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Templated evaporative lithography for high throughput
fabrication of nanopatterned films

Talha A. Arshad and Roger T. Bonnecaze*

A newmethod for the fabrication of well-defined nanostructured deposits by evaporation-driven directed

self-assembly of nanoparticles is proposed and studied theoretically. The technique comprises a film of

suspended nanoparticles drying with its surface in contact with a topographically patterned membrane

which promotes spatially varying evaporation, resulting in a patterned deposit. Membrane thickness and

topography (in conjunction with the initial film height and concentration) allow the feature and

residual layer dimensions to be controlled independently. Numerical solutions of equations governing

the dynamics of the process show how the concentration profile evolves as a result of flow driven by

heterogeneous evaporation. Analysis yields bounds on the dimensions of the dried deposit, and

provides processing parameters to achieve specific patterns. It is estimated that films with 10 nm to 100

mm features can be fabricated with a drying time of 0.1–10 seconds per 10 mm of feature height above

the residual layer (depending on membrane thickness), making this a promising method for high

throughput pattern deposition.
Fig. 1 Schematic of templated evaporative lithography. Evaporation occurs more
rapidly through the thinner regions of the solvent-permeablemembrane, creating a
Introduction

The ability to fabricate 2-D arrays of nanostructures and nano-
structured particulate lms nds growing application in a wide
variety of areas including plasmonic devices,1,2 high-density data
storage,3,4 photonic crystals,5,6 metallized ceramic layers,7

microchip reactors,8 biosensors9,10 as well as masks in various
forms of nanosphere lithography.11,12 Typically, substrates with
topographical13,14 or chemical15patterns and/or externalelds16,17

have been employed to guide particles, polymers, cells and even
DNA into a desired conguration. Such processes are oen
specic to a certain building block, limited to a few monolayers
and necessitate multiple processing steps. Moreover, many
traditional techniques are unsuited to metallic nanostructures.

Evaporation-induced convection and dewetting-mediated
pattern formation in suspension droplets18–22 and lms23–29 has
been the subject of several studies, and the prospect of using
such an approach to deposit patterned particulate and poly-
meric lms is garnering increasing attention30–45 due to the
signicant advantages it engenders.12,46,47 It is low-cost, mate-
rials general and applicable to both mono- and multilayered
assemblies.

Recently Harris et al.44 performed experiments in which a
suspension of particles was allowed to evaporate under a mask
with periodic holes. Their results demonstrated that convection
induced by heterogeneous evaporation results in particle
migration towards regions of relatively fast evaporation,
University of Texas at Austin, Austin, TX
depositing either isolated features or a continuous lm with
raised features under the mask holes. Two challenges impede
the application of such a method to commercial nano-
fabrication: prohibitively long drying times and imprecisely
dened deposits. Pattern deposition took around two hours,
and arbitrarily shaped mounds constituted the features.

To address these issues, we consider a lm of suspended
nanoparticles on a substrate with its top surface in contact with
a solvent-permeable membrane of periodically varying thick-
ness (Fig. 1). The membrane's topographic pattern imposes
heterogeneity in evaporation rate, resulting in ow of the
suspension from relatively slow to fast evaporation regions. As
the liquid evaporates, the membrane descends at a speed cor-
responding to the average evaporation rate, thereby maintain-
ing perfect wetting at the suspension–membrane interface.
Particle distribution within the lm evolves as they convect with
the liquid and diffuse within it. This continues until any part of
convective flow which accumulates particles in those regions. The membrane
descends at the average evaporation rate until it entraps close packed or a mono-
layer of particles against the substrate. A deposit with residual layer and feature
heights hrl and hft respectively is left behind once the entire suspension has dried.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 One-half wavelength of the periodically varying template and film of
suspended nanoparticles.
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the nanoparticulate lm dries (i.e. the local particle volume
fraction corresponds to random close packing), at which point
the membrane ceases to descend but is le in place until the
entire suspension has dried. Le behind is a deposit of particles
with regions of varying height whose dimensions are deter-
mined by the pattern of the membrane mask and the properties
of the nanoparticulate lm. Deposits composed of metal
nanoparticles can then be sintered to create a stable nano-
structured lm on the substrate.

