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We investigate the effects of Marangoni stresses on the evaporative lithographic patterning of colloidal films (Harris,
D. J.; Hu, H.; Conrad, J. C.; Lewis, J. A. Phys. ReV. Lett. 2007, 98 (14), 148301). Films are dried beneath a mask
that induces periodically varying regions of free and hindered evaporation. Direct imaging reveals that silica microspheres
suspended within an organic solvent exhibit recirculating flows induced by temperature and surface tension gradients
that arise during drying. The films display remarkable pattern formation with a majority of the particles deposited
in the masked regions. Above a critical colloid volume fraction, recirculating flows are suppressed, leading to particle
deposition in unmasked regions of high evaporative flux.

The ability to pattern colloidal films is of growing importance
for novel coatings,2,3 metallized ceramic layers,4 and even high
throughput DNA screening.5 Most patterning approaches guide
colloidal assembly either through chemical6-8 or topographical9-12
modification of the underlying substrate or by application of an
external field.13-18 However, these approaches typically require
multiple processing steps and are often limited to only a few
particle layers. To overcome such limitations, we recently
pioneered a new route for patterning colloidal films, known as
evaporative lithography.1
Our approach builds on prior observations of fluid flow and
particle migration in freely evaporating aqueous19-26 and
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organic27-32 droplets. In aqueous colloidal droplets (or films),
contact line pinning and higher evaporation rates at the edge of
the drop lead to the outward flow of fluid and entrained particles,
yielding the well-known “coffee-ring” pattern.19 By contrast,
the outward flow of fluid and entrained particles is reversed in
freely evaporating drops composed of nonaqueous colloidal
suspensions due to Marangoni stresses.28 Evaporative cooling
and inefficient heat transfer through the drop induces a temperature
gradient, which in turn leads to a gradient in surface tension
across the drop’s surface such that the temperature is lowest
and the surface tension is highest at the center of the drop.
Recirculating flows develop as fluid is transported from regions
of lowest surface tension to regions of highest surface tension.
Unlike aqueous colloidal films, a majority of the particles are
now deposited in the center of the drop rather than at its edge.
In this letter, we investigate the effects of Marangoni stresses
on the evaporative lithographic patterning of nonaqueous colloidal
films. A schematic of this patterning approach is provided in
Figure 1. Films are dried beneath a mask that induces periodic
variations between free and hindered evaporation that give rise
to periodic temperature (and surface tension) gradients across
the film surface, in which cooler regions develop beneath the
open features (holes) within the mask. We directly image the
induced recirculating flows within films composed of fluorescentcore silica microspheres suspended in ethanol and dried under
a patterned mask. We further demonstrate that particles are
deposited at the interfaces that develop between hexagonal
recirculating flow cells, resulting in inverse pattern formation
upon drying a dilute colloidal film. Above a critical initial volume
fraction (φc ∼ 0.22), these recirculating flows cease and particles
are now deposited in regions of highest evaporative flux, that is,
beneath the open features. A broad range of patterned colloidal
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Figure 1. Schematic presentation of the evaporative lithography
process, which shows the (a) top view of the mask design and (b)
side view of an as-deposited film along with magnified (side) views
of the (c) recirculating flow cells and (d) particle deposition in the
patterned film.

