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ABSTRACT

pressurized microchannel. One mechanism is cracking
of the Pyrex at the side of the channel, as is depicted in
fig. 1A: the total of bending and shear stress exceeds
the maximum stress the Pyrex can withstand and the
Pyrex breaks.
The second mechanism is shown in fig. 1B. If the
pressure is large enough the bonding interface will
open. Once that happens, the pressure acts on an
increased area and the interface will open further.
During this process the stress in the Pyrex will increase
until it exceeds the maximum stress at some point in the
material. Depending on the geometry, the material
properties and the bond strength involved, either the
glass wafer breaks first, due to mechanism A, or the
Pyrex wafer peels off (B). In this work, we have
focused on failure mode B. A theory relating geometry,
material properties, maximum pressure and bond
strength was developed.
In this model the bond strength is characterized by the
effective bonding energy, which is defined as the
separation energy per unit apparent contact area. For
rough surfaces the effective bond energy A@ is lower
than the work of adhesion A y [ 3 ] ,because 1) the real
contact area is smaller than loo%, 2) part of the work
of adhesion is stored as elastic deformation energy
needed to compress the higher asperities in contact. The
work of adhesion is defined as the work needed to
separate the contacting surfaces from full contact to
infinity.
By applying the energy model to bonded samples that
were annealed at different temperatures, the
dependence of the bond energy on the annealing
temperature could be investigated.

Microchannels were created by fusion bonding of a
Pyrex and a thermally oxidized silicon wafer. The
maximum pressure which can be applied to these
channels was investigated. In order to find the relation
between this maximum pressure, channel geometry,
materials elasticity and bond energy an energy model
was developed. It was shown that the model is
substantiated by the pressure data, from which it could
be calculated that the effective bond energy increased
from 0.018 J/m2 to 0.19 J/m2 for an annealing
temperature ranging from 3 10°C to 47OoC.

INTRODUCTION
High pressure microchannels can be useful for a
number of applications, for instance high pressure
separation techniques [I]. Of course, the maximum
pressure such channels can withstand is an important
parameter. Because microchannels often are fabricated
using bonding of two wafers [1,2] the maximum
pressure is directly related to the failure of either the
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THEORY: ENERGY DESCRIPTION
Figure 1: Channel failure mechanisms. With
mechanism A only the Pyrex breaks,
mechanism B implies that first the bond
interface opens before the Pyrex cracks.

The theory relating channel pressure, geometry,
material properties and bond energy requires an energy
balance. The total (free) energy for the situation of
interest equals the sum of the elastic deformation
energy, the surface energy and the hydraulic energy of
the pressure source:

bond or of one of the wafers. In this case we consider a
microchannel fabricated by bonding of a silicon and a
Pyrex wafer. As Pyrex is by far the weakest material of
the two, there are two failure mechanisms for a
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With the moment of inertia I = 'Il2 L t3, where t is the
thickness of the Pyrex wafer, it follows that:

128 Et3
15 b3
Surface energy per unit channel length
Figure 2: Channel geometry. The distance
across which the Pyrex is deflected b is related
to the detachment length x and the actual
channel width w as b = 2x + w.Also shown are
the channel center deflection y , the pressure p
and the distance across the channel from one
detached side called z.

The energy per unit channel length needed to open the
bonding interface by a distance x (on both sides) is
given by the effective bond energy AB multiplied with
the exposed area 2x:

In this expression AV is the volume change due to
deflection of the Pyrex wafer, p is the applied pressure,
x is the detachment length and y the channel center
deflection (fig. 2 ) . A stable equilibrium is obtained for a
minimum in the total energy for variation of x and y ,
which gives the situation we want to describe.

