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SURFACE PROPERTLY MODIFICATION OF SILICON
by
Steven Danyluk
Department of Civil Engineering, Mechanics and Metallurgy

University of Illinois at Chicago
Chicago, Illinois 60680

ABSTRACT

This progress report summarizes the work carried out at the University of
Illinois at Chicago in the period of September 1, 1981 - December 31, 1983 for
the Jet Propulsion Laboratory Flat-Plate Solar Array Project under Contract
No. 956053. The main emphasis of this work has been to détermine the wear
rﬁte of silicon in fluid environments and the parameters that influence wear.
Three tests were carried out on single crystal Czochralski silicon wafers:
circular and lineag imltiple—scratch tests in fluids by a pyramidal diamond
simulated fixed-particle abrasion; microhardness and three-point bend te;ts
were used to determine the hardmess and fracture toughness of abraded silicon
and the extent of damage induced by abrasion.

The wear rate of (100) and (111) n and p-type single crystal Cz silicon
abraded by a pyramidal diamond in ethanol, methanol, acetone and de—ionized
water was determined by measuring the cross—sectional areas of grooves of the
circular and linear multiple-scratch tests. The wear rate depends on the
loads on the diamond and is highe'st for ethanol and lowest for de;ionized
water. The surface morphology of the grooves showed lateral and median cracks
as well as a plastically deformed region. The hardness and fracture toughness
are critical parameteré that influence the wear rate. Microhardness tests
were conducted to determine the hardnessAas influenced by fluids. Median
cracks and the damage zone surrounding the indentations were also related to

the fluid properties. A measure of the crack lengths emanating from the



indents showéd that at 1loads representative of abrasion, a dislocation
mechanism should be used to acéount for the damage zone.

Three—point bend tests were performed on single crystal Cz silicon that
~contained a8 single linear groove formed in the presence of a tluid. The
fracture strength was ralated to the groove radius which in turn was related
to the fluid unsed to form the groove and, the mirror radius of the fracture
surface. The measurement was used to determine the fracture toughness of the
abraded silicon and the damage zone resulting from the abrasion. The fracture
toughness for silicon abraded in ethanol, acetone and air.is 0.72, 0.81 and
1;78 MN/m3/2 respectively. |

The mechanism by which the fluids influence wear is still not completely
understood. Fluids apparently influence crack initiation and propagation and,

dislocation formation and mobility.
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Summary

The objective of this experimental program was to study the wear of
silicon and to determine the influence of water—based fluids and n-alcohols-
commonly used in abrasive cutting-on wear. Fixed particle abrasion in fluids
was simnlated by an inverted pin—on-disk apparatus in which a single crystsal
pyramidal diamond was dead-weighted and positional above a rotating single
crystal Cz silicon wafer so that a-circuiar multi-scratch groove is made in
the presence of a tluid. The cross—sectional area at the (110) cleavage
planes of the abraded groove was examined in a scanning electron microscope.
For given experimental conditions, the size of the groove area and the
morphology of the abraded surface may be used to evaluate the influence .of
fluids on wear. The abraded surfaces contain & damage zome, consisting of
lateral and median cracks and, a plastically deformed region. Both
participate in the wear process and their influence is reflected in the
hardness and fracture toughness patameters.in wear models. As expected, the
wear rate depends on the load on the diamond - the wear rate increases as the
load increases - but fluids also have a dramatic effect on wear. The wear
rate in ethanol is three times that in de-ionized water if all other
experimental variables are constant. |

A microhardness test (Vickers) was conducted on single crystal Cz silicon
used in the multi-scratch abrasion tests. Many fluids could be used in this
relatively simple test and we have determined the hardness of (100) and (111)
n and p-type silicon in a variety if mn-alcohols and in deionized water
containing dissolved inorganic salts NaCl,NaBr,Nal,CaCl, and FeClj. Hardness
values in the n-alcohols were used in wear models that describe the abrﬁsion
of brittle materials due to scratching indenters. The inorganic salts
dissolved in de-ionized water were used to determine the influence of amnion

radius and cation valence on hardness. Cracks that emanate from the apexes of



the pyramidal indents were also measured and used to compare to models of
fracture of brittle materials. The. Vickers hardness may vary by 30%
depending on the n—alcéhol, being smallest for ethanol and largest for
deionized ;ater. The median crack length depends on the ion size and charge
of the salt dissolved in the de-ionized water. At loads <0.14N, crack
lengths are much smaller than predicted by currently accepted theories of
fracture of brittle materials.

A three-point bend test (ASTM D 790) of a single crystal Cz silicon
rectanguiar plate containing a multi-scratch groove formed in either ethanol,
acetone or air was used to deduce the fracture toughness. The te;t localized
Athe fractn;e‘on the (110) cleavage plane and, the groove area and mirror
radius were measured in the SEM. The fracture toughnesses for ethanol,
acetone and air are: 0.72, 0.81 and 1.78 MN/ms/2 respectively. These values
are the result of the type of damage sustained in the linear multi-scratch
test.

The results presented in this report support the current models of
abrasive wear of brittle materials., In addition, these results underscore the
importance of hardness and fracture toughness as parameters in predicting
wear. The results may also be used to verify that plasticity does indeed take

place beneath indenters at room temperature.
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1. INTRODUCTION

Abrasive cutting and polishing are used extensively in the processing of
glasses, ceramics and seﬁiconﬁuctors. Both are similar deformation processes
by which a substrate is plastically deformed and cracked by the rubbing or
sliding of a hard particle, usually in the presemce of a fluid, across the
surface. The abrasive particle sizes and forces determine the width and depth
of a scratch and ultimately the efficiency of cutting and, the smoothﬂess and
daﬁage zone beneath the polished surface.

Glass used for optical windows and poly- and single crystalline ceramics
used as substrates for semiconductor switching circuits are routinely cut and
polished [1]. In the semiconductor industry, lerge-scale integrated circuits
that use silicon as a substrate, are produced from doped and oriemnted sipgle
crystal boules that are sliced into wafers which are subsequently lapped and
polished by diamond and A1203 abrasives [2]. VWafering and polishing are labor
‘intensive and, when improperly carried out, can result in optical windows that
have poor reflectivity or semiconductors devices that have high electron—hole
recombination centers due mainly to the damaged surface r2gion. In addition,
the surface cracks may lead to unexpected brittle failures [3].

