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exploited to manipulate the average droplet size on homoge-

neous substrates. [ 25,26 ]  In particular, it has been demonstrated 

that the average droplet size can be tuned through global 

modulation of the concentration gradient in the solutions to 

produce droplet heights on the order 0.01–1 µm (and hence 

the term “mesoscale droplets”) and droplet volumes in the 

0.5–50 femtoliter (fL) range. [ 27 ]  Nevertheless, the limitations 

to date with the solvent-exchange method has been the large 

distribution in the droplet sizes that are obtained and their 

random positioning on the substrate. [ 22 ]  As such, this has 

constrained its practical use in applications where uniform 

droplet volumes, tunable droplet morphology, and precise 

positioning or large-scale patterning into ordered arrays are 

desirable. 

 We show in this work that it is possible to circumvent 

these limitations through selective nucleation, growth, and 

confi nement of the droplets on arrays of smooth hydrophobic 

pre-patterned microdomains on the hydrophilic substrate. We 

observe the droplet volumes in the array to be highly uniform, 

their contact angles to be related to the dimension of the lat-

eral confi nement of the microdomains, and that it is possible 

to tune these by varying the saturation level in the bulk liquid. 

In addition to providing insight into the fundamental under-

lying mechanism responsible for control of the droplet mor-

phology, we also demonstrate, as a proof-of-concept example 

application, a technique for the simple fabrication of low-cost 

and portable nanolens arrays for optical manipulation that is 

based on photopolymerization of the surface droplets. 

  Figure    1  a–e, which comprise optical images of the 

polymerized droplets, show their spatial arrangement into 

highly ordered arrays on the pre-patterned substrates. The 

inter-droplet spacing, measured as the distance between the 

centers of two droplets, is observed to closely match that of 

the hydrophobic patterns, as shown in Figure S1 (Supporting 

Information).  Figure    2  a, on the other hand, shows the close 

one-to-one correlation between the average lateral diameter 

of the droplets and that of the patterns. Specifi cally, the lateral 

diameters of the polymerized droplets were measured to be 

1.03 ± 0.12 µm, 2.93 ± 0.34 µm, 4.98 ± 0.14 µm, 9.86 ± 0.26 µm, 

and 28.9 ± 2.62 µm for pre-patterned arrays with diameters 

of 1 ± 0.10 µm, 3 ± 0.10 µm, 5 ± 0.11 µm, 10 ± 0.14 µm and 

30 ± 0.20 µm, respectively. These results clearly confi rm the 

formation of the droplets exclusively on the patterned hydro-

phobic microdomains as well as confi nement of their lateral 

growth within the domain. It is therefore possible to not only 

precisely control the dimension, spacing, and location of the 

droplets, but also to control the droplet number, density, and 

spatial arrangement through the design of chemical patterns 

on the substrate surface. DOI: 10.1002/smll.201501105
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  The patterning of droplets in arrays on a solid surface is of 

signifi cant interest, both from a fundamental standpoint 

of colloid and interface science, wetting, and thermody-

namics, [ 1–6 ]  as well as for a variety of applications across 

photonics and near-fi eld imaging, [ 7,8 ]  biomolecular, cell and 

tissue analysis, [ 9–12 ]  high throughput drug screening, [ 13 ]  DNA 

sequencing, and digital polymerase chain reaction. [ 14,15 ]  The 

demand for increasingly smaller scale resolution, higher 

throughput processing, and greater detection sensitivity, 

however, has driven the need for further miniaturization to 

achieve smaller droplet volumes and denser array networks. 

