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Surface-Force-Induced Nonelastic
Deformations Between Micrometer Size
Glass Particles and Silicon Substrates*
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L. P. DEMEJO and D. S. RIMAI
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Glass beads having radii between 3 pm to 25 um were gently deposited onto a polished silicon wafer, and the
surface-force-induced particle-substrate contact radii were determined using scanning electron mictoscopy.
The contact radii were found to vary as the particle radii to the 0.42 power (+ 0.14), which is consistent with
the plastic deformation model of Maugis and Pollock,'® but inconsistent with the predictions of the
elastic-response based adhesion models proposed by Johnson, Kendall, and Roberts® or Derjaguin, Muller,
and Toporov.® Estimates of the stresses due to the surface forces suggest that they exceed the tensile strength
of glass and that the observed deformations can arise from these tensile stresses.
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INTRODUCTION

The study of particle adhesion is a subject of interest to both the scientific
and manufacturing communities. The cleaning of silicon wafers for the microelec-
tronics industry, the adhesion of paint, and the deposition/removal of toner in
xerography are but a few of the technological or practical examples of particle
adhesion. Bradley!:? and Derjaguin® independently proposed that surface forces
between particles and substrates can be significant enough to cause the particle or
substrate to deform.

Derjaguin® assumed that these deformations can be described using a Hertzian
indentor model,* with the applied load arising from van der Waals interactions.
Johnson, Kendall, and Roberts (JKR)* recognized that, in addition to compressive
forces, tensile forces also contribute to the size of the deformation. Accordingly, the
contact radius, g, is related to the particle radius, R, the work of adhesion, w, and the

® Presented in part at the Seventeenth Annual Meeting of The Adhesion Society, Inc., in Orlando, Florida,
U.S.A, February 21-23, 1994. )
** Corresponding author.
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Young’s moduli and Poisson ratios of the two materials, E; and v;, by

ad= g{P + 3w,nR + [6w,nRP + (3w,nR)*]'/?} 8))
where P is the applied load and
4
K=—/r—r—— 2
B3k, + k)]
where
1—v}
=" )
In the absence of an externally applied load, Equation (1) reduces to
6w nR?
3 __ a
= O

Their work with soft gelatin and rubber spheres showed that, even with no externally
applied load, the observed deformations were larger than could be accounted for by
Derjaguin’s model. Derjaguin, Muller, and Toporov (DMT)® incorporated tensile
effects into Derjaguin’s original work. However, as discussed by Tabor,’ there are
discrepancies between the JKR and DMT models. For example, the contact radius
predicted by the DMT model is approximately half of that predicted by the JKR model.
These differences were resolved by Muller, Yushchenko, and Derjaguin (MYD).® The
DMT model was found to be more applicable to rigid, low surface energy materials,
while the JKR model was more applicable to compliant, high surface energy materials.
Both of these models assume that the deformations are elastic and predict that the
contact radius varied as the particle radius to the 2/3 power.

Krupp® was the first to propose that the surface forces could be sufficiently large to
cause plastic deformation of one or both of the contacting materials. Maugis and
Pollock (MP)!° generalized the JKR theory to include plastic deformations. According
to the MP model, the contact radius, a, is related to the yield strength of the material, Y,
and the radius of the particle, R, by

P+ 2nw,R =3na*Y (5)
In the absence of any applied load, P, Equation (5) reduces to
2w, 1z 12
=% 6
¢ (3}’) R (©)

The MP model assumes the deformations are nonelastic and predicts that the contact
radius varies as the particle radius to the 1/2 power.

Therefore, by determining the power law dependence of the contact radius on the
particle radius, it is possible to determine the nature of the deformation. Moreover, if
the mechanical properties of the materials are known, the appropriate theory can be
used to calculate properties such as the thermodynamic work of adhesion.