Abrasive cutting and polishing are particularly important process steps
for the photovoltaic industry where, in order to compete as cost effective
energy sources, solar cells must be inexpensive to manufacture, have a high
efficiency and a lomng predictgble service life. Solar cells utilizing silicon
are fabricated on thin flat silicon sheet that is produced by cutting wafers .
from a single or polycrystalline boule or by growing thin sheet directly from
the melt. in wafering, SiC or diamond particles are embedded in circular or
blade saws that slide across the silicon surface. Microchips of silicon are
formed and carried away by a slurry composed of carrier fluid and wear debris.

These chips represent lost material which may be reclaimed but this represents
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additional cost in solar cell production. A damage zome is introduced inmto
the cut surface and must be removed or the efficiency of the cell will be
reduced. Furthermore, wafering may introduce microcracks which may act as
failure initiation sites and decrease to overall 1life of the cell. The
silicon materials costs and the manufacture of silicon into sheet represents

30% of the cost of the solar cell. Thérefore, even a small improvement in

'the efficiency of wafering or polishing can represent a large cost saving in

solar cell processing.

We report here the results of a research effort on the microscopic
mechanisms of abrasion of silicon: the rate of cﬁtting. damage on the cut
surface and the influence of forces and fluids on these processes. The
objectives of this study are to simulate in a8 laboratory experiment currently
used silicon wafering techniques and determine the wear rate of silicon in
candidate tluids. Single crystal (100) and (111) n- and p-type Cz silicon
wafers were abraded by & 136° pyramidal diamond at a velocity of 3 ém/s.
The wear rates are compared to models of abrasion of nonmetals. The Vickers
hardness in fluids and three-point bend tests of a silicon wafer containing a
linear sérat?h were carried ont from which the hardness and fracture toughness
were obtained,

The results are presented in three sections:

1. The wear rate of silicon in common laboratory solvents ethanol, acetone,
methanol was determined and compired with the wear rate in de-iomnized
water. Two models oanbrasion were compared to the experimental data.

2. Indéntation of silicon in malcohols and de-ionized water containing
inorganic salts was carried out. The hardness, size of the damage zone
and median crack length as a tunction of the fluid properties was
measured.

3. The fracture strength of silicon after sbrasion in fluids was determined.
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These results are used to determine the fracture toughness and the depth

of damage beneath the abrasion grooves.

2. BACKGROUND
2.1 Description of Wafering

Silicon is sliced into sheet or wafers by one of three methods: (a) inner
diameter wafering, (b) multi-balde wafering using a slurry and (c) multi-wire
wafering using a tixed abrasive and/or a slurry. A schematic of thes& fﬁree
processes is shown in Fig. 1. These methods rely on abrasive wear for cutting
by the rubbing of diamond or SiC impregnated wires, blades and wheels. The
abrasive may be bonded or loose in which case water or an oil-based fluid is
used as & carrier.

The abrasives slide across the surface and form a groove as the silicon
is ;émoved in the form of microchips. The groove width, celled & kerf,
depends on the string or blade thickness and the damage pechanism of tkhe
silicon. If the abrasive particles are loose, then they may move relative to
one another and possibly rotate while sli&ing across the wearing surface. As
wear proceeds, a damage zonme which consists of cracks and a plastically
deformed region is generated and propagated into the surrounding surfaces
beyond the immediate contact area.

The deformation patterns of the scratched surfaces include chevron marks
and cracks [4]. Subsequent passes cause crack branching, the cracks propagate
further and the material is removed in thg form of microchips. Chevron marks
can guide the cracks out of the sliding direction and into preferred cleavage
planes., The crack length may be large since cleavage stresses are low and the
surface region that is affected will extend into the silicon surface. This
damaged region must be removed since it can reduce efficiency of electronic

circuits and be the cause of fracture. Figure 2 shows a schematic of the
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string wafering technique. The fixed abrasives (diamond or SiC) rub against
the silicon and genmerate a damage zone on both surfaces of the wafer. The
wear rate, damage zone depth and kerf width depend on a number of experimental
variables: force on the string, size, density and geometry of the abrasive,
fluid ﬁnd speed of the string. A minimum in kerf is desireable since the kerf
volume represents lost material which will increase the cost of solar cell
processing. A fast abrasion rate is required beceuse this reduces processing
time and, a minimum in surface damage is required since the removed of this
region will lengthen any subsequent processing. The mechanical or chemical
polis_hing of 'the wvafer after cuttihg represents further loss of silicon. In
addition, the damage zone must be removed since this zome is a high defect
region which will reduce the efficiency of the cell.

The mechanism of abrasion is one in which the initial scratch generates
median and lateral cracks and possibly a damage zome. Subsequent scratches
propagate the damage zome into the.wafer. Models based on this mechanism have
been used to describe the abrasion and wear of brittle materials. These
models take 1into account the cracks and plastic zone generated beneath
scratches made by hard abrasive particles but, in general, have no provision
to consider the influence of envirommental conditions on material removal
rates. In addition, the models have been applied principally to the abrasive
wear of amorphous materials and where loads on the abrasive partic1e§ are
high. These models do not account for the variation of hardness or fracture

toughness with environmental conditions.

2.2 Stresses in Static and Moving Contacting Solids
The abrasion of silicon in wafering is amnalogous to the sliding of an
indenter on a solid surface. Assuming that the indenter geometry remains

unchanged in this process, the stresses that are generated may be sufficient
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to cause either plastic deformation or fracture. A starting point for an
abrasion model should be =& dcgermination of the stresses imposed by the
contact of two solid bodies. The studies of stresses that result from the
_contact of solids data back to Hertz [5] who developed the relationships
between contact stresses, frgctnre conditions and geometries of two contacting
solids. Hertz found that the static. contact between a spherical indenter of
within

radius ‘r’ and a flate specimen results in a maximum tensile stress o

the area contact ’'a’ such that

o = (1 - 2v) P/m?

where

»o
]

4
3 3 £Pr/E
and

9
= 15 [(1-) + (1~ v2) (B/E")]

(22
|

Qhere P is the normal load on the indenter, E and E'’ are the Young's
moduli of the specimen and indenter, respect‘ively, and v and v! are the
corresponding values of the Poisson ratios.

When this stress reaches a value of Pc' a ring crack initiates close to
the circle of contact. It had also been found empirically [6] that P, s
'proportional to r. These early analyses have been used to describe an
indentation test where a hl-u'd solid of a given geometry is indented into a
flat specimen and the indentation geometry is a refelction of the mechanical
properties of the specimen [7]. The stress distribution bemeath standard
geometries or indenters—-Vickers, Knoop and spherical ball—can be obtained
from the Hertz analysis. Figure 3 shows the results of a ca}cnlation of the
stresses generated in an indentation test and the contours of the principle

normal stresses in the plane containing the contact axis as obtained by Frank
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and Lawn [8], This figure shows the distribution of the three principal
stresses %1+ %22 and o34 beneath the indenter. The stresses were calculated
in terms of the mean pressure P/ra? with v = 0.3. Tke stress distribution
will change with the geometry of the indenter.

