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Figure 4.23 : Dewetting time evolution of a laser patterned (triangular wedge) film of PS on PDMS 
on Si at 150°C. Lithography patterning is seen to control and confine the dewetting process. Scale 
(480 x 675 µm), final image (150 x 210 µm) . Sequence courtesy ofJ. Jarecki. 



Chapter 5 

Applications of the Marangoni Effect 

The ability to manufacture 3D structures on the surface of a polymer thin film with 

micron and nanometre scale resolution is one of the major advantages of the described 

Marangoni driven lithography system. With simple and relatively inexpensive 

components and materials, a wide variety of useful devices can be created, spanning the 

fields of physics and biology. This chapter will begin by presenting a brief review of two 

potential applications of the lithography system and concluded with a display of some of 

the more interesting patterns created over the course of the project. 

5.1 Micro-Optics Array 

In section 4.5 we saw how the dewetting of a thin polymer film could be controlled 

by first patterning the film with laser lithography. This phenomenon can be used to 

advantage to manufacture a periodic array of monodisperse polymer droplets, shown in 

Figure 5 .1. A grid is patterned into a thin film of PS on a PDMS coated silicon substrate 

by scanning a focused laser across its surface (Figure 5.1 (a)). The pattern consists of an 

array of equally spaced and sized squares, whose dimensions are determined by the 

lithography process. The sample is then placed onto a heating stage and raised above the 

film ' s glass transition temperature. The isolated squares dewet into a periodically ordered 

array of spherical caps, with volumes equivalent to that of the original square film. One 
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could imagine using such pattern as an array of micro-lenses for a combinatorial micro­

optic experiment. 
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Figure 5 .1: Grid patterns cut into a thin film of PS on PDMS coated Si dew et when raised above 
the glass transition temperature. The resultant pattern is an array of equally spaced, monodisperse 
spherical microcaps. 

The surface profile of the caps can be inferred with knowledge of the volume of the 

cap, Vcap, given by the volume of the initial square Vsq, and the contact angle a that the 

cap makes with the substrate surface. The volume of the square is simply: 

~q = /2 
• h ' ( 5 .1 ) 

where h is the initial film thickness and l the spacing between the laser scans. The 

volume of the spherical cap is given by [38]: 

V~, = ( ":'} ( 2- 3cos(a) +cos' (a))= 12 
• h , (5.2) 
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where the contact angle a and radius R are defined in Figure 5.2. The contact angle is 

system specific and can be determined by a number of standard methods (see ref. [ 11 ]). 

Dewetting 
• 

Figure 5.2: Schematic illustration of a square of dimensions land h dewetting into a spherical cap 
with contact angle a and radius R. 

By solving equation (5.2) for the radius R, the focal length f of the microlens can be determined 

from the following [18]: 

nm 
f= ·R , (5.3) 

nf -nM 

where n1 and nM are the refractive indices of the film and surrounding medium. 

5.2 Microfluidic Devices 

The manipulation of fluids on an extremely small length scale, otherwise known as 

microjluidics, is becoming an increasingly popular area of research and engineering. 

Owing to the dimensions of these devices, chemical reactions and composition analysis 

can be performed much more rapidly than with conventional macroscopic laboratory 

techniques. This increase in speed and the miniaturization of the components will help 

push the boundaries of biotechnology. Some current applications of microfluidic 

technology include DNA sequencing, sorting of cells, drug screening as well as research 

on genomics and proteomics [39-40]. An ultimate 'Holy Grail' of microfluidics is to 

integrate and condense entire laboratories onto a single substrate (labs-on-a-chip), leading 

to drastic improvements in throughput and cost. 
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Marangoni driven laser lithography on polymer films provides a simple means to 

fabricate microfluidic devices without the need for extensive (and expensive) fabrication 

infrastructure. Intricate networks of trenches and holes can quickly be patterned with 

micron and nanometre resolution, forming the channels and reservoirs of the composing 

microfluidic devices. While our laboratory has only recently entered the field of 

microfluidics, great efforts have led to the completion of a first prototype design, pictured 

in Figure 5.3 . 

Figure 5.3: Optical microscope image of a capped polystyrene microfluidic reservoir (a) and 'Y' 
channel (b ). Interfacing with the external world is accomplished by inserting a micropipette into 
the micro-reservoir, which is then fastened to a glass mount and coupled to external tubing. 
Images courtesy of M. Lee. 