This, in turn, has driven the development of techniques for 

droplet synthesis, including inkjet printing, [ 16 ]  condensation-

driven nucleation, [ 17 ]  or droplet deposition on pre-patterned 

substrates. [ 18–21 ]  Most of these techniques, however, allow 

patterning of the droplets only in air. There are nevertheless 

several advantages of patterning the droplets on a substrate 

immersed in an immiscible liquid medium, not least the 

extended droplet lifetimes due to lower dissolution rates and 

the elimination of evaporation in air, in addition to the pos-

sibility for controlling the droplet morphology by varying the 

surrounding liquid phase. [ 22 ]  

 Solvent exchange is one method by which a large quantity 

of droplets can be generated on an immersed substrate. In 

this method, a good solvent of oil (e.g., ethanol) is simply dis-

placed by a poor solvent (e.g., water), such that the oversatu-

rated oil precipitates to form droplets on the substrate. [ 23–26 ]  

Droplet formation during solvent exchange occurs via het-

erogeneous nucleation, following which the droplet grows 

through a diffusion-driven process in an oversaturated 

liquid. [ 26 ]  This droplet formation process is fundamentally 

different from the droplet trapping method in which small 

volumes from a bulk fl ow are retained on surface microstruc-

tures due to their wettability in the interstitial spaces between 

the structures. [ 21 ]  The nucleation and growth dynamics during 

the solvent exchange provide the unique possibility for con-

trolling the fi nal droplet size simply through the manipulation 

of macroscopic parameters (e.g., the solution concentration) 

during the droplet growth stage. Indeed, both the chemistry 

of the solutions and the fl ow conditions can potentially be 
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   To examine the dependence of the droplet contact angle 

and volume on the lateral dimension of the hydrophobic 

domains (Figure  2 b,c), we carry out the solvent exchange 

simultaneously on both a homogeneous hydrophobic sub-

strate and the pre-patterned substrates under identical solu-

tion conditions. As can be seen in Figure S2 (Supporting 

Information), large variation in the droplet lateral diameters 

were obtained on the homogeneous substrate, consistent with 

previous work on similar substrates wherein considerable 

polydispersity (standard deviations typically on the order of 

several microns) was observed in the droplets that were gen-

erated. [ 24 ]  In contrast, fairly monodispersed droplet lateral 

diameter distributions were obtained with the pre-patterned 

hydrophobic microdomains in which the standard deviations 

are no greater than 200 nm, as shown in Figure  2 a. 

 Further contrast between the homogeneous and pre-

patterned substrates can be seen from measurements of the 

contact angles shown in Figure  2 c. In particular, we observe 

the contact angle to be independent of the lateral droplet 

dimension for the homogeneous substrates, i.e., the droplet 

height and volume increased with its lateral size to maintain 

a contact angle of approximately 15°. In contrast, droplets 

that were formed on the hydrophobic domains possessed 

smaller contact angles as their lateral dimension increased. 

The former observation indicates that the droplets on the 

homogeneous substrates may grow mainly through a constant 

contact angle mode (CA), as illustrated by schematic I in the 

inset of Figure  2 c. 

 The dependence of the contact angle on the lateral 

dimension of the pre-patterned microdomains, on the 

other hand, can be understood from the droplet formation 

mechanism by solvent exchange, wherein the surface drop-

lets form by heterogeneous nucleation at the solid–liquid 

interface and subsequently expand via a diffusion-driven 

growth process. [ 6 ]  While initial growth may occur via a CA 

mode when the lateral diameters of nucleated droplets are 

smaller than the domain size, subsequent growth occurs via 

a constant contact area mode (or constant contact radius 

mode CR) when the droplets reach and are confi ned by the 

domain boundaries of the patterns, as illustrated by sche-

matic II. Consequently, the restriction of the lateral expan-

sion of the droplets due to the hydrophobic microdomain 

boundaries then causes an increase in the droplet height as 

long as it keeps growing until the solvent exchange process 

is exhausted. 