Hydraulic energy per unit channel length
The volume change determining the hydraulic energy
can be calculated by integrating expression (4) along
the beam and multiplying with the channel length L.
The hydraulic energy per unit channel length is then:

Elastic deformation energy per unit channel length

(7)

We start the calculation of the bending energy of the
Pyrex by considering the cross-section of the channel as
a beam that is rigidly clamped on both sides, and loaded
with a uniform pressure p (fig. 2).
For a beam of length b, modulus of elasticity E and
moment of inertia I, the elastic deformation energy per
unit channel length L is given by [ 5 ] :

Total energy
For a stable situation, expression (1) for the total energy
U,,, (x, y ) should be minimized for variation of x and y .
For y this means:

giving an expression for the channel center deflection y
as a function of geometry, material constants and the
pressure.

in which v(z) is the deflection of the beam at a position
z along the beam and b the distance across which the

0,

Pyrex is deflected (fig. 2). The deformation v(z) of a
beam rigidly clamped on both sides and loaded with
uniform pressure p' = p x beam width is given by [ 5 ] :

v ( z )=

'

p' z ( b - z)'
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We have to express this in the internal variable y . This
can be done by identifying that the maximum deflection
vmax = y occurs at z=%b. Thus v(z) can be written as a
function of y:
16yz'

v ( z ) = -(b2- 2bz + z')
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Figure 3: The total energy as a function of the
detachment length. It is clear that for pressures
below 11 bar a local equilibrium exists because
x > 0. For higher pressures, no equilibrium exists,
therefore x must increase and the bond opens.

(4)
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The result corresponds to ref. [ 5 ] . Substituting this in
the expression for the total energy gives Utot (x). The
resulting total energy Utot (x) as a function of the
detachment length x (fig. 2) is shown in fig. 3 for
different pressures.
Initially, x = 0 (refer to fig. 3). For a relatively low
pressure p = 9 bar, a local energy minimum is obtained
at x = 0, because the function is bound by the condition
that x 2 0. At p = 11 bar, the situation is on the verge of
becoming unstable. For a further increase in the
pressure no minimum in the total energy can be found.
This results in an increase of x, implying that the bond
interface is opened.
From fig. 3 it can be concluded, that the point where the
interface starts to open can be described by x = 0 and:

Figure 4: Channel cross-section. The silicon is
patterned using KOH-etching leaving an
anisotropic etch profile.
for 2 hours at different temperatures: 316'C, 363'C,
425'C and 470'C. The annealing temperature is limited
for practical reasons by the strain point of the Pyrex
'
according to the manufacturer's
which is 5 1OC
(Coming) specification.
The channel height, given by the KOH etch depth is
designed for the use of common capillaries with an
outer diameter ranging from 260 pm to 300 pm. This
gives a channel cross-section as shown in fig. 4.
The channel ends are adapted for use of the same
capillaries as mentioned above. Therefore they are 560
pm wide, for a 6 mm distance on both sides (fig. 5). On
a 4" wafer only 5 channels were created in order to
leave sufficient bonding area. The channel widths are
560, 750, 1000, 1500, 2000 pm. The channels are
linked by a thin (20 pm wide) channel to the outer
world. This is done in order the release the pressure that
would build up in the otherwise closed channels. The
resulting mask structure is shown in fig. 5.
By sawing along the thin channel, the channels are
opened. Before testing capillaries were glued into both
channel ends, using epoxy glue cured at 100'C.

Combining expressions (8) and (9) for x = 0 gives the
requested pressure behaviour as a hnction of geometry,
material parameters and effective bond energy:

2048Et3Ay, 1
p=J
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in which w is the actual channel width (fig. 2). Thus,
according to this model the critical pressure increases
In a plot of the maximum pressures
linearly with I / d.
against the reciprocal of the squared channel width, the
effective bond energy can be extracted from the
tangent. For individual measurements the expression
above can be rewritten for the effective bond energy as
a function of channel width and pressure:
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FABRICATION OF THE TEST STRUCTURES
Principally, the channels were etched into a 4" silicon
wafer and closed by bonding a 3" Pyrex wafer on top.
At first, a 160 nm low-stress silicon nitride layer was
deposited on a 4" (100) silicon wafer and patterned with
Reactive Ion Etching using a CHFJO, mixture.
Subsequently, the wafers were etched in a 25 wt %
KOH solution at 75OC for 302 minutes, giving an etch
depth of approximately 310 pm. After cleaning and
stripping the nitride mask layer, a 1 pm wet silicon
oxide layer was thermally grown at 1150'C.
The Pyrex wafer was polished for 5 minutes using a
SemiSpur 25 polishing solution. After cleaning both the
silicon and the Pyrex wafer, they were contacted and a
prebond was formed. Four wafer pairs were annealed