The solvent-permeable polymeric membrane has a dramatic
effect on drying time due to the presence of a steep solvent
chemical potential gradient across a thin mask: the evaporation
rate, when a sweep gas is blown across the unpatterned face of the
membrane, is estimated to be �9 mm s�1 for a 100 nm thick
membrane,† compared to�10�2mms�1 reportedbyHarris et al.44

Via template topography, this arrangement also imparts greater
precision to the deposit than free surface evaporation and allows
more exibility in deposit shape than template-free tech-
niques;30–32 for the topography shown in Fig. 1, for example, rect-
angular stripeswouldbe formed instead ofmounds, anddifferent
template patterns can be used to dene various 2D arrays.

A variety of methods exist for the fabrication of membranes
with topographical features tens to hundreds of nanometers in
size,48–51 while the template can be positioned over the substrate
down to a sub-20 nm resolution via the Moire alignment tech-
niquesused in imprint lithography.52,53Weaimtounderstand the
dynamics of the process to be able to tailor the system to deposit
lms of a desired pattern and assess its potential as a viable
lithographic technique. Specically, we investigate the following
questions: can such an arrangement reduce drying time to a
commercially acceptable level? What is the lower limit on drying
time if effective particle segregation is to bemaintained? How do
parameters such as the membrane thickness and topography as
well as the initial height andconcentrationof the suspensionlm
affect deposit size anddrying time?Howdoes the fastest possible
drying time vary with the desired feature size, and what is the
optimal combination of parameters to achieve it?

In the following sections we rst present the key equations
describing the dynamics of the process and a numerical solu-
tion for the evolution of the ow and particulate concentration
proles. Next we develop analysis which yields bounds within
which the dimensions of the deposit and drying time lie,
providing a useful heuristic for the design of experiments tar-
geting specic structures. These analytical expressions are used
to investigate how experimental parameters govern deposit
dimensions and drying time. Finally, performance limits in
terms of shortest achievable drying time andminimum residual
layer height for various feature sizes are estimated and
compared with the experimental results of Harris et al.44
Dynamics

The analysis is carried out in the context of a template with a
step pattern as shown in Fig. 1, and symmetry in the problem is
exploited to restrict the domain of interest to one half period
† See the Appendix for details.

This journal is ª The Royal Society of Chemistry 2013
(Fig. 2). Subscripts s and f refer to slow and fast evaporation
regions respectively, and F0 to the initial particle volume frac-
tion in the suspension. The evaporation rates are given by‡

Ef ¼ 8:85� 10�13

df
m s�1;Es ¼ 8:85� 10�13

df þ dD
m s�1 (1)

and the average evaporation rate

Eav ¼ EfLf þ EsLs

Lf þ Ls

; (2)

which is also the speed of descent of the membrane.
Edge effects are ignored and the membrane is taken to be

rigid. Scaling vertical distances by dD + dlm, horizontal
distances by L, vertical velocities v by the average evaporation
rate Eav, horizontal velocities u by EavL/(dD + dlm) (from conti-
nuity) and time t by (dD + dlm)/Eav, the dimensionless convec-
tion–diffusion equation for particle volume fraction F is
given by

Pe

�
v4

vt
þ u

v4

vx
þ v

v4

vy

�
¼ v

vx

�
D
v4

vx

�
þ 1

A2

v

vy

�
D
v4

vy

�
; (3)

where Peh EavL
2/D0(dD + dlm) is a Peclet number with D0 and D

being the diffusivity of an isolated sphere and suspension
diffusivity, respectively. The Peclet number dictates the impor-
tance of convection relative to diffusion in determining particle
segregation between regions of fast and slow evaporation. A h
(dD + dlm)/L is an aspect ratio.

