindrical droplets (∼3.5 µm diameter). These cylinders are
formed only in the polar SAM region. (d) As the cylindrical droplets dry, the contact area of these cylinders remains pinned to the width
of polar pattern with decreasing contact angle. This drying process establishes a radial flow field within the drop pushing the entrained
SWNT to the outermost edge of the polar SAM and aligning them before deposition. (e) The process terminates as the ends of the cylindrical
droplets contracts rapidly (cylindrical section of∼3.5µm (2R) diameter remain for∼1.5 s) leaving a solution-free surface with deposited
aligned SWNT on the edges of the polar SAM. (f) Drops that have a larger diameter (more than three times, 6R) than the droplets with
average diameter of∼3.5 µm take a longer time to evaporate. Hence they can be seen on the surface even after most of the droplets have
dried. This is the case when droplet is formed with its contact area on two polar patterns rather than one (including one or more polar/
nonpolar pattern in between). (All the microscopic images are 223× magnified)
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arc synthesized SWNT. Few small bundles (∼2 nanotubes)
can be seen in Figure 3c-e. We attribute this to the bundles
already present in the solution due to insufficient ultracen-
trifugation (2 h at 30,000 RPM). This hydrodynamic deposi-
tion is observed not only for long SWNT (electric arc,
average length∼ 2.5µm) (Figure 3a-e), but also for shorter
SWNT (HiPco, average length∼ 0.8 µm) (Figure 3f). In
compiling several AFM topographic images, we observed
some placement errors (Figure 3c,d), where positioning or
alignment deviated from the typical observations (Figure
3a,b,f) although these were rare (statistics appear below).
These errors generally include SWNT lying along the center
of polar SAM or an offset (∆x/R∼ 0.1-0.15) from its edge.
Last, using this technique, there is no control or correlation
as to where the SWNT deposits along the linear interface.
However, several features are reproduced fairly reliably:
accurate positioning at an offset (∆x/R ∼ 0.1-0.15) from
the interface, excellent parallel alignment to the long axis
of the cylindrical droplet, and preservation of individual
SWNT in cases of both long and short nanotubes.

A simple model can be developed to capture the above
observations. Consider a cylindrical droplet of diameter 2R
∼ 3.5 µm with entrained anisotropic nanoparticles (Figure
1a). Using the predicted velocity field (eq 1) in a cylindrical
drying drop, the trajectory of a massless body (Figure 4 d,e)
can be solved by integrating the transient field that evolves
as the free surface of the drop moves downward with pinned
contact drying. The resulting placement depends both on the
initial position of the massless probe in this field and on the
final contact angle. The final contact angle is defined as the

angle when the drop vanishes due to contraction along the
length. Figure 1b is the scaled velocity distribution predicted
for a starting contact angle of 30°. As the droplet evaporates,
the contact angle decreases and the free surface moves
downward, but the flow field retains its orientation toward
the periphery,39 as shown for a later time when the contact
angle reduces to 15°.

The experimental results can be directly compared with
trajectories from flow field simulations. Compiling the exact
position and orientation of over 372 SWNT from 20 AFM
images produces a histogram of the position of the deposited
SWNT from the interface of the polar/nonpolar SAM (Figure
4b). The vast majority of deposited SWNT reside near
0.85-1 times the cylinder radius (R) from the centerline
(defined asr ) 0, Figure 4a), with some deposition errors
near the centerline of the polar SAM that are addressed
below. The error in alignment angle can be compiled by
defining ø) 0° as a perfectly oriented SWNT lying parallel
to the interface (Figure 4a). The same experimental data set
shows nearly a negligible error in alignment at 0°, and it
was therefore deemed unnecessary to simulate this variable
(Figure 4c).

To simulate the statistical deviations in positioning, the
transient quasistatic flow field was simulated by using eq 1.
At constant evaporation flux, the height of the free surface
and contact angle decrease according to eqs 3 and 4,
respectively, and the resulting trajectories of massless probes
which have been equally distributed in the droplet cross-
section can be found by integration of this transient field.
For probe particles with varying initial position, the final