 To fi rst approximation, we thus neglect the initial CA 

mode transient and only focus on the model the droplet 

growth on different domain sizes under CR conditions as it 

is this latter growth that determines the fi nal height and con-

tact angle of the droplets. In the CR mode, the growth of the 

droplet and hence the evolution of its contact angle  θ  with 

time  t  is given by [ 22 ] 
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 Figure 1.    Illustration of the solvent exchange process (top image) and morphological characteristics of polymerized droplets on circular hydrophobic 
microdomains with diameters 1, 3, 5, 10 and 30 µm patterned on a silicon substrate (subsequent rows). The length of the scale bars in the optical 
images is 15 µm in panels (a)–(d) and 70 µm in panel (e). The dimensions of the AFM images are 30 × 30 µm 2  in panel (f) and 80 × 80 µm 2  in 
panels (g)–(j). The morphology of the polymerized droplets can be extracted reliably from the droplet heights in the AFM images in panels (f)–(j) 
and the lateral droplet dimensions in the SEM images in panels (k)–(o). The length of the scale bars is 1 µm in panels (k)–(l), 2 µm in panels 
(m)–(n) and 10 µm in panel (o).
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/ 1SC Cξ = −∞  

 (3) 

   In the above,  D  is the diffusion coeffi cient 

(6.5 × 10 −10  m 2  s −1 ), ρ is the density of the liquid droplet 

(1202 kg m −3 ),  C  s  is the solubility of oil in the solution, and 

 ξ  the oversaturation level of oil in the solution. We note 

that during the solvent exchange,  C  s  and  ξ  are dependent 

on the composition in the liquid phase. However, given that 

the droplets were produced under identical liquid and fl ow 

conditions,  C  s  and  ξ  are assumed to be constant at a given 

value of  t  across all experiments with different microdomain 

pattern dimensions. Here, we assume values of 0.0343 g/100 

g (approximating the solubility of HDODA in water) for  C  s  

and 0.43 for  ξ  at  t  ≈ 2 s. Numerically integrating Equations  ( 1)   

and  ( 2)   for the droplets with lateral diameters  D  d  equal to 

the size of the domains  D  p  then gives theoretical predictions 

for the initial and fi nal contact angle  θ  f  plotted in Figure  2 d, 

which are in a good agreement with the experimental data 

across the different domain sizes. We note that the slight over-

estimation in the contact angle for the small 1 µm patterns, 

which may be due to the limitation of Equation  ( 1)   to small 

contact angles. [ 28 ]  Additionally, there exists an upper limit in 

the contact angle that is imposed by the surface wettability of 

the hydrophilic region surrounding the hydrophobic micro-

domains [ 18 ]  wherein the contact angle of the pinned droplet 

cannot exceed the macroscopic contact angle of the droplets 

on hydrophobic surfaces in water, [ 29 ]  which is measured to be 

approximately 118°. 

 In any case, such dependence of the contact angle and 

hence the height of the droplets together with the droplet 

volume in the CR mode offers additional fl exibility and ease 

for tuning the droplets during the solvent exchange process 

to a desired morphology for a particular application. For 

example, given that the mass gain of the droplet is propor-

tional to the oversaturation in the liquid phase  ξ  in Equation 

 ( 2)  , it is possible to tune the volume and morphology of the 

droplets simply through  ξ , i.e., by varying the saturation level 

(i.e., the concentration) of oil in solution A.  Figure    3   shows 

the morphology (panels (a)–(h)) and height (panels (i)–(l)) 

of the polymerized droplets at two representative oil concen-

trations (more AFM images are provided in Figure S3 in the 

Supporting Information). The plots of the droplet volume and 

contact angle (panels (m) and (n), respectively, in Figure  3 ) as 

a function of the concentration summarize the morphology 

of the droplets formed at three different oil concentrations 

including those in Figure  1 . In particular, the average droplet 

volume is seen to increase and its contact angle to decrease 

with increasing domain sizes for all concentrations, consistent 

with that observed previously. For a fi xed pattern dimension, 

however, the droplet contact angle and volume are observed 

to decrease with decreasing oil concentration in the solution. 