This analysis has been extended by a number of workers most notably Lawn

[9] who showed that for an amorphous material such as glass, the length of the

ring crack is directly related to the load as

P/c3/2 = constant

For diamond cubic materials, Lawn [10] found that the condition for crack
growth will depend on the crystal symmetry.

The stresses outside the contact ares vary [11] as

oy = m 82/1"2

where o, is the maximum Hertz stress defined above and a and r’ are the
contact area and radial distance away from the point of contact, respectively.
in addition to the come cracks which relieve the stresses, residual stresses
are also developed beneath indenters [12].

The residual stresses in metals result from generation of dislocationms
and fhe formation of dislocation tangles whose strain fields extend beyond the
contact zonme. In the case of ceramics, semiconductors and glasses,
microcracks and twins.are generated and plastic flow is suppressed. |

The stress imposed as a result of moving spherical indenters have also
been carried out [13,14]. When an indenter slides over a surface, frictional

stresses increase the tensile stress at the rear of the contact. For a

spherical indenter, the radial stress is modified to [14]



PAGE 13

1-2v
= P(1+A .
oy by ( w)

where r is the radius of the indenter, P is the normal force, u is the

coefficient of friction and

_ 3 (4+v)
T 8(1-2v)

Taking p= 0.1 as a typical value for diamond in air and v= 0.2, the factor
(1 + Ap) equals 1.8, i.e., the effect of sliding approximately doubles the
stress caused by static contact. In vacumm, px= 1 so that the stresses are
multiplied by 10.

Moving pointed indenters have been analyzed [15] and the results show
that the tensile and shear stresses extend radially and tangentially away from
the contact areas. Stresses outside the contact area will generate and
propagate dislocations or twins which will influence the material removal rate
and the extent of the}damage zone beneath the indenter., The envirommental
influence on this damage zone has not been studied to date but there are

indications that this influence on the damage zone is significant.

2.3 VWear Rate of Normetals due to Sliding Indenters

The volume removal rates of nonmetals have been calculated from
consideration of two models: one by Rabinowicz and co-workers [16] and the
other by Evans [17]. The former derived a relationship for abrasive wear by a
rigid conical asperity sliding through a distance S while under a load P.
This model is shown in Figure 4.' If the slider has a; spex angle O and the

substrate has hardness H, the indenter gemerates a contact area (with radius

r) related to the load P such that -
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7rr2 = P/H

The projected area of the indenter below the surface is

%ro.iected = IXx = 12 tan 6

If the indenter is moved laterally by an amount S the volume of material

swept out will be

V= Aprojected S

Substitution for Aprojected and r2 we get the volume of material removed as

v = PStand
B =H

The Evans model assumes that the sliding indenter imposes stresses that
generate lateral cracks and a plastic zone., A schematic of the sliding
geametry and the residual stress along a'plane through the intersection of the
plastic zome with the penetration axis -is shown in Figure 5. The spatial
variation of the stress along a plane through the location of the maximum

stress is approximated as

o= (0 r ) 2a

The volume removal rate V is then

. 0.58 pl/6
Vv =

£ -, ——— .3
=p7/6 " g 23102
c

where Ky and H are the fracture toughness and hardness respectively. The
c

sliding distance is &, P is the normal force and B= 2/r for a Vicker's
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pyramid diamond,
The wear rates may be determined from these modeis if the hardmess and
fracture toughness are known. These modeis will be compared in a later

section to experimentally determine wear rates.

2.4 Environmental Influences on the Surface Mechanical Properties of

Non?metals.

Fluids have been found to influence the surface hardnes§ Qf nonmetals
and this effect, usually referred to as the Rehbinder-Westwood effect, is
attributed to the pinning of dislocation cores ﬁy adsorbates.  Fluid
adsorption, which is related to the surface potential, cam account for a
variation of the fracture properties as well as hardness. In both cases, the
wear rate can be influenced.

'Coqprehensive surveys of the present state of knowiedge of tie effects of
fluids on the surface mechanical properties of nonmetals have recently been
published [18] and will not be reviewed here. We will summarize only those
parts of previous studies that deal with semiconductors and the influence of
light, fluid and voltage on thé surface mechanical properties of silicon.

~ The Surface mechanical properties of silicon can be modified either by
light (photo—mechanicalveffect). fluids (chemo-mechanical effect) or electro-
static potential., A modification of the surface hardmess of silicon by photon
irradiation was tirst reported by Kuczynski and Hochman [19]. A softened
layer (70% softening) of one to two microns as determined from Knoop
indentations when 2.0-4.0 pm wavelength light was shone on the surface. This
softening was related to light intensity and surface preparation. The effect
was interpretated in terms of energy states of dislocations and space charge
layers in the silicon. The infrared and ultraviolet 1light was thought to

alter the energy of the dislocations in the'space charge region and thereby
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affect the plastic properties.

Ablova [20]) investigated the microhardness of silicon as a function of
surface preparation, humidity and impurity content. A softening of the
surface was observed and depended on the impurity concentration and ambient
320. The affect was described in terms of space charge layers and interaction
with charged dislocations formed in the deformation process. The influence of
"the ambient environment on the surface softening was not explained.

Westbrook and Gilman [21] found that a softening (up to 60%) occurred in
silicon (2-3 um deep) when indentations were carried out in the presence of a
small potential (0.05-10 v) between the indenter and the silicon surface. Tie
effect disappeared at elevated temperatures and was not sensitive to whether
n— or p—type silicon was used. A model or mechanism was not proposed.

The effects of fluids on the hardness of silicon were examined by Yost
and Williams [22] who reported a minimum in hardness for m— and p—type silicon
with NaCl and Na4P207 concentration in water with a maximum in the negative
zeta potential. The zeta potentials were obtained after crushing the silicon
on which hardness tests were performed. Their results indicated that the
hardness is related to the surface charge and the charge carrier concentration
at the surface. The surface charges were thought to interact with charged
kinks at dislocations,

Recently Cuthrell [23] reported that when silicon was drilled in the
presence of CCly and By)0 the surface appearance changed from ductile ploughing
to brittle fracture for these two fluids respectively. The affect was
speculated to be due to hydrogen embrittlement.