Fluid ow is described by momentum and material conser-
vation, while diffusivity and viscosity are coupled to volume
fraction through constitutive relationships. These alongwith the
appropriate boundary conditions are described in the Appendix.
Independent variables

Four independent variables allow us to affect the dimensions of
the deposit and the drying time: two membrane thicknesses
along with the initial thickness and concentration of the
suspension lm. Accessible ranges for these were taken to be
10 nm # df # 1 mm, 0 # dD # 2df, 100 nm # dlm # 1 mm,
0.001 # F0 # 0.2. Particle diameter a was set at 10 nm and
ambient temperature was assumed.
‡ See the Appendix for estimation of the pervaporation rate.
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Fig. 3 Evolution of particulate volume fraction contours and velocity streamlines
for (a) 100 nm and (b) 1 mm wide features. The insets on the right show the final
dimensions of the dried deposit in each case. The horizontal scale in (b) has been
compressed. In both (a) and (b), df ¼ 10 nm, dD ¼ 2df, dfilm ¼ 100 nm, F0 ¼ 0.20
and 10 nm particle diameter.
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Flow and concentration proles

Fig. 3 shows simulation results for two different feature widths,
giving different Peclet numbers. Heterogeneous evaporation
induces ow from slow to fast evaporation regions, depicted by
the streamlines. For 100 nm wide features, Pe is low; diffusion
dominates and the suspension dries to uniform random close-
packing (RCP) throughout. For 1 mm wide features on the other
hand, Pe is high (Pef L2); convection dominates, and instead of
the entire suspension drying uniformly, the fast evaporation
region attains RCP while the slow evaporation region is still
uid. The insets show the nal size of the dried deposit; this is
the same as shown in the numerical solution for Pe ¼ 0.27,
whereas at Pe ¼ 27, the nal deposit is realized once the entire
suspension has dried. In the latter case, the deposit size is
calculated assuming that once the fast evaporation region dries,
membrane descent ceases and there is no further transfer of
particles from the slow to the fast evaporation region.

It is noteworthy that the simulated deposit dimensions and
drying times in these two cases correspond to the diffusive and
convective limits (derived later) respectively. These limiting
cases are independent of the absolute feature width (they
depend only on the relative width Lf/Ls). Narrow features (with
their small Peclet numbers) tend towards the diffusive limit,
whereas broad ones tend towards the convective.
Bounds on deposit dimensions and drying
time

Diffusion dominant and convection dominant limits (Pe /

0 and Pe / N respectively) constitute bounds within which
the true particle concentration prole lies. Particle volume
fractions averaged over the fast and slow evaporation regions
(Ff(t), Fs(t)) within these limits follow simply from material
balances. These then yield limiting values for the feature and
residual layer heights as well as drying time (td), the quantities
of primary interest in the context of such a patterning process.
This analysis is outlined below and the solutions summarized
in Table 1.
626 | Nanoscale, 2013, 5, 624–633
Diffusive limit (Pe / 0)

In the innite diffusion limit particle concentration is spatially
uniform:

4ðtÞ ¼

2
664

dD

dfilm
þ
�
1þ Ls

Lf

�

dD

dfilm
þ
�
1þ Ls

Lf

��
1� Eavt

dfilm

�
3
77540: (4)

As evaporation proceeds, the membrane continues to
descend until it comes into contact with either uniformly
random close-packed particles or undried monolayers in the
slow evaporation regions. In a given system, the former happens
if 4(t ¼ (dlm � a)/Eav) $ 0.64 and the latter otherwise. We refer
to the time at which the membrane ceases to descend as tm and
the total time it takes for the entire suspension to dry as the
drying time td.

For systems in which uniform random close packing (RCP) is
the operating regime, the drying time (td ¼ tm) follows simply by
setting F(t) ¼ 0.64 in eqn (4). Deposit heights are then given by
hrl ¼ dlm � Eavtm and h ¼ hrl + dD. For a monolayer residual
layer on the other hand, the drying time is the time it takes for
the membrane to reach a point where it is one particle diameter
away from the substrate plus the additional time for the fast
evaporation region to dry, while the feature height is given by
h ¼ (dD + a)F(tm)/0.64.
Convective limit (Pe / N)

Now we consider a situation such that there is no diffusion
parallel to the substrate. In the slow evaporation region, the
volume of liquid:

ls ¼ �Ls(dfilm � Eavt)(1 � 4s), (5)

0
dls

dt
¼ �Ls

�
dfilm � Eavt

� d4s

dt
� LsEavð1� 4sÞ: (6)

Incompressibility dictates that the rate of convection
between the slow and fast evaporation regions is (Eav � Es)Ls.
The rate of change of liquid volume in the slow evaporation
region is therefore given by

dls

dt
¼ �Ls½Es þ ð1� 4sÞðEav � EsÞ�: (7)