Of note is the possibility of decreasing the droplet volume to 
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 Figure 2.    Size and morphological characteristics of the polymerized droplets formed on the pre-patterned hydrophobic substrates compared with 
those generated on homogeneous hydrophobic substrates. (a) Dependence of the lateral droplet diameter  D  d  on the diameter of the pre-patterned 
hydrophobic microdomains  D  p . The plots in (b) and (c) show the droplet volume  V  d  and contact angle θ, respectively, as a function of  D  d  on the 
pre-patterned and homogeneous substrates. The schematic in (b) illustrates (I) the polydispersity of the droplets on the homogeneous substrate 
and (II) the uniform size distribution of the droplets on the pre-patterned substrates. The schematic in (c) illustrates droplet growth via (I) a constant 
contact angle mode on the homogeneous substrate and the initial stages on the pre-patterned substrate, as opposed to (II) a constant contact 
area mode in the latter stages on the pre-patterned substrate once the droplet is pinned on the domain boundary of the patterns. (d) Comparison 
between the theoretical prediction obtained from a constant contact area model with the experimental measurements of  θ  as a function of  D  d . All 
trend lines were added to aid visualization.
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ca. 1.6 attoliters simply by decreasing the oil concentration 

from 3.5% to 1.5%. 

  As proof-of-concept of an exemplary application, we 

briefl y demonstrate the possibility of exploiting this fem-

toliter droplet generation technique as a simple and low-

cost method for fabricating portable nanolens arrays. 

Following the process illustrated in  Figure    4  a, we fi rst 

produced the polymerized droplet (i.e., the nanolenses) 

arrays on the pre-patterned silicon substrates, followed by 

poly(dimethylsiloxane) (PDMS) casting over the substrate. 

After curing the PDMS, we then carefully peeled the trans-

parent PDMS fi lm together with the nanolens array off the 

substrate to form a freestanding transparent membrane, 

while preserving the highly ordered arrangement of the 

nanolens. To test for its optical properties, the PDMS fi lm 

with the embedded nanolens array was subsequently illumi-

nated by a beam of white light normal to the fi lm through 

a 0.5 mm pinhole, resulting in the domain-size-dependent 

diffraction patterns shown in Figure  4 b when projected onto 

a sheet of white paper. This simple demonstration of the 

utility of these highly ordered droplet arrays produced via 

solvent exchange, together with the possibility for controlling 

the nanolens structure through tunability of the morphology 

of the droplet precursors, then opens up new low-cost and 

portable alternatives for photonic manipulation, for example, 

for enhancing light harvesting wherein the diffraction of light 

through a microlens layer has been shown to reduce loss of 

intensity in solar cells. [ 8,30 ]  Additionally, these submillimeter 

thin PDMS fi lms could also fi nd widespread application as 

low-cost screen coatings in portable consumer devices. 

  In summary, we demonstrate the possibility of generating 

highly ordered arrays of femtoliter and sub-femtoliter volume 

droplets on a pre-patterned substrate immersed under an 

aqueous solution through a nucleation-and-growth process 

triggered simply by solvent exchange. Given the confi nement 

of the lateral growth of the droplets by the boundaries of 
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 Figure 3.    Morphology and size of the polymerized droplets formed on pre-patterned hydrophobic substrates at fi ve different oil concentrations 
 C  m . (a)–(i) show AFM images and cross-sectional profi les of the polymerized droplets at two representative concentrations. (a)–(d):  C  m  = 2.5% 
(square points in panels (i)–(l)); (e)–(h):  C  m  = 1.5% (circles in panels (i)–(l)). In panels (i)–(l), the solid curves represent idealized spherical caps; 
the length of the scale bars for the SEM images is 0.5 µm in panels (i), 1 µm in panels (j),(k) and 2 µm in panels (l). The plots show the volume (m) 
and the contact angle (n) of the polymerized droplets as a function of the oil concentration,  C  m . The trend lines in panels (m) and (n) are added 
to aid visualization.
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the smooth hydrophobic microdomain patterns, the volume 

and contact angle of the droplets in the patterned arrays are 

shown to be closely related to their lateral dimension and 

hence that of the patterns. The fi nal contact angle of the drop-

lets in the arrays is in agreement with a theoretical predic-

tion for the diffusion-driven droplet growth under a constant 

contact area mode. Such control of the droplet volume and 

morphology, for example, simply by altering the oil saturation 

level in the solution, together with the possibility for precise 

regulation of the size, number density, and positioning of the 

droplets, then offers extensive opportunities for tuning these 

arrays for a desired application. As but one example across 

many possible applications, we show how these arrays can 

be exploited for fabricating low-cost and portable nanolens 

arrays embedded in a transparent polymer fi lm for potential 

use for photonic manipulation.  