Current efforts are being directed towards the development and improvement of a 

systematic fabrication process and overcoming the issues surrounding the connections 

and seals with the external pump. Future endeavours will include the study of the 

fundamental behaviour of fluids in small channels as well as implementing complex 

pattern geometries in order to study the interaction of multiple flows and liquids. 
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5.3 Additional Patterns 

The versatility of the lithography system to quickly create novel patterns is one of the 

most attractive features of the technology. This chapter will conclude with a brief 

illustration of some of the more interesting produced patterns. 

Figure 5.4: Spiral channels in a polystyrene film. Images courtesy of J. Parete. 

Figure 5.5: (a) Potential microfluidic switch and (b) interconnecting microfluidic channels. 
Images courtesy of J. Parete. 
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Figure 5.6: Our Jab proudly supports our Canadian athletes, one micron at a time. 
Images courtesy of J. Parete. 
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Chapter 6 

Conclusions 

When a temperature gradient is imposed onto the surface of a liquid, the 

temperature dependence of the surface tension gives rise to a flow of material from the 

region of low surface tension that that of high surface tension; this is known as the 

Marangoni or thermocapillary effect. For the work presented in this thesis, a tightly 

focused laser beam has been used to induce sharp thermal gradients, exceeding 1,500,000 

°C/cm, on the surface of thin polymer films. This process can be used to rapidly write 

trenches and patterns in the polymer films with fine control over their spatial dimensions 

and features (width, depth, etc.). 

A presented hydrodynamic model, based on simple fluid mechanics, describes in a 

general sense the significance of time, incident power and film thickness on the observed 

behaviour of a thin polymer melt under the influence of a laser generated temperature 

gradient. However, the details of the individual evolution profiles reveal anomalous 

behaviours. It has been shown that this complex behaviour can be (in part) explained by 

considering the optical interference effects of the thin film coating. An optical feedback 

control loop has been developed to compensate for the interference effect by monitoring 

and maintaining a constant absorbed laser power. This ensures that the temperature 

gradient that drives the lithography process is consistent over the operation period. 

At this point, the direction of future research can proceed along a number of 

different paths: The study of high laser powers interacting with films has revealed further 
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anomalous behaviour, inconsistent with previous low to moderated power observations. 

The integration of block copolymers as a patterning material will merge the micron-sized 

structure of the lithography process with the nanometre scale features of the copolymer 

morphology. Lithography processes can also be enhanced by exploiting other thin film 

phenomena, such as dewetting, to create periodically ordered and controlled structures. 

However, perhaps the most useful extension of the project will be in the further 

development of microfluidic devices that will enable study of fundamental fluid 

behaviours in confined channels. 

In essence, the completion of this project has only revealed the tip of the iceberg. 

Hopefully, it will later be reminisced as the small snowball that inevitably sparked an 

avalanche of future scientific discoveries and technological applications. 
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Appendix A: 

Photonic Pressure 

Estimating the resultant pressure of a light ray on a polymer film is accomplished 
as follows: 

Ray Schematic Force Summation 
Reflected Incident forcel 

Incidenti 

(A)~-~-~ 
t .i Reflected force I I + ve) (lntet ce A) 

Transmitted 1 
I 

(B) ~~~·~~~~ 
At normal incidence, the % of reflected power is given by: 

R= (~)2 
1+ n 

where 

Thus, at interfaces (A) and (B), the reflectance is respectively: 

I Transmitted force 
I 

(Al.1) 

RA = ( 1-1.512 )2 = 0.042 AND RB = ( 1-2.65)2 = 0.020 
1+ 1.512 1+2.65 

(Al.2) 

The force F of a beam of power P0 incident on a surface is given by: 

Fm =~~ ; (Al.3) 
c 

where nm is the refractive index of the initial medium and c, the speed of light in vacuum. 
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Consider interface (A): 

When the incident ray strikes the surface (A), it is both partially reflected and transmitted. 
The incident ray exerts a force along the direction of propagation. The reflected and 
transmitted rays exert a recoil force in the opposite direction of their resultant paths owing 
to their change in momentum. With the coordinate system defined downward as positive, 
the net force at interface (A) is given by: 

(Al.4) 

Consider interface (B): 
At interface (B), now with a reduced power of P 0 (l-RA), the ray is partially reflected back 
towards the film/air interface. Summing the forces of a ray of power P 0 (1-RA)R8 incident 
from below the interface .. . 