Comparing eqn (6) and (7) gives:

4sðtÞ ¼
40�

1� Eavt

dfilm

�Es=Eav
: (8)

The volume fraction of particles averaged over the fast
evaporation region then follows from conservation of particles:

4fðtÞ ¼
dD

dfilm
þ
�
1þ Ls

Lf

�
� Ls

Lf

�
1� Eavt

dfilm

�1�ðEs=EavÞ

dD

dfilm
þ 1� Eavt

dfilm

2
6664

3
777540: (9)

Eqn (8) and (9) are valid as long as the membrane
continues to descend. It ceases to descend when it comes into
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Analytically derived bounds on deposit heights and drying timea

Diffusive limit (Pe / 0) Convective limit (Pe / N)

Regime Uniform RCP RCP in fast evaporation region

Operative when:
4

�
t ¼ dfilm � a

Eav

�
$ 0:64 4f(t|4s ¼ 0.64) > 0.64 and t|(4f ¼ 0.64) <

(dlm � a)/Eav

tm td Given by polynomial eq. belowa

h hrl + dD dD + dlm � Eavtm
hrl dfilm

� 40

0:64

	
� dD

1þ Ls=Lf

�
1� 40

0:64

	
4sðtmÞ
0:64

ðdfilm � EavtmÞ
td 1

Eav

�
dfilm þ dD

1þ Ls=Lf

��
1� 40

0:64

	
tm þ 1

Es

�
1� 4sðtmÞ

0:64

��
dfilm � Eavtm

�

Regime RCP in slow evaporation region

Operative when:
4f(t|4s ¼ 0.64) < 0.64 and t|(4f ¼ 0.64) <
(dlm � a)/Eav

tm dfilm

Eav

�
1�

� 40

0:64

	Eav=Es
�

h 4fðtmÞ
0:64

�
dD þ dfilm

� 40

0:64

	Eav=Es
�

hrl dfilm

� 40

0:64

	Eav=Es

td tm þ 1

Ef

�
1� 4fðtmÞ

0:64

��
dD þ dfilm

� 40

0:64

	Eav=Es
�

Regime Monolayer hrl Monolayer hrl

Operative when:
4

�
t ¼ dfilm � a

Eav

�
\0:64

4f(tm) < 0.64 and 4s(tm) < 0.64

tm (dlm � a)/Eav (dlm � a)/Eav
h [4(tm)/0.64](dD + a) [4f(tm)/0.64](dD + a)
hrl a a
td

tm þ 1

Ef

�
1� 4ðtmÞ

0:64

�
ðdD þ aÞ tm þ 1

Ef

�
1� 4fðtmÞ

0:64

�
ðdD þ aÞ

a Ls

Lf

�
1� Eavtm

dfilm

�1�Es=Eav� 40

0:64

	
�
�
1þ Ls

Lf

�
40

0:64
þ
�
1� 40

0:64

	 dD

dfilm
� Eavtm

dfilm
þ 1 ¼ 0.
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contact with random close packed particles in either the slow
or the fast evaporation regions, or with undried monolayers
in the slow evaporation regions. The operative regime within
these three possibilities can be inferred by using eqn (8) and
(9) to determine whether either the slow or the fast evapo-
ration regions attain random close packing before the
membrane reaches a distance of one particle diameter from
the substrate.

For systems in which the fast evaporation regions are the
rst to dry, the time at which the membrane stops descending
(tm) is given by setting Ff(t) ¼ 0.64 in eqn (9) and solving the
resulting polynomial numerically. Deposit heights are then
given by h ¼ dD + dlm � Eavtm and hrl ¼ (dlm � Eavtm)Fs(tm)/
0.64. When the slow evaporation regions dry rst, tm is simply
obtainable by setting Fs(tm) ¼ 0.64 in (8), while h ¼ (dD + dlm
� Eavtm)Ff(tm)/0.64 and hrl ¼ dlm � Eavtm. Finally, when the
monolayer hrl regime is operative, the drying time is the time it
This journal is ª The Royal Society of Chemistry 2013
takes for the membrane to reach a point where it is one particle
diameter away from the substrate plus the additional time it
takes for the fast evaporation regions to dry, while h ¼ (dD + a)
Ff(tm)/0.64.