  Experimental Section 

  Fabrication of Hydrophobic Microdomains on Hydrophilic 
Substrates : To prepare the pre-patterned substrates, photoresist 
(AZ1512HS, MicroChemicals GmbH, Ulm, Germany) was spun 
coated on silicon wafers (University Wafer Inc., Boston, MA) pre-
cleaned in piranha solution (30% H 2 O 2 , 70% H 2 SO 4 ), and subse-
quently exposed to UV light through a photomask. After rinsing 

the substrates in developer solution and DI water, the unprotected 
circular domains were exposed and chemically modifi ed by octa-
decyltrimethylchlorosilane (OTS; >90%; Sigma–Aldrich Corp., St. 
Louis, MO), resulting in circular hydrophobic domains with diam-
eters ranging from 1 to 30 µm. The hydrophilic background was 
then exposed by removal of the photoresist coating on the Si/SiO 2  
substrate. The average roughness of the OTS-coated microdomains 
is below 2 nm and the contact angles of water in air on the hydro-
philic and hydrophobic domains were found to be 10° and 118°, 
respectively. 

  Formation of Droplet Arrays on the Prepatterned Surface : Inter-
facial femtodroplet microarrays were then produced on the surface 
of the chemically patterned hydrophobic/hydrophilic substrates 
through solvent exchange,  [ 24–25,27 ]  as illustrated in the sche-
matic in Figure  1 . Briefl y, the chemically patterned substrate was 
placed inside a fl uid chamber through which two solutions were 
fl owed: solution A comprising 50% ethanol–water solution with 
1.5%–3.5% 1,6-hexanediol diacrylate (HDODA; Sigma–Aldrich 
Corp., St Louis, MO), and solution B comprising HDODA-saturated 
water. Solution A was fi rst injected into the chamber followed by 
solution B, which displaced solution A at a constant fl ow rate of 
200 µL min −1  to form droplets of HDODA. 

 At the end of the solvent exchange, we injected solution B 
with 0.04 vol% dissolved photoinitiator (2-hydroxy-2-methylpro-
piophenone; Sigma-Aldrich Corp., St. Louis, MO) and polymerized 
the droplets under UV irradiation. The morphology of polymerized 
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 Figure 4.    (a) Schematic illustration of the process for fabricating a simple and portable nanolens array. The droplets were produced on prepatterned 
silicon substrates, followed by their polymerization into nanolenses. PDMS was subsequently cast on the substrate, and the nanolens array 
embedded in the PDMS fi lm was then be peeled off the substrate to form a freestanding structure. (b) Resulting diffraction patterns when a beam 
of white light is projected normal to the transparent PDMS fi lm.



www.MaterialsViews.com

4855© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.comsmall 2015, 11, No. 37, 4850–4855

droplets—characterized using reaction-mode optical microscopy 
(Huvitz HRM-300, Scitech Pty. Ltd., Preston, VIC, Australia), atomic 
force microscopy (AFM; Asylum Research, Santa Barbara,CA) and 
scanning electronic microscopy (SEM; Quanta 200 ESEM, FEI, 
Hillsboro, OR)—were used to represent that of the interfacial drop-
lets [ 31 ]  as it is nontrivial to obtain reliable morphology of those 
highly deformable droplets in liquid from direct AFM imaging. [ 32,33 ]  
Here the contact angle and volume of the droplets were calculated 
from fi tting spherical caps with their height and lateral diameter 
measured from AFM and SEM images of the polymerized droplets. 
The buoyancy had no effect on the droplet morphology due to their 
very small volumes. To test the optical properties, the polymerized 
droplets were embedded into a thin fi lm of PDMS (Sigma–Aldrich 
Corp., St. Louis, MO) and peeled off the substrate.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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