Chen and Knapp [24] repoited no time-dependent fracture of silicon when
stressed in water, salt water, dilute solutions of NH40H and HNO3 and acetone.
These resuolts were interpreted to mean that static loads do not influence

cracking of silicon.
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Euan, Shih, Van Vechten and Westdorp [25] examined the effect of
lubricants on the structure of the surface damage induced in silicon by a 3600
rpm rotating abrasive wheel. Water, methyl silane, kleenzol B and dielectric
0il were used as slurries and the damage (dislocations and surface cracks)
within the surface region was investigated by optical and transmission
electron microscopy. The density of dislocation etch pits bemeath the abraded
surfaces .was lower -for kleenzol B and methyl silane 8s compared with
dielectric o0il., A positive potential on the silicon increased the depth to
which dislocation pits were found and decreased it for a negative potential.
These effects were intétpreted as lubricant deampening the out-of-plane blade
vibration which reduces the surface damage.
Table I shows a summary of the effects of fluids on the surface hardness
of silicon. As can be seen, a softening of up to 80% has been reported, .
depending on the external variables and typé of experiment used in the study.
These workers have measured the surface mechanical deformation by
microhardness indentation - &8 test which generates dislocations and
microcracks. The depth of this damage zone has not been determined except in
one case [25].
The depth in this damage zone can however significantly influence wear
especially in 8 multi-scratch test where the sliding asperity generates a

plastic zone and cracks that propagate with each traverse.
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3. EXPERIMENTAL PROGRAM

The experimental objective of this program was to determine the wear rate

of silicon abraded inm fluids. A multi-scratch diemond abrasion test and,
microhardness and three-point bend tests were performed in well-characterized
fluids and the tests were designed to obtain the wear rate, depth of damage
and fr;cture properties of single crystal Cz silicon. Wafering by fixed
- diamond impregnated strings at ~60 cm/s [26] or circular blades at 3600 rpm is
carried out iﬁ fluids that are typically watér—based. The strings that
contain micron-sized diamonds that contain cleavage facets are subjected to
loads of 0.8 N although loads as high as 2.8 N have been used [26]. Since
the loads are distributed over the Rength of the string, the load on each
diimond will generally be lower than 0.8 N, Our abrasion experiments were
designed to simulate diamond impregnated string wafering where the 1loads
ranged from 0.14 to 0.49 N and the scratching speed was ~5 cm/s. At loads
lower than 0.14 N the time to obtain a measurable wear was excessive and at
velocities higher than 5 cm/s the mechanical stability of the diamond could
not be controlled. Pyramidal diamonds at a fixed rake angle were used so that
the stress state in the silicon could be described analytically. The damage
zone beneath multiple-scratch grooves was determined by fracturing (100) and
(111) n—- and p-type Cz silicon in a three-point beﬁd test which localized the
fracture surface. The fracture stress was measured and the mirror radius
determined by SEM. The fracture toughness was determined from these data.
Indentation in fluids was accomplished in ogder to deduce the hardness. These

data were used to determine the abrasion rate from two models.

3.1 Wear Rates Measured by the Circular Multi-Scratch Test
The experimental apparatus was designed to simulate cutting by the

sliding of a nard particle across the silicon surface. A schematic of the



PAGE 19
experiment is shown in Fig., 6 [27). This apparatus is similar to the pin—on-
disk design used in abrasive wear testing with the exception that the abrasive
particle is a single crystal pyramid diamond with an apex anmgle of 136°, The
silicon rotates at a fixed speed past a dead-weighted diamond which is
positioned to continually traverse one path such that 8 muolti-scratch circular
groove is formed. The depth of the groove depends on the time of abrasion,
the force on the diamond and speed of rotation. The silicon wafer is
positioned on a platten, the surface covered with a fluid, and the dead-
weighted diamond is fixed above thé rotating platten. One fluid per silicon
wafer is used. A series-of grooves are formed, each groove co;responding to a
given apex and rake angle of the diamond, fluid, dead load force P and time
of abrasion.

Figure 7 shows a schematic of the cross-sectional view of the pyramidal
diamond siiding on the surface of a solid. The leading edge of the diamond
generate§ compressive stresses while the triiling edge produces tensile
stresses which generate microcracks and a plastic zone in the silicon. Cracks
that initiate at the abraded surfaces or in the tensile zone and propagate
toward the ‘tree surface are called lateral cracks. Those that propagate
perpendicular to the surface are called median cracks.

Prior to abrasion, the surfaces were cleamed in the following way. The
silicon is dipped in a 10 v/o hydfoflnoric acid (HF) bath for 30 s, rinsed in
de-ionized water and dryed, then immediafely immersed in the fluid for
testing. The silicon wafers had previonslf been lapped, polished and etched
according to semiconductor industry standards.

After a set of grooves is formed, the wafer is removed, the back scribbed
and the wafer sectioned into quarters. The fracture surfaces ;re ﬁlO} and
the groove cross—sectional areas as well as the abraded surfaces are examined

in the scanning electron microscope (SEM). Figure 8 shows the geometry of the
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sectioning and the locations of the examined areas. PFigure 9 is an SEM
micrograph of (100) n-type silicon abraded by a pyramidal diamond for 5, 10
and 20 min. and shows the relative positions of the circular grooves and the
morphol ogy of the abraded surfaces. Higher magnification SEM micrographs of
the surfaces abraded in de-ionized water, ethanol, acetone and 5 w/o NaCl in
de-ionized water are shown in Fig. 10. The experimental conditions in this
case were: normal force (P) was 0.098 N and the abrading time was 1.8 x 103
s, all other variables being ﬁeld constant, As can be seen the groove surface
morphology is noticeably different when the fluid is changed, similar to the
results previously reported [27]. Conchoidal fracture of the side walls
occurs near the top surface and is a result of lateral cracks propagating in
‘the plane of the silicon surface. Micrographs showing this fracture are shown
in Fig. 11, Here is shown a terraced structure with the terrace steps
containing subsidiary cracks. Also is shown an unusvally large debris
particle whose surface replicates the terrace steps. In gemeral, the debris
particles were of a specturm of sizes whose surfaces were composed of cleavage
facets.

Typical cross—secfional fracture surfaces of (100) and (111) p-type
surfaces are shown in Fig. 12, These micrographs show grooves abraded for 1.8
x 103 s in ethanol, acetone and de—ionized water with & pyramidal diamond
dead-weighted with P = 0.49 N, Thege four surfaces show lateral cracks which
propagate toyard the surface and median cracks directly below the apex of the‘
groove. As can be seen, the morphology of these microcracks vary with fluid.
The cracks are shallow and short for ethanol and not as numerous and long for
de-ionized water. These samples were heat treated for 1 hr at 1000°C and
etched in for S in order to reveal.dislocation pits. During heat treatment
the strain tields of the dislocations that comprise the plastic zone exert

forces on the leading dislocations which propagate away from the damage zonmne
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under the action of these residual stresses. The SEM micrographs in Figure 13
show dislocation etch pits that had propagated away from the damage zome. The
pit symmetry verifies the (100) character of the silicon surface.