The results of the analysis are summarized in the Table 1,
which should be used in conjunction with eqn (4), (8) and (9) for
F(t), Fs(t) and Ff(t) respectively to arrive at limiting values for
the deposit heights and drying time. These serve as a heuristic
to guide experiments targeting specic feature and residual
layer dimensions as well as drying times.
Effect of independent variables

We now investigate the role played by each of the independent
variables in determining the dimensions of the deposit and the
drying time required to achieve it. The primary dependent
process variables are the differential feature height (h � hrl),
Nanoscale, 2013, 5, 624–633 | 627
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Fig. 4 (a) and (d) Differential feature height (b) and (e) residual layer height and (c) and (f) drying time as a function of film height and template thickness in the (a)–(c)
diffusive and (d)–(f) convective limits, with dD ¼ 2df, F0 ¼ 0.2, Lf/Ls ¼ 1 and 10 nm diameter particles.
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residual layer thickness (hrl) and the drying time (td). Fig. 4
shows how these quantities vary with membrane thickness (df)
and initial suspension lm height (dlm) within the diffusive
and convective limits, with dD ¼ 2df. Note that increasing df has
two opposing effects: it reduces Pe, thus hampering particle
segregation by pushing the system towards the diffusive limit,
but allows larger dD, thus increasing the volume of the fast
evaporation region and resultantly the height of the feature
within the diffusive limit.

It is evident in Fig. 4 that thick membranes result in more
pronounced features as well as thinner residual layers at the
cost of longer drying times. As df increases, so does the volume
of the fast evaporation region (since dD¼ 2df), producing higher
features. Thick suspension lms also produce higher features
with longer drying times, but also thicker residual layers. This is
expected, since at a constant initial volume fraction of particles,
thick suspension lms have more particles as well as more uid
that needs to evaporate.

Discontinuities in contour lines represent transition to a
different operating regime, with two different regimes being
operative in different regions of the parameter space. In the
diffusive limit, undried monolayers impede membrane descent
at high df and/or low dlm (top le of the plots in Fig. 4(a–c)) due
to the large difference in volume between the two regions. The
residual layer height (Fig. 4(b)) is therefore one particle diam-
eter, and the drying time (Fig. 4(c)) is relatively insensitive to
lm height since the total volume of the suspension is deter-
mined mainly by df through dD. At low df and/or high dlm
(bottom right of the plots in Fig. 4(a–c)), on the other hand,
628 | Nanoscale, 2013, 5, 624–633
uniform RCP occurs when the membrane is more than one
particle diameter away from the substrate. In this domain, the
residual layer and feature heights increase equally with dlm,
leaving the differential height (Fig. 4(a)) unchanged. The drying
time (Fig. 4(c)) becomes a function of both df and dlm.

In the convective limit, the slow evaporation region dries rst
at high df and/or low dlm (top le of the plots in Fig. 4(d–f)) due
to its smaller volume. The height of the residual layer in this
part of the parameter space is unaffected by df since the
membrane–substrate distance at which the slow evaporation
region attains RCP is insensitive to df. The differential feature
height and drying time do however depend on df. At low df and/
or high dlm (bottom right of the plots in Fig. 4(d–f)), the fast
evaporation region dries rst, and drying time as well as deposit
heights vary with both df and dlm.

Thus, thick lms drying under thick templates result in the
most pronounced features but also long drying times. The
diffusive and convective limits predict similar values for these
quantities, except for the feature height for thick lms dried
under thin templates and the residual layer height for thin lms
dried under thick templates. Interestingly, in the latter case, the
diffusive limit predicts a thinner residual layer than the
convective. This is because in these cases particle concentration
in the slow evaporation region within the convective limit
increases at a faster rate than the fast evaporation region due to
its much smaller volume. There exists a small region of the
parameter space wherein residual layer height is very sensitive
to suspension lm and template thicknesses (Fig. 4(b)), possibly
leading to experimental uncertainty. Differential feature heights
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (a) and (d) Differential feature height (b) and (e) residual layer height and (c) and (f) drying time as a function of film height and template thickness in the (a)–(c)
diffusive and (d)–(f) convective limits, with dD ¼ 2df, F0 ¼ 10�3, Lf/Ls ¼ 1 and 10 nm diameter particles.