Scanning electron microscopy has recently been used in a number of studies to
determine the surface-force-induced contact radii for a variety of particle-substrate
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systems.!! !4 These studies typically involved gently depositing the spherical particles
onto a substrate of choice, applying a 10 nm Au/Pd coating to minimize beam-induced
space charge effects when viewed in the SEM, and examining the particle-substrate
interface at high sample tilt. The “high tilt” technique has proven very useful, but it has
limitations, particularly when the deformations are small compared with the particle
radius. In this case, when the contact areas are small, it is frequently difficult to measure
accurately the contact radii due to shadowing and other effects.

A new technique has been described!® which addresses these concerns. This tech-
nique, referred to as the Contact Area Measurement (CAM) technique, involves
evaporating a thin, uniform coating of aluminum onto a sample comprised of particles
that were gently deposited onto a substrate. The sample is examined before and after
particle removal to determine both the particle and contact radii. Where the particle
contacted the substrate, no metallization occurred, and after particle removal, this
provides a contrast mechanism that the SEM can image. The CAM technique allowed
the measurement of the contact radius of micrometer size glass beads contacting a
silicon substrate. The results of this study will now be discussed.

EXPERIMENTAL

Glass beads,'® nominally ranging from 3 um to 25 um in radius, were gently deposited
onto a polished silicon substrate by “sprinkling” the beads onto the substrate from a
height of 1 cm. As previously discussed,!! these conditions assured that minimal kinetic
energy would be imparted to the beads, thereby reducing the probability of causing the
contact areas to be larger than otherwise anticipated with no applied load.'”- *8 Prior
to coating or examination, the sample was allowed to equlibrate at ambient conditions
for 7 days. One set of samples was coated with approximately 50 nm of aluminum in an
Edwards high vacuum evaporator and examined using the CAM technique.!® During
coating, the sample was rotated slowly (1 revolution/second) while maintaining an
aluminum source-sample distance of 8 cm. The source was at a 45° angle above the
sample, which was oriented horizontally. Another set of samples was left uncoated and
was examined at high sample tilt using Low Voltage Scanning Electron Microscopy
(LVSEM).

As described earlier, conventional SEM requires that electrically- insulating samples
be coated with a thin metal layer to avoid electron beam induced charging. However, if
an SEM is operated at low accelerating voltages, typically less than 3.0 KV, the effects
of charging can be greatly reduced and nonconducting samples may be examined
without the customary metal coating.!® This technique is referred to as LVSEM.

The absence of the metal coating eliminated the need to compensate for the coating’s
finite thickness in determining the contact diameter (a significant concern when dealing
with small contacts) and also eliminated concerns about how, if at all, the coating
affects the particle-substrate interaction.

The samples were examined using a Philips 515 SEM. The samples prepared for the
CAM technique were examined at 0° tilt, 30 KV accelerating voltage, and with a 20 nm
spot. The uncoated samples prepared for high tilt examination were viewed at 88° tilt, 3
KYV accelerating voltage, and with a 10 nm spot size.
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For additional verification, samples were also submitted to an outside lab?° for
independent high tilt measurements and analysis.

DiISCUSSION AND RESULTS

Figure 1 shows SEM micrographs of the uncoated samples examined using the high tilt
technique. Figure 1A shows a nominal 40 um glass bead contacting a silicon substrate,
and Figure 1B shows a higher magnification view of the contact zone. Figure 1C shows
anominal 8 um glass bead contacting a silicon substrate, and Figure 1D shows a higher
magnification view of the contact zone. Figure 2 shows SEM micrographs of the
samples examined using the CAM technique. Figure 2A shows a nominal 8 um glass
bead on a silicon substrate and Figure 2B shows the contact zone after particle
removal. Figure 2C shows a nominal 40 um glass bead on a silicon substrate and Figure
2D shows the contact zone after particle removal. No permanent deformation of the
silicon substrate was observed. The “bulls-eye” appearance of the contact zone is a
characteristic of the CAM technique and results from the coating process. The outer
area received the most coating material and appears bright. The outer annular ring is

