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INTRODUCTION

The relationship between the nature and spatial
distribution of fundamental interracial interactions
and fracture stress / fracture toughness of a glassy
adhesive-inorganic solid joint is not understood. This
relationship is important from the standpoint of
designing interracial chemistry sufficient to provide
the level of mechanical strength required for a
particular application. In addition, it is also important
for understanding the effects of surface
contamination. Different types of contamination, or
different levels of contamination, likely impact joint
strength in different ways. Furthermore, the
relationship is also important from the standpoint of
aging. If interracial chemical bonds scission over
time due to the presence of a contaminant such as
water, or exposure to UV. etc , the relationship
between joint strength/fracture toughness and
interface strength is important for predicting
reliability with time. A fundamental understanding of
the relationship between joint strength and
fundamental interracial interactions will give insight
into these issues.

We address this subject with a model
experimental system involving an epoxy adhesive on
a polished silicon wafer substrate containing its native
oxide. The interracial interactions are varied
continuously via two methods: applying self-
assembling monolayer (SAMS) of
octadecyltrichlorosilane (ODTS) at variable coverage,
and applying mixed monolayer of
dodecytrichlorosilane (DDTS) and l-bromo- 11-
undecyltrichlorosilane (BrUTS) at variable
composition. The epoxy interacts strongly with the
bare silicon oxide surface and with the bromine on
BrUTS, but interacts only through weak dispersion
interactions with the methylated tails of the ODTS
and DDTS molecules. We examine the fracture
behavior of such joints as a function of the degree of
coverage of ODTS in the one case, and the fraction of
BrUTS and DDTS in fully dense mixed monolayer

in the other case. Fracture studies have been
conducted using both napkin-ring and double
cantilevered beam test geometries, but only the
former will be discussed here.

EXPERIMENTAL

Materials. Research grade EPON 828 epoxy resin
was obtained from Shell Chemical Co. The resin was
cured with an aliphatic polyethertriamine (T403,
Huntsman Chemical). Both resin and crosslinker
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=mwere used as received. The silicon wafers used as

substrates were polished 2-inch diameter sing Q~g

crystals (I 11) obtained from Semiconduct
YProcessing Co. ODTS (Acres), DDTS (Gelest) an

BrUTS (Gelest) were used as received.
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Procedures. As mentioned above, two methods to w
vary the interracial interactions between the epoxy
adhesive and the silicon substrate were used. For the
first method (variable coverage of ODTS), the wafers
were cleaned in a UV-ozone chamber and then
submerged in a hexadecane I carbon tetrachloride
solution containing ODTS. The coverage of ODTS
was varied by controlling the time of exposure to the
solution. The SAM-coated wafers were sonicated in
toluene to remove nonbonded material, and then
dried. For the second method (mixed monolayer with
varying composition), the wafers were cleaned in a
W-ozone chamber and then submerged for 5 hrs in a
60 ‘C hexadecane solution containing a mixture of
BrUTS and DDTS at the desired proportions.

Water contact angle measurements were made
with an Advanced Surface Technology 2500 Video
Contact Angle System. AFM images were obtained
using a Park Scientific Autoprobe LF in either
noncontact or lateral force tapping mode.

The majokty of the fracture tests were performed
with’ steel rings having an I.D. of 20.98 mm and an
O.D. of 23.19 mm (&O.03mm). One set of tests was
performed using rings with ‘an I.D. of 10.43 mm and
an O.D. of 12.21 mm. To remove machine oil, the
rings were sonicated in an acetone bath for 30 min.
The rings were then sandblasted to roughen the
surface and soaked in isopropyl alcohol. After
cleaning, the sandblasted rings were coated with
Al 100 coupling agent solution: 250 ml DI Water,
0.20 ml Formic Acid 94%, and 1.25 ml Al 100. The
solution was stirred for 10 minutes prior to
application. The rings were dip-coated and then
heated for one hour at 90”C.