Fig. 6 Differential feature height as a function of the dimensionless difference
between the fast and slow evaporation rates at two different relative feature
widths with a microparticle suspension. Shown is the relevant limit for templated
evaporative lithography (lines; df ¼ 100 nm and dD ¼ 0–2df) and experimental
results reported44 for free surface evaporation (points) with dfilm ¼ 100 mm, F0 ¼
0.30 and 1.18 mm diameter particles. The drying time is approximately 10 seconds
for templated lithography and 2 hours for free surface evaporation.
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of hundreds of nanometers can be achieved with a drying time
of less than 30 s.

Fig. 5 depicts results at a lower initial volume fraction of
particles. The general trends in deposit dimensions with
varying lm height and template thickness remain largely
unchanged but are shied to smaller deposit sizes due to the
presence of fewer particles. The operative regimes for dilute
suspensions are the same as for relatively concentrated ones
except that at high df and/or low dlm within the convective
limit (top le of the plots in Fig. 5) undried monolayers instead
of RCP in the slow evaporation region impede membrane
descent. As a result, at a low initial concentration of particles
(Fig. 5(b and e)), there exists a large parameter space wherein a
monolayered residual layer is predicted by both limiting cases.
Such a region is barely extant at higher particle concentrations
(Fig. 4(b and e)). Low concentrations are therefore preferable if
thin residual layers are of importance. This is relevant when
isolated features are desired instead of contiguous lms, in
which case a lm with a monolayered residual layer could be
deposited and the residual layer possibly sonicated away prior
to sintering.54

Two further controls on the process are temperature and
particle size. Evaporation rate has been shown to increase
exponentially with temperature,55–57 while the rate of diffusion
only increases linearly (see eqn (A8)). As a result, the Peclet
number is expected to increase with temperature, making more
pronounced features patternable with faster drying times.
Particle size sets the minimum residual layer height, and Pe is
This journal is ª The Royal Society of Chemistry 2013
proportional to it (through diffusivity). Therefore, the largest
feasible particles for a mechanically stable deposit of the
desired size are best used to maximize Pe for efficient particle
segregation.

Next we investigate how templated evaporative lithography
compares with free surface evaporation44 in depositing features
of various widths. Fig. 6 shows the differential feature heights
Nanoscale, 2013, 5, 624–633 | 629
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Fig. 7 Minimum attainable drying time and resulting residual layer height (a)
and minimum attainable residual layer height and resulting drying time (b) as a
function of differential feature height, for deposits with Lf/Ls ¼ 1 and 10 nm
diameter particles (at hft – hrl ¼ 102, 103, 104, 105 nm, the values of the inde-
pendent variables are: df ¼ 10 nm, dD ¼ 12, 12, 20, 18 nm, dfilm ¼ 1, 11, 92, 940
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resulting from a microparticle suspension within the two tech-
niques, with the x-axis depicting how much the fast and slow
evaporation rates differ. Only the convective limit is shown
for templated evaporation since the Peclet number ranges from
4 � 105 to 4 � 108 for this system. These curves do not extend to
higher evaporation rate differences due to limits on membrane
fabrication (dD # 2df). The drying times for the deposits shown
are approximately 10 seconds for templated evaporative
lithography and 2 hours for free surface evaporation. Therefore,
templated evaporative lithography is able to produce features of
half the size as free surface evaporation within a drying time
which is two orders of magnitude smaller.