Figure 3. AFM topographic images showing alignment and placement of individual SWNT along the edges of the polar SAM (ovals
highlight SWNT). (a) Highly aligned SWNT with low coverage for 4.6 mg/L concentration SWNT solution. (b) Inset is the section analysis
of the area in the dotted region demonstrating deposition of individual SWNT (height∼1 nm). (c) Moderate coverage for 6.2 mg/L SWNT
solution. Few SWNT along the center of the polar SAM and (d) at an offset from the edges of the polar SAM (error in perfect placement).
(e) High coverage of SWNT resembling continuous wires of nanotubes for 9.73 mg/L SWNT solution. (f) Alignment of short individual
SWNT (HiPco, average length∼0.8 µm). SWNT in (a-e) are electric arc synthesized (average length∼2.5 µm).
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placement was recorded as that point where the trajectory
ended when the final contact angle was reached (i.e., angle
when the drop vanishes due to shrinkage along the length).
Most of the particles reach the substrate much faster than
those starting near the center (r/R < 0.1). We assumed that
particles that do not reach the substrate (y ) 0) before droplet
evaporation end up at a point vertically translated downward
when the final contact angle was reached. We find that the
variation in the placement is a function of the starting contact
angle and the total deposition time (or the final contact
angle). For a rapid time to complete evaporation, or small
change in contact angle, the droplet collapses before particles
located near the centerline can translate to the edge. Figure
4 d,e plots trajectories of several massless probe particles
starting at different locations within a cylindrical drop of
initial contact angle 30°. If the process terminates at 25° or
20° (Figure 4d), the simulated histogram shows some
placement errors at smallr (close to the drop center). If the
process terminates at longer time (Figure 4e), with 15° as
final contact angle, the placement is perfect, with all the
particles reaching the droplet edge (r/R) 1) as inferred from
the simulated histogram. The center of the droplet has a
stagnation point atr/R ) 0, region of low velocity forr/R
< 0.1, and placement errors normally result from particles
initially placed here. Future efforts will examine alignment
placement along the patterned regions systematically with
the goal of achieving complete control on positioning.

We note an important distinction between this hydrody-
namic method of alignment and placement and that of other

self-assembly methods examined in the literature.14-16 SWNT
wrapped with anionic surfactant have no chemical affinity
for the surface and will not deposit on a polar SAM under
equilibrium conditions (immersing the substrate patterned
with polar and nonpolar SAM in SWNT solution followed
by rinsing in the solvent). Several recent studies have
explored the equilibrium deposition of SWNT for patterning
on a surface.14-16 In this case, the particle interacts directly
with chemical moieties on the surface, resulting in adhesion.40

This restricts these methods to organic solvents in practicality
and, invariably, to less-useful bundles of SWNT (Supporting
Information Figure S2). In contrast, the microhydrodynamic
method of alignment and placement should be operative for
particles independent of their surface chemistry.

We show that this method can be used to position, align,
deposit, and electrically connect individual (unbundled)
SWNT over pre-patterned Au electrodes. It is noteworthy
that this has not been achieved to date using other strategies
for solution-based SWNT. We use a similar patterning
approach as discussed above to create cylindrical droplets
over 600 nm channel electrodes, resulting in individual
nanotubes spanning the gap. Electrode pairs 20µm wide with
SAM pattern (Figure 2a) resulting in∼3.5 µm diameter
patterned cylindrical droplets (∼2.5µm pitch) typically show
two or more individual SWNT spanning the electrode gaps
(Figure 5 a) at 6 mg/L SWNT solution concentration. AFM
section analysis confirms that the connected SWNT are
indeed individual and isolated. Remarkably, with no ad-
ditional processing (i.e., annealing, subsequent lithography,

Figure 4. Comparison of experimental results with the continuum hydrodynamic modeling. (a) Width of the polar SAM is the diameter
of the cylindrical droplets (2R) that have their center along the centerline (r ) 0) of the polar SAM, ø is the angle of alignment. Experimental
data compiled for 372 SWNT from 20 AFM images, with (b) the resulting placement with reference to the center line asr/R ) 0 and (c)
parallel alignment with reference ø as zero for SWNT parallel to the SAM edges. (d) Simulated statistical deviations in placement obtained
by calculating the trajectories of massless probes in flow field of drying cylindrical droplet. Accuracy of deposition is a function of total
deposition time (or final contact angle). If an initial contact angle of 30° decreases to 25° or 20°, the resulting histogram shows some
placement errors with similarities to experimental data in (b). Note the small population near the center line is due to very low velocities
in the region close to the axis. (e) If the droplet survives for longer times to decrease the contact angle below 15°, then a monodisperse
placement results at the polar SAM edges. (Note: They-axis is not in scale with thex-axis)
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metal sputtering, selective etching, or breakdown of metallic
nanotubes) SWNT were electrically characterized and readily
identified as having either metallic or semiconducting
behavior. While contact resistance remains large due to the
SAM interface between the SWNT and Au, we observe
essentially three types of electrical responses from Current
(Id) versus gate voltage (Vg) characteristics: one with
significantVg-Id modulation and high on-off ratio (∼100)
(Figure 5b), indicating only semiconducting (SC) nanotubes,
a second type with negligible or noVg-Id modulation (Figure
5c), indicating only metallic nanotubes, and a third with a
much lower on-off ratio (∼2-10) indicative of both SC
and metallic (Figure 5d). The trapping of single (unbundled)
nanotubes across the gap significantly reduced the number
of the third type. We anticipate that similar methods will
lead to rapid and high throughput electrical screening of a
given SWNT ensemble, enabling a clear determination of
the number of semiconductors and metals in a given
formulation.

