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Abstract: It is well established that a thin silica-like surface layer is formed when a cross-linked PDMS structure
is subjected to ultraviolet/ozone treatment. Due to surface geometry, especially near the corners, this silica-like
surface layer has non-uniform thickness which can impact many mechanical properties, including adhesion and
fracture strength. Here we use a simple analytic model based on diffusion of reactive species to predict the
thickness of the oxidized surface layer near corners. We demonstrate that these corner solutions can be patched

together to determine the thickness of the oxidized layer in complex geometries.
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1. Introduction

Exposing cross-linked PDMS to oxidizing environments such as ultraviolet/ozone (UVO) or oxygen plasma
is known to create a thin silica-like surface layer 1. This layer is commonly utilized to improve adhesion between
PDMS and glass surfaces, particularly in microfluidic device fabrication 7. In the case of UVO, UV-assisted
reactions result in the formation of this surface layer, with its growth primarily limited by the diffusion of radicals

and molecular oxygen *°.

While UVO treatments are often applied to PDMS surfaces with complex profiles, very little attention has
been given to studying the resulting spatial variation in the thickness of the oxidized layer and its impact on the

mechanical properties of patterned surfaces. In a previous work 8, we conducted a comparison of surface profiles
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between two PDMS samples initially patterned identically (see Fig. 1(a)). Both samples consisted of long parallel
micro-channels with a height (h) and spacing (L) (blue trace in Fig. 1(a)). The trace in red is for an initially
identical sample that was additionally exposed to UVO treatment. The trace in cyan is for a sample which has
been further stretched. Two noticeable differences emerged between the samples. Firstly, both the UVO-treated
samples exhibited a significantly smaller surface amplitude compared to the non-UVO-treated sample. Secondly,
and crucially for the matter addressed in this manuscript, the UVO-treated sample displayed a rounded overall

deformed shape, with sharp features preserved in the upper corners while the lower corners appeared rounded.
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Fig. 1. (a) Surface profile of as-molded ridge-channel structures (in blue, top), the profile after exposure to UVO
(in red, middle), and the profile after additional uniaxial stretch (bottom). This last profile is added to better
illustrate the profile near the corners. Solid black lines are results of a finite element analysis of deformation
driven by surface residual stress and accounting for the elasticity of a near-surface oxidized layer. (b) Schematic

drawing illustrating how the geometry influences the local thickness of the oxidized layer.
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The decrease in surface amplitude of the UVO-treated sample can be attributed to the deformation driven by
residual surface tension, in turn induced by the oxidation process on the oxidized surface layer. Fig. 1 displays
solid lines representing a finite element simulation of the surface profile obtained in our previous work 8. The
simulation matches the experimental profile well. The experiment data and the finite element simulation
predictions in Fig. 1(a) are provided in the Supporting Information. The simulation captures the sharp corners at
the upper edges and rounding at the lower edges. In this previous work, we note that to account for this feature,
we needed to consider the assumption of a non-uniform thickness of the surface layer. Specifically, we proposed
that the layer thickness at B is large compared to the flat portion near points A and C (Fig. 1(b)). Thus, the section
of oxide layer near B has higher bending stiffness. By incorporating this assumption into our finite element
simulation, we obtained excellent agreement with experimental data from samples with varying surface profiles®.
It should be noted that, as the sample is stretched less than 15%, our finite element model does not consider the

oxidized layer thickness change during the stretch.

Fig. 1(b) provides a geometric explanation for the variation in thickness of the surface layer at corners such as
B (compared to A) and re-entrant corners like C (compared to A). Experimental studies have shown that the
thickness of the oxidized layer is influenced by the diffusion of gaseous reactive species into PDMS . However,
there is no model for how the depth of penetration of these species depends on the geometry of the surface. For
instance, at point A, PDMS is exposed to UVO on only one side of the surface. In contrast, at corner B, PDMS is
exposed to UVO on two sides of the surface. This exposure to UVO from multiple sides leads to a thicker silica
layer at corner B. On the other hand, at a re-entrant corner like C, we expect a longer average diffusion path and,

consequently, the thickness of the silica layer to be smaller.

The goal of this paper is to introduce a quantitative model to predict the thickness of this layer near corners.
Based on experimental findings of Mills et. al.b, the thickness of the oxidized layer is primarily controlled by
diffusion, with a diffusion constant D that is approximately constant. This means that once the methyl groups on
the PDMS are exposed to a certain concentration of UVO, the oxidation reaction proceeds significantly faster
than diffusion. We further assume that the reaction front corresponds to the point where the local concentration
of oxide, which is proportional to the concentration of ozone, exceeds a critical value. As a result, we would
expect the thickness of the oxide layer to be larger near corners such as B, where the concentration of ozone is
higher at the same distance from the surface. In the subsequent analysis, we consider all exposed surfaces to be

at a constant concentration of ozone during the deposition process, denoted as c,.