In free surface evaporation, the difference between the two
evaporation rates (and hence the attainable differential feature
height) is a function of the width of features relative to the
distance between them, with narrower features (Lf/Ls ¼ 0.009)
being several times higher than broader ones (Lf/Ls ¼ 0.3).
Moreover, the two evaporation rates, and hence also the feature
and residual layer height, are coupled and cannot be controlled
individually. In templated lithography, on the other hand,
feature height can be seen in Fig. 6 to be insensitive to relative
feature width. Also, both evaporation rates can be controlled
individually via membrane thicknesses (df and dD), providing
independent control over feature and residual layer height.
When nanoscaled deposits are desired, the constraint which
free surface evaporation imposes in terms of a maximum rela-
tive feature width above which features are not formed is likely
to be considerably more severe (and possibly even prohibitive)
due to stronger diffusion.
mm, F0 ¼ 0.2 in (a), while in (b), df ¼ 10, 10, 50, 500 mm, dD ¼ 3.9, 14, 100, 1000
mm, dfilm ¼ 1 mm, F0 ¼ 1.31 � 10�2, 4.12 � 10�2, 6.33 � 10�2, 6.33 � 10�2).
Performance limits

One further aspect of interest is the best performance, taken
here to be dened by short drying times and thin residual
layers, achievable within such a system and how it is inuenced
by desired feature size. In order to investigate this we approxi-
mated the differential height and drying time for any given
system to be the average of their values within the diffusive and
convective limits,§ and optimized the independent variables to
achieve the minimum drying time or residual layer height.
Fig. 7(a) shows the minimum attainable drying time and asso-
ciated residual layer height for a range of differential feature
heights. Both can be seen to increase linearly, and the
minimum time is approximately 1 s per 10 mm of differential
feature height:

min td[s] z 1.3 � 10�4 � (hft � hrl)[nm] (10)

hrl(min td) z 2.4 � (hft � hrl) � 13 (11)

These drying times represent the ideal limit, since they are
dependent on 10 nm thick templates which are difficult to
§ As seen earlier, for certain systems differential feature heights predicted by the
diffusive and convective limits differ by orders of magnitude, and so this serves
only as a coarse estimate. However, this is mitigated by the fact that none of
the estimated optimal systems lie within that region of the parameter space.

630 | Nanoscale, 2013, 5, 624–633
realize. Even with a more usual membrane thickness of 1 mm,
however, the minimum time would be ten seconds per micron
of feature height above the residual layer, which is acceptable
for high throughput processing.

Another performance criterion is residual layer height, the
lower limit on which is one particle diameter (as mentioned
previously, this is especially relevant when isolated features are
desired). Fig. 7(b) depicts the minimum drying time for a range
of feature heights with monolayered residual layers. It can be
seen that the drying time increases at an accelerating rate with
the desired feature height, and that it exceeds the minimum
drying time (without the monolayer residual layer constraint) by
as much as approximately four orders of magnitude in seconds.
Isolated features up to a micron high, however, can be depos-
ited within around 200 seconds. Interestingly, given enough
time, even millimeter sized features are patternable with 10 nm
diameter monolayered residual layers.
Conclusions

Spatially heterogeneous evaporation caused by a templated
membrane drives an accumulation of particles in regions with
fast evaporation, resulting in a deposit with raised features.
Importantly, evaporation is rapid enough for continuous
This journal is ª The Royal Society of Chemistry 2013
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processing to be feasible, and nanosized deposits are achiev-
able. Films with 10 nm to 100 mm sized features can be
patterned with a drying time of 1–100 seconds per 10 mm of
differential feature height, depending upon the thickness of the
membrane template. Experiments targeting specic deposits
can be guided by analytically derived bounds on deposit
dimensions and drying time (and optionally also by simula-
tion). The analysis here shows that templated evaporative
lithography presents potential improvement over free surface
evaporation by making nanosized deposits attainable, reducing
the drying time by two orders of magnitude, depositing sharply
dened patterns and allowing independent control over each of
their dimensions. It constitutes a promising route for the low-
cost deposition of three-dimensional metallic nanostructures of
varying shapes over large areas in high-throughput processing.

Appendix
Estimating the evaporation rate

The drying time for pattern deposition, critical to the viability of
any technique as a practical industrial process, is governed in
this case by the pervaporation rate of the liquid. Neglecting
evaporative cooling, the evaporation rate can be estimated from
data for gas permeation in membranes (the liquid being
equivalent to a gas at a partial pressure equal to the vapor
pressure of the liquid):

J ¼ P� Dp

d
: (A1)

here J is the evaporative ux, P the permeability of the
membrane (usually expressed in Barriers h 10�10 cm3 (STP)
cm/(cm2 s cmHg)), Dp the partial pressure driving force and d
themembrane thickness. Considering a toluene solvent at 20 �C
covered by a PDMS membrane with 33% silica:58