films can be generated simply by tuning the initial colloid volume
fraction and mask design.
Colloidal films are produced from silica microspheres of radius
a ) 473 ( 6 nm (Fuso Chemical Co., LTD, Japan) suspended
in ethanol, unless otherwise noted. A monolayer of 3-(trimethoxysilyl)propyl methacrylate (TPM; Sigma-Aldrich, Inc.)
is grafted onto the surface of the microspheres, following the
procedure outlined in ref 33, to provide stabilization in nonaqueous
media. Tracer particles composed of fluorescent-core silica
microspheres (a ) 492 ( 58 nm) are synthesized with rhodamine
isothiocyanate (RITC; Sigma-Aldrich, Inc.)34,35 to aid flow
visualization and coated with TPM. Colloidal suspensions are
prepared with varying initial microsphere volume fractions, φi,
ranging from 0.001 to 0.15. Films are prepared by depositing an
appropriate amount of a given suspension onto a glass substrate
to achieve an initial film height, hi ≈100 µm, followed by drying
under a patterned mask. Multiple mask designs are utilized in
this study. One set contains a hexagonal array of holes of diameter
dh ) 250 or 500 µm and center-to-center hole spacing, or pitch,
P, of 2dh or 5dh. Another design consists of an array of parallel
lines with thickness dl ) 200 µm and P ) 5dl. Each mask is
supported above the drying film by a thin section of brass shim
stock to ensure a separation distance between the mask and
underlying film, or gap height, hg, of nominally 30 µm.
To directly observe Marangoni effects on particle migration
during evaporative lithography, we use fluorescence microscopy
to image the flow of fluorescently labeled silica microspheres.
Particle flow is observed on a fast camera (Phantom V7.1, Vision
Research) attached to an inverted microscope (IX71, Olympus).
We fix φi ) 0.001 and acquire image sequences of a series of
films drying under masks with dh ) 250, P ) 2dh or 5dh and
hg ≈ 30 µm (Figure 2). The focal plane in the acquired images
resides slightly above the substrate surface. Hexagonal recirculating flow cells develop almost instantaneously when the mask
is placed above the drying film. They are partitioned such that
each hexagonal cell is centered below an open feature (or hole)
within the mask, while the interfaces between these cells reside
beneath the masked area surrounding each feature (Figure 2a).
As drying proceeds, a dark region emerges in the middle of each
cell that is devoid of particles (Figure 2a-c). The size of this
depleted region grows upon further evaporation, and the particles
remain confined within the bright border regions that exhibit
recirculating flows (Figure 2d). Upon further evaporation, the
particles continue to reside in the nonevaporating regions and
are ultimately deposited onto the substrate in a pattern that is the
negative of the drying mask.
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Figure 2. Fluorescence images of a colloidal film prepared at
φi ) 0.001 and dried under a mask with dh ) 250 µm and P )
2dh. Images are taken at varying times: (a) 30 s, (b) 130 s, and
(c) 190 s after the mask is placed above film. (d) The size of the
depleted zone as a function of drying time for masks with dh ) 250
µm and P ) 2 or 5dh. (Note: The dashed yellow circles in (a) denote
the locations of the holes within the mask.)

To explore the effects of initial colloid volume fraction on
pattern formation, we deposit suspensions of varying φi under
a mask of fixed design and obtain optical images and height
profiles of the dried, patterned films using a digital camera (S2
IS Canon U.S.A., Inc.) and an optical measuring pen with a 130
µm measurement range (Micro Photonics, Inc.) attached to a
computer controlled robotic positioning device (Aerotech, Inc.).
We vary φi from 0.001 to 0.15, fix dh ) 250 µm and P ) 2dh,
and show the optical images as well as the 3D profilometry scans
in Figure 3. When φi is low, the recirculating flows deposit a
majority of the particles in the masked regions, leading to inverse
pattern formation, as shown in Figure 3a. When φi is increased,
both the width and height of the patterned lines grow. As the
volume fraction continues to grow, the particles encroach further
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Figure 3. Optical images (left column) and 3D profilometry scans
(right column) of colloidal films prepared at varying initial volume
fractions: (a) φi ) 0.001, (b) φi ) 0.05, and (c) φi ) 0.15.