2. Geometry and Results

The geometry is shown in Fig. 2. Since in the flat part of the pattern (e.g., at point A in Fig. 1(b)) diffusion is

one-dimensional, a function of distance from the surface, we focus our attention on the corners B and C. In
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addition, since the layer thickness (typically on the order of nanometers) is much smaller than typical pattern
dimensions, such as h or L, the PDMS at a corner can be represented as an infinite wedge of internal angle 6,,
where 0< 6, <2z. (We ignore the change in shape due to surface forces.) The tip of the wedge coincides with

the origin of a polar coordinate system (r,&). We assume that the reaction starts at time t = 0. Since the surfaces

r>0, =0, 6, are exposed to a constant concentration of ozone, the boundary conditions are

c(r,0=0,t>0)=c,, c(r,0=6,,t>0)=c,.
(1a,b)

(a) (b)

e(r.0=6,1>0)=c,

0

c(r,0=0,1>0)=¢,

0

Fig. 2. (@) A periodic section of the geometry at t =0 in Fig. 1(a), with points A, B, C highlighted. (b) Cross-

section of an infinite wedge with angle 6, at corners such as B (6, =7/2) or C (6, =3z/2). The boundary
conditions are indicated. The tip of the wedge is at the origin O. (r,6) is a polar coordinate system. 0<r <o
and 0 <0 <6,. Note the solutions at B and C can be obtained from the solution in Fig. 2(b) by a suitable rotation

and translation of the polar coordinates.

As deposition starts at t =0, the initial condition is
c(r,0<0<6,t=0)=0. 2
In the polar coordinates, the diffusion equation is
2
©_p[10(,%), 1oe] )
ot ror\_or) r°oé

The exact solution of (3) subjected to the initial and boundary conditions (2) and (1a,b) was given by Jaeger °.

Since Jaeger stated the result without derivation, we provide the proof in the Supplementary Material. The

solution, after some simplification (see the Supplementary Material), is
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L 2& r(a/2)f v T[4 r
c(r,0,t)/c,=1 eokz_;sm(ﬂﬂ)l“(ﬂkﬂ){z\/ﬁ} M{Z,iﬁl, 4DJ,0§0£90, (4)

. . 2k +1
where I' and M are the Gamma and Kummer functions respectively and A, =
0

7 . Equation (4) allows us to

determine the layer thickness on the wedge as a function of time and position. For the special case of 6,=x

where the wedge becomes a half space, (4) reduces to the well-known result, i.e.,

c(r,@,t)zcoerfc(rsmej, (5)

2./Dt

where erfc is the complementary error function. An interesting feature of the solution given by (4) is that it is
self-similar, as there is no intrinsic length scale in the wedge problem.

In our coordinate system, the thickness of the layer at the corner is described by the radial distance from the

origin. This layer thickness is a function of @ and t. Specifically, we define the oxide layer thickness f by

imposing the condition c(r =f,6,t)=ac,, where 0 <@ <1. In our previous work 8 we found » =0.95 fits the

thickness profile in our experiments. The self-similarity of the solution indicates that

F(0,t) =Dt f (6). (6)

A

The dimensionless function f (&) can be computed using equation (4) and by setting « =0.95. f is plotted for
two wedge angles 8, =7 /2 and §,=3x/2 in Fig. 3. The first case corresponds to corner B while the second

case corresponds to corner C in Fig. 2(a). It is interesting to note that, for small values of r® /4Dt that is, near

the wedge tip or for long times, the leading term behavior of ¢ at B and C, defined as ¢, and c. (see the

Supplementary Material), are

2
2 ht
: r/3 3
C—le—gsin(w)[ r } , C—Czl—ism(z—ej ( ){ ' } , (7a,b)
C n 2Dt | " ¢ 37 3 )T(5/3)[ 2Dt
respectively. Note that for the same r and t, c; >> C_, that is, equilibrium is reached much faster at B than C, a

confirmation of our previous experimental observation.
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Fig. 3. Oxide layer thickness (solid dark line) at corner B (a) and C (b). « = 0.95 in the plot. The radial distance

r is normalized by 2+/Dt . This layer thickness is a function of ¢ and t.

The solution given by (7) is valid only near a corner. In general, it is not possible to obtain exact closed form
solutions for patterned surfaces with complex geometry such as those shown in Fig. 1(b) and Fig. 2(a). However,

for all practical purposes, one can “paste” different corner solutions to obtain an accurate description of the layer

thickness. To demonstrate this idea, let us consider a special case where an exact closed form solution is possible.

The geometry is shown in Fig. 4. A ridge occupies the region |x| <L,y<0. The ridge is taken to be infinitely

long since the thickness of the layer is much less than its length. The corners are located atx=+L, y=0. The

surfaces that are exposed to UVO are |x|<L, y=0andx=+L, y<0.

UVO treatment
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Fig. 4. An infinitely long ridge subjected to UVO treatment.