P ¼ 9130Barriers ¼ 4:03

1013
m

s

m

cmHg
: (A2)

The unit conversion is done so that eqn (A1) yields an evap-
oration rate inm s�1 (i.e. the rate of reduction of lm thickness).
When a sweep gas is used (so that partial pressure of solvent at
the unpatterned face of the membrane is zero), this gives:

E ¼ 8:85� 10�13

d
m s�1 (A3)

i.e. a 10 nm thick membrane results in an evaporation rate of
88.5 mm s�1. This is comparable to pervaporation, wherein rates
in excess of 100 mm s�1 have been reported.59–61 Harris et al.44

reported free-surface drying rates of z0.014 mm s�1. Hence the
membrane, by its imposition of a steep chemical potential
gradient, has a dramatic effect on drying time, dealing with an
important barrier to industrial application of this bottom-up
technique.

Evaluating the numerical solution

Diffusivity D is given by the Stokes–Einstein equation:62

Dð4Þ ¼ Kð4Þ d

d4
½4Zð4Þ� (A4)
This journal is ª The Royal Society of Chemistry 2013
where K is the particle sedimentation coefficient and Z the
compressibility factor, which account for hydrodynamic and
thermodynamic interactions respectively. These, along with the
dimensionless viscosity of the dispersion m and the isolated
sphere diffusivity D0, are taken to be:62

K(4) ¼ (1 � 4)6.55, (A5)

Zð4Þ ¼ 1:85

0:64� 4
; (A6)

m ¼
�
1� 4

0:64

	�2

; (A7)

D0 ¼ kBT

3pm0a
; (A8)

with particle diameter a, liquid viscosity m0, temperature T and
Boltzmann constant kB.

Fluid ow is described by momentum and material conser-
vation. Ignoring gravitational effects and taking the uid to be
Newtonian, these are:

Re

�
vu

vt
þ u

vu

vx
þ v

vu

vy

�
¼ � vp

vx
þ A

v

vx

�
2m

vu

vx

�
þ 1

A

v

vy

�
m
vu

vy

�

þ A
v

vy

�
m
vv

vx

�

(A9)

Re

�
vv

vt
þ u

vv

vx
þ v

vv

vy

�
¼ � 1

A2

vp

vy
þ 1

A

v

vx

�
m
vu

vy

�
þ A

v

vx

�
m
vv

vx

�

þ 1

A

v

vy

�
2m

vv

vy

�

(A10)

vu

vx
þ vv

vy
¼ 0 (A11)

with the variables being in dimensionless form. Here pressure
p, which includes the osmotic pressure, is scaled by m0EavL/(dD +
dlm)

2 and the Reynolds number Re is dened as rEavL/m0.
Boundary conditions for eqn (3) are no penetration at all
boundaries, which reduces to

1

A2Pe
D
v4

vy
� v4 ¼ 4 (A12)

at the horizontal faces of the membrane and

n$V4 ¼ 0 (A13)

at all other boundaries, with n being a unit normal at the rele-
vant boundary. For eqn (A9) and (A10), symmetry boundary
conditions prevail at the uid boundaries of the domain. No
slip is assumed at the vertical face of the membrane (as well as
at the substrate), while at its horizontal faces, the y-velocities are
Es/Eav� 1 and Ef/Eav� 1 in the slow and fast evaporation regions
respectively. A Dirichlet point constraint for pressure was
imposed at the top right corner of the slow evaporation region
(Fig. 2). Since the ow is driven by the velocity boundary
conditions at the template due to evaporation, we may solve for
Nanoscale, 2013, 5, 624–633 | 631
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this net pressure without breaking the pressure into its osmotic
and uid components.

The aforementioned system of equations was solved using
COMSOL Multiphysics 3.5a. Membrane descent was modeled
with the Automatic Lagrangian-Eulerian (ALE) mode with re-
meshing enabled. A PARDISO direct solver was used in
conjunction with BDF time stepping while all other settings
were the COMSOL default values. Meshes with less than 10 000
quadratic Lagrange elements, with a boundary layer at the
membrane when needed, were found to be sufficient for
convergence.
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