Figure 5: Mask structure. Five channels having
different widths are made. The channel ends are
adapted to facilitate insertion of glass capillaries.
Prior to bonding, the glass interface was characterized
by AFM-measurements (fig. 6). This gives the
possibility to estimate the real contact area in the
bonded area. The roughness, elastic and adhesion
parameters have been collected in table 1.
Using an elastic adhesive contact model [3,4] the
normalized real contact area as a function of the
dimensionless adhesion parameter 0 can be found (fig.
7). This model is valid only under the assumption that
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Table 1: Roughness, elastic and adhesion parameters
of the contactine surfaces.
Asperity Density
rl
4x
m-’
Asperity Radius
R
2pm
Work of Adhesion
Ay
0.1 J.m-2
SD Summit Level
(3
0.4 nm
D
1.59 x 10.” Pa-’
Compliance
RMS Roughness
urns 0.5 nm

e
Figure 7: Normalized contact area A* vs. the
adhesion parameter 13,for equilibrium with
zero applied (external) load.
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From the fabricated structure shown in fig. 4 it becomes
clear that a relatively deep channel is etched into the
silicon, leaving a thin silicon channel bottom.
Thus, beside the Pyrex, the silicon will bend during
pressurization as well. This bending will occur mainly
at the thin channel bottom, because there the bending
stiffness is approximately 15 times lower than that of
the unetched part of the silicon. The bending of the
channel bottom in itself does not alter the calculations.
However, some of the stresses caused by that bending
will be transferred along the channel walls to the point
where the channel walls and the Pyrex touch. This will
somewhat affect the pressure at which the bond opens.
Because of the thin channel bottom, it is thought that
this effect will be negligible and it will therefore be
neglected.

w

Figure 6: Cross-section of a Pyrex AFMscan, from which the adhesion parameter
can be calculated.
the deformation is elastic. From the Pyrex hardness it
can be concluded that this assumption is justified. The
normalized real contact area A* is defined by [6,7]:

With A, the real and A, the apparent contact area. Using
the measured parameters, A*=30 corresponds to full
contact. The adhesion parameter is defined by [8]:

Measurement setup
For the pressure measurements a Spectroflow 400
solvent delivery system (Kratos, Germany) with a
pressure range from 0 to 400 bar and a flow rate from 0
to 4.99 d m i n was used. The pump was equipped with
a Bourbon pressure gauge with electro-optical
converter and a 3 digit display in bar.
Providing a flow to a high resistance fluid recirculation
loop resulted in a pressure drop. Splitting the loop at the
high pressure side created a static pressurized liquid
source. The flow resistance consisted of fused silica
capillaries (75 pm ID, 55 cm long and 100 pm ID, 32
cm long). The pressure was varied by changing the
flow rate in the loop. Static pressure to the chip was
applied by connecting the capillaries that were glued on
both sides of the channel to the high pressure split from
the source.