F = P;,,cide111 [-n -n R +n (1-R )] 
NET,B C J J A m A 

P (1-R )R 
= 0 

A 
8 [-n - n R + n (1- R )] 

C f f A m A 

(Al.5) 

Taking the values of nm, n1 and ns as 1, 1.5 and 4.1 respectively (representing air, 
polystyrene and silicon), one immediately sees that the direction of the net force is 
upwards, for both (Al .4) and (Al.5) . Thus, the influence of any radiation pressure effects 
would cause the surface of a polymer film to bulge away from the substrate in the 
direction opposite of the observed lithography patterns. 



Appendix B: 

The Lensing Effect 

Approximating the curvature of a dimple to be spherical, the refraction of a normally 
incident laser beam of radial width w(h) is calculated for the hole geometry depicted 
below. 

r;_~ 
~/ x 

~c - , Y 
oj 

The aspect ratio x/y can be measured from AFM cross sections. The radius of 
curvature R can then be calculated with some simple trigonometry: 

Pythagorum theorem: 

Simple trigonometry: 

Law of sines: 

z = ~x2 + y2 

x 
tanD =-

y 

D ~tan-t J 

(B.1.1) 

(B.1.2) 



Conservation of angles: 

Combining 

sin A sin D sin ( B + C) 
-----= 

z R R 
:.D=B+C 

A= 180° -D-(B+C) 

A= 180° -2D 

sin ( 180 - 2D) sin ( D) 
= 

z R 

z · sin(D) 
R=-----

sin (180- 2D) 
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(B .1.3) 

(B.1.4) 

(B.1.5) 

From the thin lens equation, the focal length f of a lens imitating the dimensions of Figure 
Al.1 can be determined: 

For 
n1 = 1 
n 2 = 1.5 
R1 = oo 

R2 = 1x10-4 m 

(B.1.6) 

1 1.5 -1 ( 1 1 ) 
1=-1-· co -0.0001 

f=-5000m (B.1.7) 

:. The focal length of the hole with the calculated curvature R is 5000 m (divergent). The 
effect this will have on the beam focus at the film/substrate interface can be determined 
from simple trigonometric arguments. 

Assuming that the beam is maximally focused at the film substrate interface, the 
beam waist will be slightly broader at the air/film interface due to divergence. We can 
estimate the beam waist a distance h from the substrate surface from: 

w' (h) ~ w; [1+(: -~ J] (B.1.8) 



Given 
W0 = 3.06 µm 
/..= 532 nm 
h = 200 nm 

w (h)=(3.06 x !O-' ) J1+[532 x 10-9 ·200 x \o-9J2l ~3.19 µm l n·(3.06x10-9
) 

.. 
he 

y 
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(B.1.9) 

By considering a normally incident ray a distance w(h) from the center of the profile, 
the lateral refraction shift (x_shift) can be determined: 



Snell's Law predicts: 

Re-arranged as: 

Simple trigonometry yields: 

From conservation of angle, 

Finally, 

n1 sin(A') = n2 sin(E) 

A=E+F 
:.F=A-E 

x 
tan(C) =-

h, 
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(B.1.10) 

(B.1.11) 

(B.1.12) 

(B.1.13) 

(B.1.14) 

Since the film height is slightly thick a distance w(h) from the center of the lens, h1is 
determined as follows: 

(B.1.15) 

y'= R-y (B.1.16) 

(B.1.17) 

The final shift in the focused beam is: 

x _shift= h1 ·tan( C) (B.1.18) 
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Numerical Estimation 

It is not uncommon for dimples to form with aspect ratios greater than 100. The beam 
divergence for such a dimple is now estimated. (Italicized represent calculated values) 

x 

y 
z 

D 

R 

2.00E-06 
2.00E-08 
2.0001£-06 

Radians Degrees 
1.5607966 89.42706 

0.00010 

Refractive index 
nl = 1 
n2 = 1.5 

Film thicknesses 
he 2.00E-07 
hi 2.46£-07 

Approximate width of a laser beam h distance from the surface of the substrate ... 

h = 2.00E-07 
Wo = 3.02£-06 w(h) = 3.2£-06 
A. = 5.32£-07 

x shift = 2.62E-09 [m] 

The influence of the profile curvature broadens the radius of the beam by~ 3 nm. For a 
beam waist w0 = 3.0 µm , this represents a 0.1 % change. 