Conclusions.We demonstrate that the hydrodynamic flow
in a micrometer scale cylindrical drop evaporating with
pinned contacts can align, position, and place both long (∼2.5
µm) and short (∼0.8 µm) single-walled carbon nanotubes
(SWNT) with great accuracy. The potential flow model for
a cylindrical droplet successfully explains the accuracy
observed in the positioning of SWNT. As an application,
the process was used for the top-down parallel alignment
and placement of individual SWNT from solution. SWNT
bridging up the gap are free from nanotube-nanotube

junction/crossing and bundles. Because of the high accuracy
in parallel alignment and placement, this technique looks
promising for production of devices such as field effect
transistors (FETs) and interconnects on a large scale from
solution-based SWNT.

Method. SWNT Solution Preparation.Electric arc syn-
thesized SWNT and HiPco SWNT (batch HPR 107.1) were
suspended in 1 wt % sodium dodecyl sulfate (SDS) in DI
water by 10 min sonication, followed by 2-5 h centrifugation
at 30 000 RPM. Different centrifugation time resulted in
different concentrations of the SWNT solution.

Substrate and DeVice Preparation.Gold-coated substrates
were prepared by thermally depositing a 5 nmthick titanium
layer, followed by a 50 nm Au deposition on a thermally
oxidized Silicon wafer (600 nm SiO2, Montco Silicon
Technologies) under a high vacuum. Gold electrodes with
600 nm gap and 20µm width were patterned on a thermally
oxidized Si wafer (100 nm SiO2) by e-beam lithography.

SWNT Deposition Process.Microcontact printing was used
to form alternating SAMs of ODT molecules on Au
surfaces.35 This was followed by immersion in 2 mM
cystamine solution in ethanol to form the polar SAM. This
patterned substrate with alternating rectangular polar and
nonpolar SAM was immersed in the SWNT solution (1 wt
% SDS) for 1-2 s or a few drops of solution are applied on
it with a pipet leading to a formation of thin, uniform liquid
film. This film is left to dry in open air, followed by rinsing
with copious amount of DI water to remove surfactant after

Figure 5. Demonstration that the technique can align, place and electrically contact SWNT over pre-patterned Au electrodes forming
SWNT devices with individual and parallel SWNT bridging electrode gaps. Microhydrodynamic forces in a cylindrical droplet have been
utilized to align and place individual SWNT over patterned electrodes from solution, forming electrically connected nanotubes without
subsequent processing. Au electrodes are 20µm in width with 600 nm channel length. (a) AFM image (amplitude) showing parallel SWNT
bridging the electrode gap on almost all polar SAM edges with the AFM section analysis in the inset (topography image) demonstrating
height of a single SWNT. (b-d) The contacted SWNT on such devices show electrical conductance, with measurable Id-Vd-Vg characteristics
without any additional processing such as annealing or selective breakdown of metallic SWNT. (b) Contacted SC (on/off ratio>100), (c)
metallic (no variation in Id with Vg), and (d) both SC and metallic SWNT (on/off ratio∼2) are observed from the electrical testing.
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complete drying. Rinsing with water was done to remove
the surfactant.

Microscopic Analysis.The movie and microscopic images
of the process were taken at a magnification of 223×.
Dimension 3100 (Digital instruments) was used for AFM
imaging. Section analysis (a line profile on the surface of
the SWNT) on topographic images was performed to
determine the SWNT height. This refers to the measurement
coming from a line profile on the surface of the SWNT.
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