A

1 pm 1 pm

FIGURE 1 SEM micrographs of glass beads on silicon examined at an 88° sample tilt. Figure 1A shows a
nominal 40 pm glass bead and Figure 1B shows the contact zone examined at higher magnification. Figure
1C shows a nominal 8 uym glass bead and Figure 1D shows the contact zone examined at higher
magnification.
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C

FIGURE 2 SEM micrographs of glass beads on silicon examined before and after bead removal using the
CAM technique. Figures 2A and 2B show a nominal 8 pm bead before and after removal, respectively.
Figures 2C and 2D show a nominal 40 um bead before and after removal, respectively. The “bulls-eye”
appearance of the contact zone seen in Figures 2B and 2D is a characteristic of the CAM technique and
results from the coating process. The inner circle is the contact area.

dark because this area was shadowed from the direct influx of coating material by the
particle. The inner circle is the contact area.!® Table I summarizes the results for both
the high tilt and CAM techniques. The number of beads examined, the average particle
and contact radii and their respective standard deviations are listed for each size
category of glass bead.

TABLE I
Summary of particle radius and contact radius data collected for glass beads on silicon wafer using the high
tilt and CAM techniques. The measurements are quoted with a 95% confidence internal

Number of particles examined Average particle radius (um) Average contact radius (um)  Technique

6 2.74 (£029) 0.25 (+ 0.06) high tilt
5 425(+0.79) 0.29 (£ 0.09) high tiit
6 21.01 (£ 0.96) 0.58 (+ 0.06) high tilt
7 339 (+£0.44) 0.24 (1 0.10) CAM
1 11.66 (+0.95) 0.50 (£ 0.03) CAM

8 22.62 (£ 0.88) 0.56 (+ 0.12) CAM
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To determine the power law dependence of the contact radius on the particle radius, the
data were plotted on a log-log scale. Figures 3A and 3B are plots of log contact radius
versus log particle radius for the high tilt data and the CAM data, respectively. Linear
regression analyses indicate that the slopes, with a quoted 95% confidence interval as
determined using a Students t-test, are 0.42 1+ 0.12 for the high tilt data and 0.43 + 0.16
for the CAM data. Within the 95% confidence interval, these values agree with the MP
model'? but do not agree with the predictions of either the JXRS or DMT® models.
Moreover, the probability that the true exponent be as great as 2/3, as required by JKR
and DMT theories, was found to be less than 1% using the same statistical analysis.

Figures 4A and 4B are plots of contact radius versus particle radius to the 1/2 power
for the high tilt and CAM data, respectively. These figures show the data approximately
fit a straight line, indicating that the 1/2 relationship is reasonable. Also, the Y-
intercepts indicate that there are minimal, if any, externally applied forces contributing
to the adhesion contact. .

Glass Particles on Silicon
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FIGURE 3 Plots of log contact radius, a, versus log particle radius, R, for the high tilt data (Fig. 3A)and the
CAM data (Fig. 3B). The high tilt data has a slope 0f 0.42 (£ 0.12 with a 95% confidence interval). The CAM
data has a slope of 0.43 (1 0.15 with a 95% confidence interval).
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Glass Particles on Silicon
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FIGURE 4 Plots of contact radius, a, versus particle radius, R, to the 1/2 power, for the high tilt data
(Fig. 4A) and the CAM data (Fig. 4B). The least-squares approximately fits the data indicating that the 1/2
power relationship is reasonable.