1.4 Compute crystal properties

The function Ref. Ind. can be used to compute refractive indices, group velocities, group velocity dispersions, and
birefringent walk off for a given propagation angle, temperature, and wavelength. This is useful if you want to make your
own calculations of phase matching, group velocity matching, etc.

3. NONLINEAR MIXING MODELS

HOW do I:

2.1 Model single-pass mixing

The fitnctions with ‘mix’ in their title are for single pass mixing, as opposed to mixing in an optical cavity. The fictions
with the ‘PW prefm model plane-wave mixing, those with the ‘2D’ prefix include Gaussian spatial profiles with diffraction
and birefi-ingent walk off. The functions with suffii ‘LP’ ignore group velocity effects and can be used for ns and longer
pulses or for cw beams. Functions with suff~ ‘SP’ incorporate group velocity effects and are useful for ps and fs pulses.
Suffix ‘BB’ indicates that the pulses are long but broad band so there is temporal structure on a time scale short enough to
require inclusion of group velocity effects. The function Focus is included to help decide the wavefkont curvature at the
crystal entrance face. Generally for mixing low power beams you want to focus into the crystal with a confocal length
comparable to the crystal length. The models of SNLO are based on split-step propagation methods. They are state-of-the-
art in technique, and are all-numerical to cover the widest possible range of applications. I have carefully validated them
against analytical expressions and against each other.

2.2 Model mixing in a cavity (OPO, frequency doubling, etc.)

The functions with ‘OPO’ in their title are for mixing in a cavity. Note that they will model not only OPO’S but also any
mixing process in a cavity such as frequency doubling in a build-up cavity. The fitnctions with the ‘PW prefix model plane-
wave mixing with planar cavity mirrors, that with the ‘2D’ prefix includes Gaussian spatial profiles with diffraction and
birefiingent walk off and can accommodate curved cavity mirrors. The t%nctions with suffix ‘LP’ ignore group velocity
effects and can be used for ns and longer pulses or for cw beams. The function with suffix ‘SPYincorporates group velocity
effects and is intended to model synchronously-pumped OPO’S pumped by ps or fs pulses. The suffix ‘BB’ indicates that the
pulses are of long duration but have a broad bandwidth so there is temporal structure on a time scale short enough to require
inclusion of group velocity effects. Generally for mixing of low power beams you want to use a stable cavity with focusing
mirrrors. The cavity can be designed using the Cavity fiction which will also help you fmd the wavefront curvature of the
input beams at the input mirror, and the cavity round-trip phase which must be known to achieve exact resonance in the
cavity. The models of SNLO are based on split-step propagation methods. They are state-of-the-art in technique, and are all-
numerical to cover the widest possible range of applications. I have carefully validated them against analytical expressions
and against each other.

2.3 Model OPG (optical parametric generation)

The function PW-mix-BB can be used to model OPG in the plane-wave approximation. You must specifi the correct signal
and idler energies, bandwidths, and mode spacings to simulate start-up quantum noise. The mode spacing should be the
inverse of the signal/idler pulse length. For example, if you have a 1 ps pump pulse, you could use 5 ps signal and idler
pulses (to allow for temporal walk of~ and a signal/idler mode spacing of 100 GHz. The bandwidth should be set to several
times the OPO acceptance bandwidth, and the pulse energy of the signal and idler should be set so there is one photon per
mode, ie energy = hvxbandwidth+-(mode spacing). Because the gain is very high for OPG, the number of z integration steps
must be quite large. I suggest you start with 100 steps and double it until the results converge. Each run will use different
start up noise, so convergence does not mean identical results here. A good test is to look at both the irradiance and spectra
plots and make sure they are both similar to the previous run with fewer integration steps.

4. SNLO DOWNLOAD Santila is a multiprogramlaboratory_
operatedby Sandiz Corporation, a

SNLO is a fkee download at web site http: //www.sandia.gov/imrl/XWEBl 128/xxtal.httn Lockheed Martin C(’’’?~mY. ‘or ‘he
United States Depannlent of Energy
under contrac! DE-AC04-94AL85000.
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