The cross—sectional area of the groove at the (100) cleavage surfaces
were recorded at the four positions on the sectioned wafer and the average
area versus abrading time for the fluids methanol; ethanol, acetone and de-
ionized water was recorded. The results a;e shown in Figs. 14, 15, 16 and 17.
These figures show the cross—-sectional area (x107% x?) versus abrasion time
(s) for (100) p-type silicon abraded by a 136° pyramidal diamond. As
expected, the cross-sectiona; area increases linearly with abrasion time and
normal torce P on the diamond. The rate of abrasion varies from fluid-to-
fluid and at P = 0.49 N the rate is highest for ethanol and lowest for de-
ionized water. When the geometry of the diamond was changed, for example,
because of diamond fracture or wear or; when conical or elliptical diamonds
were used, the wear rate was reduced 8s expected since the load is then
distributed over & larger area so that the_stresses‘are lowered.

We have compared these experimental results with the models of Rabinmowicz
[16] and Evans [17]. In the Rﬁbinowicz model the expressioi relating thé
volume V of material removed to the hardness H and ‘the ;eometry of the

cone was given previously as

_ PS tan @
B H

where © is the slope angle of the cone measured from the plame of the

surface. This equation also applies for the circular multiple-scratch case if
it is assumed that for each circumferential distance §; a volume V., is
removed. The total volume is found by summing S; and V;. Substituting S

= t(wr), V=2mnrA, o = 0.56 rev s 1, @ = 22° where t is the abrading

K
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time, r is the radius of the abrading groove and A is the projected area of

the penetrating cone in the vertical plane, the area can be expressed as

A= tan 6o P ¢
T T 2.2 B

The slope of the experimentally determined Area vs. t curve can be compared to

the above equation.

In the Evans model the abraded volume removal rate V is related to the

fracture toughness KI and hardness H by the equation
c

1/6
0.58 P
v._

= . - 8
() 776 KIc2/3 ql/2

where & is the sliding distance, P the normal force and p = 2/ for a
Vicker's pyramid diamond. This equation for the siggle—scratch test is
identical to the multiple—scratch case when the Vi are summed over the total
path length 8 =2 rw,
‘'The cross-sectional area can be obtained from the above equation by
substituting V = 2wrA/t so that
0.58 p1/6

A= . .t
@776 " g 273 gh

where © = 0.56 rev s’l. Both models rely on a knowledge of the hardness H
and, in addition the Evans model requires the fracture toughness KIc. The
hardness has been shown to be dependent on fluid enviromment as discussed in
section 2.3 of this report and the fracture toughness ch will also be
influenced by fluid enviromment through the surface temsion Y. The hardness

values of various surfaces of silicon in the appropriate fluid were obtained
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using a Vicker’'s hardness tester with a range of loads from 0.15-9.8 N on the
indenting diamond for 15 s (Section 3.2 describes these results). The
hardness values for (100) n-type silicon indented with 0.15 N were 1.8, 1.5,
1.65 and 1.3 x 1010 Nu2 for de-ionized wvater, methanol, acetone and ethanol,
respectively. These values of H are used to determine dA/dt from Egs. (1)
and (3). The fracture toughness was determined from a measure of the fracture
mirror diameter (Section 3.3 describes these results) of (100) Cz silicon
scratched under ethanol, acetone, water and air. Fracture toﬁghness of
surfaces containing a linear scratch was KIc = 0.73 MN/ms/2 for ethanol and
is lower than reported by Chen and Leipold [28]. Since the hardness variéd
with the fluid and load on the indenting diamond, the slopes of the cross—
sectional areas versus time derived by Egs. (1)' and (3) will change
accordingly.

Figures 18 and 19 show the calculated slopes of the cross—sectional areas
versus time when values of hardness and fracture tbﬁghness of ethanol are
substituted in equations and plotted versus load. The loads were 0.15 N and
0.49 N. These figures show that for the ethanol parameters, the Evans’' slope
is steeper than the Rabinowicz slope. This differemces in slope for the two
models will remain for all fluids so that the experimental measurement could
be used to distinguish between the two models. Also-plotted on these figures
is the abrasion rate for ethanol. As can be seen, at a normal force of 0.15 N
the data fall generally below the. Evans slope and much higher than the
Rabinowicz slope. As the load is increasea to 0.49 N, the experimentally
determined wear rates are larger than the calculated rates for the Evans model
indicating that some additional parameter is influencing the abrasion
mechanism. The slopes of the A vs. t curves for the four fluids also varied
with load as shown in Fig. 20. The slope of this curve can also be used to

distinguish between the Rabinowicz and Evans models since it should be
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proportional to P and P 1/6 As can be seen, as the load increases the wear
rates deviate from the prediction of either model. These differences in wear
rate can be attributed directly to the variation of the hardness and fracture
toughness as the fluids are varied and in order to emphasize this.we have
listed in Table II the wear rates (at P = 0.49 N) for the two models as
compared with the experimental results. The wear rates in ethanol, methanol
and acetone as compared with water indicate that the hardness is a dominant
parameter in the wear rate and it is influenced by the fluid. As the load is
decreased the effect of fluid on the hardmess is inéteased. There is mno
provision, however, in either model to aceonnt for the variation of hardmess

or fracture toughness with fluid.

3.1.1 Mechanism of Silicon Abrasion
The results of our experiments confirm the following mechanism of

abrasion:

(a) The initial scratch generates & damage zone consisting of a plastically
deformed region revealed by our annealing experiments and lateral and
radial cracks as shown in the SEMvmicrographs. The size of this zone
which extends beyond the diamond contact area, depends on the load on the
diamond and fluid. .

(b) Each subsequent pass propagates the damage zome as wear proceeds. The
hardness of this region and crack propagation by cleavage is influenced
vby the fluid.

Evidently when the forces on the diamond are not sufficient to cause fracture

and propagate cracks, fluids may affect wear by influencing the generation and

propagation of dislocations. Figures 21 and 22 show schematics of the side

and front views of the diamond slidimg on silicon and the propagation of the

damage zéne as wear proceeds. The nature and size of this damage zome is
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discussed in the following section.