Another approach to describe the nature of the deformation is to use the elastic and
plastic response theories to calculate the work of adhesion, w,. The first step is to
determine that if the deformation were elastic in nature, would the JKR or DMT model
better describe the deformation. Muller et al.® have shown that the appropriate regions
of each theory can be distinguished by a dimensionless parameter, p, where

2771/3
w= | T | a

3n| nE*z}

and
1 _(1——vf)+(l—v§)
E* E, E,

E,; and v, are the Young’s modulus and Poisson’s ratio, respectively, of each material
and z,, is the separation distance between the particle and substrate (typically 0.4 nm for




12:33 22 January 2011

Downl oaded At:

208 R.C. BOWEN et di.

van der Waals bonded crystals). If p < 1, the DMT model is more appropriate to
describe the deformation, whereas, if u > 1, the JKR model should be used. Substituting
reasonable values (E,. = Egi0n ®90 GPA, vy X V000 025, w,=0.1J/m?
R = 10 um)for the parameters in Equation (7) yields p & 9000. This suggests the system
is describable by the JKR model. As discussed by Tabor,’ the expression relating the
contact radii and particle radii based on the JKR model is
9nR?*w, (1 — v\

‘= ( 2 E ) ®)
For a 10 um radius particle and a 0.4 um radius contact (the average particle radius for
this study and its contact radius as determined from Figure 4) the work of adhesion
calculated according to this model is 3.5 J/m?. This is unrealistically large. If the DMT
model were appropriate, the calculated work of adhesion would be an order of
magnitude larger than that calculated from the JKR model. These results lend further
strength to the argument that the deformations cannot be elastic. Assuming the
occurrence of plastic flow, the work of adhesion can be calculated using the results of
Maugis and Pollock.!® The works of adhesion calculated from the slopes of the curves
shown in Figures 4A and 4B are 0.69J/m? and 0.55J/m?, respectively. These are in
good agreement with each other and are reasonable values for this system.

Although direct observation of the deformations to the glass beads by dislodging and
examining the contact zone would be desirable, manipulating micrometer size particles
in a controlled manner is technically very difficult.

Itis worthwhile to estimate the stresses on the particle due to the surface forces and to
determine if they are sufficiently large to cause deformations. This can be done by
assuming van der Waals type interactions. The force of the undeformed particle is

Fo=2nRw, 9)

For a 10 um radius glass particle and an average w, =0.62J/m? F,=4 x 1073 N.
However, as the size of the deformation increases, the surface forces increase until an
equilibrium condition exists. The increase in the force can be estimated using an
analysis proposed by Bowling.?! The force on the deformed particle, F, is related to F
by
Foa?
=0 1

Fo=% (10)
Substitution of the aforementioned values into Equation (10) yields an adhesion force
of 2 x 1073 N. The pressure exerted by the particle on the substrate is

Fy 2w,

P= =3 x 10° N/m? (11)

=2
na‘  z,

The compressive strength of plate glassin 2.5 x 108 N/m? and the tensile strength is
4.5 x 107"N/m2.2*> Another reference (23) indicates the tensile strength is
3.0 x 107 N/m? and that the tensile strength of glass is almost independent of composi-
tion. Although the corresponding strength for the soda lime glass particle used in this
study is not known, it is probably comparable to plate glass. The compressive strength
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of silicon is comparable to fused quartz. As can be seen, the pressure exerted by the
10 um glass bead resting on silicon exceeds both the compressive strength and tensile
strength of the glass.

CONCLUSIONS

The surface-force induced contact radii of glass beads, ranging from 3 to 25um in
radius, on a silicon substrate, were determined using scanning electron microscopy. It
was found that the contact radius varies with the particle radius to the 0.42 power
(£ 0.14 at the 95% confidence interval). This result is not consistent with the predic-
tions of elastic response theories proposed by Johnson, Kendall, Roberts,* and
Derjaguin, Muller, Toporov,® but is consistent with the predictions of the plastic
response theory of Maugis and Pollock.? Further evidence suggesting the occurrence
of plastic deformations is given by the works of adhesion calculated from these theories.
Assuming plastic response, the average work of adhesion was calculated to be
0.62J/m?, which is reasonable. Alternatively, the works of adhesion calculated using
the JKR and DMT models are 3.5J/m? and 20.4J/m?, respectively. These values are
unrealistically large. It is proposed that the observed plastic response results from the
surface forces being sufficiently large to exceed the tensile and compressive strength of
glass, and this induces plastic flow of the glass bead.
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