The diffusion equation is

2 2
%:D[%+%). ®)

The boundary conditions are

c(x|<L,y=0,t>0)=c,, c(x==%L,y<0,t>0)=c,, 9)
with initial condition

c(|x|<L,y<0,t=0)=0. (10)

Details of the solution are given in the Supplementary Material; the exact solution is

» (-1)" e P4
i:l—ierf Y z( ) cos(A,x), 4, = 2n+17r. (11)
C, 7 24Dt )iz (2n+1) 2L
We define the normalized quantities as
= X _ y = L = 2n+1
X=—r——, V= , L= , A, =2DtA, =—=r. 12a-d
2ot Y 24D 2./Dt 2L (122-0)

The solution (11) expressed in terms of normalized variables is
cos(4,X). (13)

Note that the solution depends on L since A, is inversely proportional to it. In the following, we choose L>1,

so that the diffusion layer is less than or equal to the typical dimensions of the surface feature. This choice is
invariably satisfied in practical situations where the thickness of the oxide layer is actually much less than the

profile dimensions.

Let us compare (13) with an approximate solution obtained by pasting three “corner” solutions. We label these
corner solutions by c,, ¢, and c, respectively. ¢, and c, correspond to the top right and left corners, respectively,
in Fig. 4. ¢, and c, are essentially the same corner solutions except for the orientation of the corner. c, is the
straight “corner” solution 8, =z or half space solution given by (5). For the coordinate system in Fig. 4, c,, c,

and c, are
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- —2k+1 r 2]

C, 4 & (2k)! i r -r 2

e R B 4k +2)6 M| 2k+14k+3,— |, r =/(L- 2, 14

- ﬂkz_(;(4k+2)!sm(( +2) )_Zx/ﬁ_ _ +1,4k + Dt r=y(L-x)+y (14a)
¢, . 4& (K o T —r? | 7

& 4 K +2)0 M| 2k+14k+3 —— | r =L , 14

. ﬂ§(4k+2)!sm(( +2) )_ZJD_t_ _ +1,4k + Dt r ={(L+x)" +y (14b)
c, vl

=2 —erfc ldc
v -

Fig. 5 compares the exact solution given by (13) with the approximate solution ¢ =c, + ¢, —c, obtained by pasting

with different L . The pasted solution achieved through corner solutions closely approximates the exact solution

given by (13). It is important to note that this approximation is valid only when the thickness of the oxide layer

is smaller than the typical dimensions of the surface features, i.e., when L >2/Dt .

(a) oo (b) oo
. —— Equation (13) L=1.0
— Equation (14)
-0.2 -0.21
-0.4 -4
> >
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T 2
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Fig. 5. Comparison of the exact solution (black lines, equation (13)) and the approximate solution (red lines,

equation (14)). () L =5 and (b) L =1.

Next, we apply this pasting procedure to determine the approximate oxide layer evolution for the periodic cell
geometry shown in Fig. 2(a). This solution is obtained by simply adding the corner solutions of a wedge with 90
degrees angle and 270 degrees angle and subtracting the common concentration on the vertical line joining B and
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C. For this case, we require min[L,h]>2+Dt. This result is shown in Fig. 6. In the plot, we use h/+/Dt =8

and assume L >>h.

B - Equation (14) |

0.5 1.0 1.5 2.0

Fig. 6. Concentration contour (equation (14)) of the oxide layer evolution for the periodic ridge-channel structure.

3. Summary and Discussion

Many patterned surfaces on cross-linked PDMS have sharp corners. We present evidence that the oxide layers
on such PDMS surfaces that are UVO treated can have non-uniform thickness. We present a simple analytic
model which allows us to determine the evolution of this corner layer. These corner solutions can be patched
together to model the oxide thickness distribution of some simple surface patterns. The analytic solution
presented here is valid for the duration of UV ozone treatment which usually last for a few minutes to half an

hour.

Because the oxide layer is much stiffer than the PDMS, the thickness of the oxidized surface is an important
factor in controlling the shape of the patterned surface after UVO treatment, especially for patterns with sharp
corners. This change in shape after UVO treatment can have significant effect on the mechanical integrity of
some devices. For example, micro-channels in micro-fluidic devices are often constructed by bonding two
identical PDMS UVO treated surfaces such as those shown in Fig. 1(b). The oxidized layers on the PDMS
surfaces provide good adhesion if contact is conformal. On the other hand, contact is not conformal due to the
curvature of the oxide layer. In particular, the corner at B is a region of high stress concentration since the oxide

layer is much thicker there.
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There are some limitations of our theory. Our solution is valid if the oxidized layer is much smaller than the
typical dimensions of the surface feature. Assuming this condition is satisfied, our analysis is valid for all sample
height or periodicity. However, when the UVO duration is sufficiently large such that the formed oxidized layer
size becomes comparable to or larger than the surface dimensions, our theory breaks down. Further, our solution
assumes a constant diffusivity. When the UVO duration is long, the previously formed oxidized layer would act
as a protective barrier restricting the surface mobility and hindering the diffusion of reactive species deeper into

the PDMS network. In such cases, our theory is no longer valid.

The analytical results presented here can be adapted to model moisture diffusion in electronic packaging. In
electronic packaging, a thin layer of polymer is typically molded on top of a patterned silicon wafer, which can
absorb moisture during processing. The expansion of moisture inside the polymer layer during thermal cycling
can cause premature failure of the package. To prevent such failures, it is necessary to remove the moisture by
baking, and the time needed for removal depends on the diffusion of moisture from the polymer.
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