3.2 DEPTH OF DAMAGE STUDIES

The influence of fluids on the depth of damage due to abrasive wear has
been studied by two techniques: measurement of the crack lengths and damage
zone surrounding microhardness indentations formed in the presence of fluids
and, a measure of the fracture mirror radius of abraded specimens fractured in
a three-point bend test. The former provided thé hardness and the latter the
fracture toughness both of which are required as input parameters in the wear
models, The microhardness experiments were conducted with two classes of
fluids: de—-ionized water and common laboratory solvents and, deionized water
containing dissolved inorganic cations and anions since the adsorption
characteristics for these ions is known. The three-point bend tests to date

have only been conducted in de—ionized water and ethanol.

3.2.1 Microhardness Tests

Microhardness tests of (111) p-type and (100) n-type silicon were
conducted in specific fluids. Prior to testing, wafers of (111) p-type and
(100) n-type siiicon were cleaned by immersigg in a 10% hydrofluoric acid wash
for.30 secs, rinsing in de-ionized water and then air drying. Microhardness
testing was carried out using the Shimadzu Microhardmess Tester with a 136°
pyramid diamond. A 10 mmlby 9 mm region of the sample'’s polished surface was
examined for testing with the 40x objective. With a micropipet, fluid was
applied to form a 1large drop between the indenter and testing surface.
Testing in acetone and absolute ethyl alcohol required repeated applicétion of
fluid, Indentation; were made successively at 1,0 mm intervals to produce a
rectangular grid of twenty five indentationms.

The microhardness was then calcualted from the expression
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1854.4 P
= ——— (kg/mnf)

where d 1s the length of the diagonal in micrometers and P is the load on

the diamond which varied from 0.15 to 9.8 N (15 to 1000 gf).

3.2.2 Microhardness in Laboratory Solvents

The fluids used were reagent grade: methanol, absolute ethanol, glycerol,
toluene, acetone and de-ionized water with dielectric constants of: 36, 24,
42.5, 2.4, 21 and 79, respectively. Care was taken to use previously uwnopened
bottles of these fluids. The microhardness was determined by averaging the 25
indentations.

The results of these experiments are shown im Figs. 23 and 24 where the
microhardness, H, is plotted as a function of e.‘the dielectric constant of
the fluid. As can be seen, for a given fluid, the hardness decreases as the
load is increased, and the hardness decreases as the dielectric constant
approaches.28, being 30% lower for ethanol as compared with tolueme or de-
ionized water when p=0.15N., There appears only a slight dependence 9f fhe
microhardness on the n— and p—-type character and surface orientation of the

silicon wafers.

3.2.3 Microhardness in De-ionized Water Containing Inorganic Ions
Microhardness tests of (111) p-type and (100) n-type Cz silicon were
conducted when the surfaces were immersed in de—ionized water containing
varying concentrations NaCl, NaBr, Nal, CaCl, and FeClj. These salts
dissociate in water and contribute charged cations and anions which adsord on
the surface. The anion radius and cation valence could be varied with the
above fluids and the adsorption properties of these ions may be describ;d by

adsofptjon isotherms. The indentations were carried out as a function of load
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on the diamond. The surfaces were prepared as mentioned in the previous
section. The indented region contained median cracks emanating from the
apexes_of the indents and a damage zone whose area of influence was well
beyond the indented region. Two examples of the types of surface morphologies
that result after indentation is shown in Figures 25 and 26 which show optical
micrograpﬁs of indents in (100) and (111) p-type surfaces indented in 1073 M/1
NaI after 2 hour soaking., The indenting loaAs-were varied from 9.8N to 1f96N.
These'figqres show that the cracks exhibit the four—fold symmetry of the (100)
surface while cracks are generated in the preferred [112] type directioms for
the (111) surfaces.

The indentation diagonals were used to determine the hardmess as a
function of fluid concentration and load on the indenting diamond and it was
found that the immersion time of the silicon in the fluid influenced the
hardness. Figure 27 shows this variation for the microhardnmess of (100) p-
type silicon indented with 0.49 N for 15 s in a 10 ppm CaC12 solution. As can
be seen, the microhardness decreases with soaking time and stabilizes at a
uniform value of 11.8 x 10° Pa after a period of two hours. A 2 hour soaking
time was therefore chosen as the standard time after which the indentations
were made. The microhardness for (100) n~ and p—-type silicon indented with a
diamond loaded to 0.49 N §ersus electrolyte concentration (NaCl, CaC12 and
FeCl3) is shown in Figs. 28 and 29. These figures show that hardness
decreases (~20%) with concentration and reaches a mipnimum at ~100ppm. There
appears only a minor influence of the valence on the variation of
microhardness. The hardness was also found to vary with lo;d and Fig. 30
shows this variation of hardness for (111) p-type silicon indented in 10-3 M/
NaI. Hardness increases when the load is decreased contrary to what is
observed in metals. There appears & transition at ~IN at which point there is

a dramatic increase in hardness.
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The indentations were Sirtl etched for 25s an@ further examined in the
SEM. The plastic damage in the vicinity of the indentation etched more
rapidly that the surrounding undamaged regions and a rumpled surface
surronnding the indentation was revealed. Two examples, a (100) n-type
indentation formed im 1.7 x 1073 M/9 NaCl with P=0.49 N and, a (111) p-type
indentation with P=0,98N formed in 100 ppm NaCl, NaBr and Nal are shown in
Figs. 31 and 32, The damage zone extends to the ends of the cracks for the
(100) n~type silicon and, the damage has progressed omnly to 1/2 the crack
lengths for the (111) p-type silicon. This damaged region can be identified
with dislocations that have been produced in this room—-temperature deformation
test. |
The diameter of this damage zome D, and the lengths of the median cracks
¢, have been determined to date for indentation formed in N;I, NaBr and NaCl
in (111) p-type silicon. Both parameters varied with salt concentfation and
Figs. 33 and 34 show examples of this variation. ‘As the load on the indenting
diamond was increased, ¢ and D increased proportionally, Figures 35 and 36
show this increase in D and ¢ vs. load for (111) p-type silicon indenfed in
1073 M/1 Nal. Fig. 35 shows that there is a linear relationship between the
crack lengths and load. These data have been compared to the model proposed
by Lawn and there appears a significant deviation of our data with the this
model. This deviation especially a low loads can be attributed to the plastic
zone formed during indentation. As dislocations and twins are formed, crack

lengths are expected to decrease.