After pre-bonding the work of adhesion is expected to
be 0.1 J/m2 [9]. Assuming that the silicon wafer is
perfectly smooth, and taking the parameters from table
1, it can be calculated that the adhesion parameter
equals 3.6 and the relative real contact area A, / A, is
12%. The consequence is that the effective bond energy
will be lower than the work of adhesion, both due to the
incomplete contact and the elastic deformation of
contacting asperities. Based on the elastic contact
model [3,4] an effective bond energy of 0.009 J/mz is
calculated for an work of adhesion of 0.1 J/m2.
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Figure 9: Maximum pressures for different
channel widths
theory, thicker silicon wafers and more shallow
channels should be used, so that really only the Pyrex
bending is of influence. Another reason for deviations
could be a nonuniform temperature distribution during
annealing resulting in local bond strength variations.
Furthermore, it can be concluded from fig. 10 that the
slope of the pmax versus l/w2 curves depends on the
anneal temperature. Because the modulus of elasticity
and the Pyrex thickness are the same for all samples,
this is due to a difference in bond strength. This is
shown in fig. 10. The effective bond energy increases
from 0.018 J/m2 to 0.19 J/m2 with the anneal
temperature increasing from 3 10°C to 47OoC (fig. 11).
This increase in bond strength with temperature is
explained in [9,10,11] by the chemical formation of
stronger bonds during annealing.
The increase of the work of adhesion will increase the
effective bond energy for the area already in contact. It
will also lead to an increase in the effective bond
energy by growth of the real contact area.
The wafer pair annealed at 3 10°C has an effective bond
energy of about a factor two higher than the calculated
pre-bond strength. This can be explained by the fact
that the increase of bondstrengthening by hydrogen
bond formation between silanol groups has already
started at this temperature [9,10,11].
The effective bond energy at the lowest anneal
temperature is 0.018 J/m2. Using the elastic contact
model and the measured roughness parameters, this
implies a work of adhesion of 0.13 J/m2.For the highest
annealing temperature an effective bond energy of 0.19
J/m2 was found, which corresponds to a work of
adhesion of 0.44 J/m2.
This is in agreement with the adhesion energies given
for hydrophilic-hydrophilic wafer pairs in [lo].

Figure 8: Interface after pressure test (top view). It
is clear that there is some distance between the
onset of the crack and the channel edge. Thus the
interface must have opened.

Measurement procedure
For each channel the pressure was increased in steps
that depended on the expected maximum pressure. For
pressures that were expected from theory to lie below
15 bars, the pressure was increased by 1 bar; above, the
step size was 2 bars. After each step the pressure was
allowed to stabilize.
Essential for the comparison of measurements and
theory is that failure of the channel occurs according to
mechanism B. Thus the bond interface should crack
before the glass breaks, as shown in fig. 1B. It turned
out that for all measurements mechanism B was indeed
the leading mechanism. In fig. 8 this becomes clear
because the crack in the Pyrex starts at a certain
distance from the channel edge. Evidence for the fact
that the interface indeed was opened was given by fluid
flowing out of the glass crack. Consequently, the
developed theory can be applied to the measurements.

RESULTS
The results of the pressure tests are shown in fig. 9.
Several conclusions can be drawn. First, the collapse
pressure is smallest (9 bars) for the widest channel (2.0
mm). Secondly, the pressure increases for smaller
channels. A graph (fig. 10) relating the maximum
pressures and the reciprocal of the channel width
squared shows that the predicted linear dependence of
the maximum pressure on 1/w2 is correct, especially for
lower pressures.
Deviations from the theory can be due to extra stresses
in the silicon, as mentioned earlier. These, of course,
will be more prominent at higher pressures, which
could explain the deviations observed for such
conditions in fig. 9. Thus, for a better evaluation of the

CONCLUSIONS
For pressurized microchannels, the relation between
maximum pressure, channel geometry, materials
elasticity and bond energy was investigated. An energy
model was developed, which is substantiated by the
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Figure 10: Maximum pressure vs. l/wz. It can be concluded that the predicted
linear dependence of the maximum pressures on the reciprocal of the channel
width squared is correct.
measured yield pressures. The predicted linear
dependence of the maximum pressures on the
reciprocal of the channel width squared is correct. This
gives a possibility to calculate the effective bond energy
for fusion bonding of Pyrex to oxidized silicon. The
effective bond energy increases from 0.018 J/mz to 0.19
J/m2 for an annealing temperature increasing from
31OoC to 47OoC. Corrected for the influence of surface
roughness this implies that the work of adhesion
increases from 0.13 J/mz to 0.44 J/mz.
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