into the middle of the unmasked regions, as shown in Figure 3b.
When φi is large (φi g 0.15), the recirculating flows are quickly
suppressed as drying proceeds. At this point, fluid now flows
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from the masked to the unmasked regions, where the evaporative
flux is higher. Concurrently, particle convection occurs, leading
to a buildup of particles in the open regions, as shown in Figure
3c. This transition from inverse to normal pattern formation
produces films that are analogous to those observed in aqueous
colloidal films prepared under similar conditions.1
To understand the origin of the observed transition, we prepared
a film composed of an initial volume fraction of pure silica
microspheres (φi ≈ 0.15) with a small population of fluorescentcore silica tracers (φt ≈ 5 × 10-6). To reduce scattering from
the microspheres, the colloids are suspended in an index-matched
solvent composed of a 2:3 ratio of ethanol and toluene.
Fluorescence images, acquired on a digital camera (Cascade
512B, Roper Scientific, Inc.) attached to an inverted microscope
(Axiovert 200M, Carl Zeiss, AG), are shown in Figure 4. The
streaks observed in Figure 4a at short times indicate the presence
of recirculating flows. The velocities of the fastest particles are
calculated by measuring the lengths of the longest streaks and
dividing by the exposure time. Typical values for the particle
velocity within the recirculating flow cells induced by Marangoni
stresses are on the order of 10-3 m/s, which is several orders of
magnitude larger than the characteristic velocity for purely
evaporative flow, LĖ/hi ≈ 5 × 10-7 m/s, where L ) 2.5 × 10-4
m is the characteristic size of each recirculating flow cell, Ė )
2.2 × 10-7 m/s is the evaporation rate, and hi ) 1 × 10-4 m is
the initial film height. As fluid evaporates and the suspension
becomes more concentrated, fewer and shorter streaks are
observed in Figure 4b, indicating that the recirculating flows are
being increasingly suppressed. Above a critical colloid volume
fraction, φc ≈ 0.22, streaks are no longer observed (Figure 4c),
indicating that this flow behavior is now fully suppressed. At the
end of the drying process, the contrast increases due to evaporation

Figure 4. Fluorescence images of the bottom surface of a colloidal film prepared at φi ) 0.15 and dried under a mask with dh ) 250 µm
and P ) 2dh at varying evaporation times: (a) 20 s, (b) 35 s, (c) 55 s, and (d) 180 s (dried film). At short times, the streaks in the images
indicate fast, recirculating flow. As drying proceeds, the streaks become shorter and ultimately disappear.
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consequence of using a co-solvent, a series of colloidal films
was prepared with varying φi and fixed ethanol/toluene ratio,
and dried under a patterned mask with dh ) 250 µm and P )
2dh. Cessation of the recirculating flows is observed at different
times but always at the same φc ≈ 0.22 for all φi, suggesting that
it is indeed a volume fraction effect (see the Supporting
Information). Time-lapsed videos showing the recirculating flows
during drying of colloidal suspensions prepared in pure ethanol
and pure toluene are provided as Supporting Information.
The size, shape, and arrangement of the recirculating cells are
dictated by the design of the drying mask, which controls the
evaporation profile and resulting temperature gradient across
the film. Evaporative cooling in the unmasked regions creates
a film surface that is cooler than the masked, nonevaporating
regions. Hence, if the holes in the mask are hexagonally arranged,
the film surface will have a hexagonal array of cool regions and
recirculating cells. Thus, the final deposited pattern can be easily
controlled by modifying the mask design. In films dried under
a mask with a hexagonal array of holes with dh ) 250 µm and
P ) 2dh, the Marangoni cells and the resulting particle deposition
are hexagonally arranged (Figure 5a) with a spacing of 2dh.
Doubling the mask hole size and pitch produces films with the
same geometric pattern but with larger periodicity (Figure 5b).
Drying the films under a mask with parallel open lines produces
an array of recirculating cells that yield parallel lines of colloidal
particles in the dried film (Figure 5c).
In summary, we have shown that Marangoni-induced recirculating fluid flow leads to remarkable pattern formation during
evaporative lithographic patterning of nonaqueous colloidal films.
We have demonstrated the ability to produce inverse or regularly
patterned colloidal films by varying the initial colloid volume
fraction and shown that this transition occurs at a critical volume
fraction of 0.22. The temperature gradients across the drop surface,
and, thus, the recirculating flows and final film pattern, are easily
modified by changing the mask design. Using this novel patterning
approach, we have shown that a variety of patterned film
geometries can be produced.

Figure 5. Optical images of colloidal films prepared at φi ) 0.001
and dried under masks of varying design: (a) an hexagonal array
of circular holes, dh ) 250 µm and P ) 2dh; (b) an hexagonal array
of circular holes, dh ) 500 µm and P ) 2dh; and (c) a parallel array
of open lines, dl ) 200 µm and P ) 5dl.

of the remaining solvent from the film. Hence, the film shown
in Figure 4d appears brighter due to particle scattering.
To ensure that cessation of the Marangoni flows is a function
of the increased volume fraction and not an unintended
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