3.2 .4 Fracture Strength and Fracture Toughness of Single Crystal Cz
Silicon Abraded in Ethanol, Acetone and De—Ionized Water
Single crystal (100) p-type silicon wafers were scribbed imto 77.7 x 19.3

x 0.61 =m rectangular plates. The samples were dipped in a 10% HF bath for 30
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s, rinsed in de-ionized water, dried and immersed in either ethanol, acetone
or de-ionized water prior to scratching. A linear multi-scratch groove was
then made along the <110) long-axis of the sample by a 136° pyramidal diamond
with a tip radius of 10um. The diamond was dead-weighted in the scratching
test with a 0.54 N load and the deptﬁ of the groove formed depended on the
number of scfatches. The fracture strength was measured in air at room
temperature in & three-point bending metkod (ASTM D 790). ‘Fig. 37 shows &
schematic of the test geometry. The dimension of the support span was 2.54 cm
and the roller radius was 0.318 cm. The ?ests were carried out inm an Instron
Model TID Universal Testing Machine using a 20 1b full-scale load cell. The
strain rate was 0.005 in/min. The fracture surface containing the groove and
damage -zone was examined by scamning electron microscopy.

Figure 38 shows an SEM micrograpﬁ of a (110) cleavage fracture surface
which contains the groove cross—section and damage zome for this location
along the groove length. Fracture surfaces typically contain a mirror, mist
and hackle region and the schematic inset shows the relative positions of
these three regions as observed in the above micrograph and which are expected
on the fracture surfaces of beamtype sample geometries [29]. The_areas of
the grooves and the mirror distance from the center of the groove to the
initiation site of the hackle region are measured and these are related to the
fracture stremgth. The ares of the abraded groove at the (110) cleavage
surfaces was measured in the SEM and this area increased as the number of
scratches increased. The wear rate as measured by the slopes of the abraded
area vs. the number was largest for ethanol and smallest for de-ionized water.
These results confirmed the abrasion rates obtained from the circular multi-
scratch tests. The fracture strength versus (groove area)ll2 is shown in Fig.
39. Each data point represents the fracture strength at this particular

position on the groove. Since a variation in the crack geometries and size of
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the damage zone beneath each groove is expected the strength varies with each
groove and for each fluid. The data show that as the groove area increases
the fracture strength stabilizes to a constant value which varies for the
three cases shown in the figure. This result implies that the damage zone,
which consists of microcracks and a plastic zone beneath the groove, dominates
the fracture strength since for e givem groove area the fracture strength
should not vary since the groove areas represents a small percentage of the
total area of fracture surface. The strength in air was highest while that in
ethanol was lowest. These results emphasize the connection between the damage
zone and abrasion rate since the strength is inversely proportional to the
abrasion rate. The length, density and orientation of the microcracks and thé
size of tﬁe damage zone are therefore expected to play an important role in
abrasive wear. The bending strength versus (mirror distance)"l/2 is plotted
in Fig. 40. As can be seen, the slopes for each fluid are linear and the
slopes are differeni for the three fluids. The‘sloée of the above curves are
related to the mirror constant 'A’ and fracture toughness 'KIc' and all the
data were éxpécted to fall on a single straight line. The fracture toughness

'Ky ' can be obtained from the mirror constant 'A’ from [30].
c

¢ (claylf?

where Y = 1.12 is a geometrical factor for a penny shaped flow and, c/dm is

the mirror to flaw size ratio = 13:1 for our case. Therefore,
A=12.8 K
Ic

Table III shows the Ky values (MN/mslz) calculated from the above equation.
c

These values are 0.72, 0.81 and 1.78 !N/mal2 for ethanol, acetone and air,

respectively.
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A fracture toughness value of 1.78 D!N/lns/2 in air is double the reported
value of 0.95 MN/m3/2 for (100) single crystal silicon when fractured under
bending at room temperature [28]. A large value of fracture toughnmess has
been reported previously [31] and it has been attributed to the adsorption of
energy by microcracks especially in materials where plastic deformation by
dislocatioﬁ motion is difficult. An increase of a factor of two in the mirror
constant was also explained in this way. These studies are supported by
results of Cook, et al., [32] who showed that machined surfaces are more
resistant to degradation than polished surfaces and Clarke [33] who showed

that the damage zone increase the fracture toughness.

DISCUSSION

The abrasion 6f ceramics, glasses and semiconductors has been the subject
of many studies over the years. These studies have been conducted by
scratching and indenting A1203 and MgO, soda-lime‘glass and silicon, germanium
and cadmium telluride.. It has been found that abrasion and indentation
results in microcracks and a plastic deformation zone. For example, when
ceramics are indented with Knoop or Vicﬁer's indenters, a median and lateral
crack system along with a plastic zone is developed [34,35,36,37].

When the indenting loads range from 5-400 N, the length of the cr;cks and
their dependence on the indenter geometry and load are predicted by a Hertzian
analysis [37]. Threshold loads, however, are not well predicted [38]. An
analysis of the subsurface radial crack length shows ‘thaf the 1length is
proportional to p2/3 [39] for amorphous materials such as soda-lime glass.
The plastic zone beneath indenters has 8slso been characterized. Dislocation
etch pits have been observed directly in LiF [40] and a damage zone radius
indirectly measured beneath indented regions in SiC [41]. These regions in

this case extend to ~50 pm benmeath the indentation. Fracture and plastic
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patches have also been observed in germanium when iAdented at room temperature
by loads from 1-100 g [42]). Scratching experiments have also been carried out
in soda-lime glass, magnesium alumino-silicate glass—-ceramics [32] and in the
glass~water system [43]. Fatigue analyses [44] show that the fatigue 1life
depends on the scratching paraméters and that the contact residual stresses
play a vital role in determining the crack velocity exponent. In addition,
annealing of the scratches results in the strength increasing which implies
that dislocation tangles must be present beneath the scratches.

Indentation and scratching experiments have also been carried out in
silicon. Dislocations have been directly observed by TEM after indentation of
(111) surfaces [45,46,47]. In an X-ray study [48], a compressive zomne was
found beneath ﬁcratches formed at room temperature and the distortion zone,
interpreted as dislocation tangles was found to exceed the tract width, by
several orders of magnitude. Annealing of scratches made at room temperature
[49,50] also showed that dislocations propagated away from the indented
region. Their motion was thermally activated but could not be annealed.out
completely. Indentations at high temperature showed that dislocation emanaged
from the indented region and form rosettes the length of which could be
measured [51] and nucleation and'glide of dislocations occurs at the onset of
vthe ductile—to-brittle transition [52] which is also dependent on strain.

These studies confirm that both a crack and deformation region exists

beneath 1indenters and scratches, the extent and severity of which will

influence 1iracture properties. The above studies have been performed at
relatively high loads where fracture mechanics can be used to describe the
fracture and damage zone size.

Our results show that when the loads on sliding abrasives is low, the
mechanism of damage influenced by the properties of the fluids and the surface

orientation of the silicon. As the loads are increased, cracks are formed and
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propagate on repeated scratching. The 1indentation tests suggest that
dislocations are generated at room temperature beneath indenters.

The role of the fluids in cracking and dislocation generation is still
not «clear, Appsrently, adsorption of the fluids takes place and the
interaction between the fluid molecules and dislocations which intersect the
surface modifies the dislocation mobilities and/or ’the efficiency of
dislocation sources. As the loads on the indenting or scratching diamonds are
increased the tracture strength is attained before yield and, cleavage
fracture then occurs. Adsorbates may influence the surface tension and

thereby the fracture properties of silicon.
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Summary of the Changes of Surface Hardmess of Siliconmn

———— e —————

I

| | | |

IReference | Effect | Percent Softening | Comments

lKuczynski | Photon | 70% softening | Microhardness test:
and | irradiation | | Intensity and surface

|Bockman | | | preparation influence

| | | | the results

| | . |

| Ab1ova | By, adsorption | Softening | Microhardness test:

| | | | Surface preparation

| | | | and impurity content

| | | | influence the results

| | | |

IWestbrook | Potential | 60% softening | Microhardness test:

| and | between | | Effect disappeared at

|Gilman | indenter | | elevated temperatures

and | |

| | crystal | |

| I | |

| | | | Microhardness test;

| Yost | NaC1 and Na, P, 0 | 80% softening | Zeta-potential

| and | I | measurements of

IWilliams ] | | crushed silicon

Icathre1l | CC1, and B,0 | Not determined | Surface morphology

| | | depended on fluid

-
T

— ane
Y
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Table II

Differences (percent) in Wear Rate of (100 n-type Cz Silicon
Compared to H,b0 at P = 0.49 N

+ + + +— +
| | Rebinowicz | Evans | Experimentall
I | (aavava/m - | awvar) (/g 2/3 81/2) | valwe |
| | l c. | |
+ + +— +— +
[ [ | { [
| Ethanol | 50 | 84 | 56 |
+— + — + +
| ! | | |
| Methanol | 38 | - | 30 I
+ + + + +
| I | I I
| Acetone | 38 | 67 | 35 |
+ + + + +
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TABLE III

Comparison of Mirror Constant and Ky in Ethanol, Acetone and Air
c +

.

*0.95 MN/m3/2 reference [21]

-+ +— - +

| | | |
| | | |

IF1uids | Mirror Constant | K (MN/m3/2) |

302 I

| (MN/m>/%) ] ¢ |

+— +— +— +

|Ethanol : 2.07 : - 0.73 |

|

| Ace tone | 2.43 : 0.85 |

| | |

lAir | 5.08 | 1.78% |

| | |

| | |

+— +— +
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indentations were carried out in (100) ppm NaCl, NaBr and Nal.
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Figure 1 A schematic diagram of two wafering processes.
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Figure 4 Schematic diagram of a conical indentor slidimg on a brittle solid.
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Figure 5 A schematic of the Evans model of sbrasion of no;:--et.l:.
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depth is measured as a tunction of time, fluid environm % end
normal torce on the diamond. The surface of the siliconm is :nt l.u ?‘
by scanning electron microscopy (SEM) for mode of silicon m:v.:l“d !
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Figure 7 A schematic diagram of a @®moving pointed indenter and the ‘
corresponding cracks generated in the substrate.
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Figure 8 A schematic diagram of the location of the sections used tor SEM .i

investigations:



P

. e,

0.3, 0.6 and 1.3x 10°
grooves; Fp = 0.2 N;
Ethanol

Bottom of Groove;.
Plastic Deformation
of Protrusions
t=0.6x10¢s

Figure 9 Scanning electron micrographs sbowing the relative positions of the
circular multi-scratch grooves.
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Figure 11 Scanning electron micrographs of s conchoidal fracture typically
seen. A terraced structure is visible along with debris particles.
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Figure 12 Scanning electron micrographs of the cross-sectional views of the
(110) fracture surfaces of Cz silicon sbraded in ethanol, scetome

and de-ionized water. (.



Figure 13 micrographs of the (100) p-type . silicon sbraded in ethasol
and de-ionized water, snnealed in at 1000°C for 30 min. and
etched for in 10% Gracial Acid, YHF, 3HNO3; solution 80 min.
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Figure, 20 Abrasion rate versus force on the pyramidal diamond.



Damage zone moves as

|
/' i diamond penetrafes the

surface with each pass.

%
%

Front View

Fignrc. 21 A schematic of the time 'sequance of the wear process. The damage .
zope is extended after each pass by the diamond.



SIDE VIEW - FRONT VIEW

" Diomond '
\p /- \ &/
‘N Y
. 1~ S \-Y(v"»(T
Silicon — damage “=* Nlateral
: 1 .zone cracks
Fl V| domage _I l
N/~ r- zone . E
I N { ~Aloteral crack
cracks - Ploshc medion crack
(lnﬂuenoed
by fluid)

J‘(Ioterol cracks

N / gapear if chatter
diomond
OCCUrs

Figure 22 A schematic of the wear process.
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Figure 25 Optical micrographs of a typical Vickers indentation in (100) -p-
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Figure 26 Optical -iciogrnphs of a typical Vickers udént:tio:: in. (111) p-
type silicon indented in 10’3 M/ Nal solution. The loads on the
dismond were (a) 9.8N (b) 4.9N (c) 2.94N and (d) 1.96N.
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Figute 35 Plot of length of damage zome (D) as a fonction of indentation load
(gf) for (111) p-type silicon indented in 10~3 M/1 NaI.
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Fi.uto 36 Plot of the crack ‘length, C. versus the load P for (111) p-type
_ silicon indented in 1073 N/1 Nal.
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Figure 37 Three-point bemd test for determination of fracture stremgth of
silicon. A linear mmlti-scratch groove is formed in fluids and the
fracture strength is obtained.
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Bending strength (Ne2) versus groove areal’2 (m) of silicon
fractured in air. The fluids listed refer to a limear groove that

" was tormed on the (100) surface in the presence of those fluids.

The strength is expected to decrease with groove area. The surface

mechanical properties are apparently dominated by either the

plastic .zone or microcracks beneath the groove.
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Figure 40 The bending strength versus mirror distance tor three-point bend

test of (100) p-type silicon. The mirror distance is 1inear with
d_-1/2. It was expected that all the slopes would be equal if the
anid influenced the depth of the groove and not the surface
mechanical properties of silicon. The relation of the Cp and 4, -
18 Ogd_1/2 = A where A is a constant for each fluid.





