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The elastic properties of ion-implanted silicon
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Department of Metallurgy and the Science of Materials, University of Oxford, Parks Road,

Oxford OX1 3PH, UK

The elastic properties of silicon implanted with As* and Si* in the dose range 10'* to 10®
ioncm™2 has been investigated. Reflection scanning acoustic microscopy techniques have
been used to determine changes in the velocity of surface elastic waves (Rayleigh waves) on
ion-implanted silicon. With the aid of theoretical models for this mode of wave propagation,
the experimental velocity changes have been interpreted in terms of changes in the elastic
constants of the implanted layer. These changes have been found to be dependent upon the
level of radiation damage produced by the implantation process. Decreases of ~30% in the
bulk and shear elastic constants have been deduced for damage levels present at the onset of

implantation-induced amorphization.

1. Introduction

Ion implantation is a surface-treatment process that is
finding an increasing number of applications for an
increasingly wide range of materials. Ion implantation
is being extensively used in the doping of semi-
conductor devices (e.g. see [1]) and, more recently, is
finding increasing applications as a process to modify
the mechanical and oxidation/corrosion properties of
metals (e.g. [2]) and ceramics (e.g. [3]). In both cer-
amics and semiconductors (which, being brittle, are
often regarded as ceramics) the surface stress gener-
ation that generally accompanies implantation can
have been profound effects upon the mechanical and
electrical properties of these materials. Surface stresses
principally result from volume increases due to the
production of defects (see [4, 5]). Although several
attempts at modelling the stresses have been made
(e.g. [4, 5)) these have primarily concentrated upon
defect formation and neglected the possibly large
effects that implantation-induced changes in elasticity
might produce.

This paper attempts to clarify the effects of ion
implantation upon the elastic constants of silicon
implanted with As* and Si* in the dose range 10" to
10" ion cm 2 These doses resulted in a range of struc-
tural changes (including amorphization) within the
surface which were characterized theoretically and
monitored experimentally (using microhardness test-
ing). Surface elastic wave (Rayleigh wave) velocity
measurements have been made using acoustic micro-
scopy techniques and these data correlated with struc-
tural changes in the near-surface region. With the aid
of theoretical models the elasticity changes in the
surface layer have been derived. Finally, the possible
consequences of these changes in elasticity upon the
stress—dose dependence in semiconductors has been
discussed.

2. Background theory
2.1. lon implantation
Ion implantation is a low vacuum (< 10 °torr)
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surface-treatment process whereby ions, which have
been accelerated through typically 50 to 500keV,
impinge upon and bury themselves in the surface of a
target. The ions travel typically <0.5um into the
target before coming to rest, losing their kinetic energy
in two ways. Firstly, and most importantly, displace-
ment collisions occur, atoms of the target material
being displaced either by the incident ions themselves
(“primary displacements™) or by target atoms that
have themselves been displaced (“‘secondary displace-
ments™) (see [6]). Secondly, a relatively small amount
of energy is given up by electronic excitation (ion-
ization, etc., see [6]). The implanted ions eventually
come to rest in an approximately Gaussian fashion
beneath the surface, often the profile being slightly
skewed towards the surface when the masses of the
incident ions and target atoms are very dissimilar [7].
The damage distribution beneath the surface is of a
similar form to that of the concentration profile, being
approximately Gaussian. However, in this case, the
peak of the damage profile lies rather closer to the
surface than that of the concentration profile (see
Fig. 1). Both of these profiles are calculable using
currently available computer codes. In this study, the
EDEP-1 code [8] has been used to evaluate the pro-
jected range and damage parameters (R,, {X;>, the
concentration and damage profile peaks and AR,,
{AX,), the range and damage straggling; see Fig. 1).

For certain materials, notably semiconductors and
ceramics, the accumulation of displacement damage
as implantation proceeds can result in the target being
rendered amorphous once some critical damage
threshold is exceeded [3, 9-12]. Clearly, this amor-
phous material will initially be formed where the level
of displacement damage is greatest [10, 11], i.e. at the
peak of the damage profile, resulting in the formation
of a sub-surface amorphous layer. As the damage level
is increased this region will thicken as more of the
damage profile exceeds the critical displacement level
for amorphization. Eventually, a surface amorphous
layer will result. Christel et al. [9] have determined
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Figure 1 A schematic representation of the shape and relative pos-
itions of the concentration and radiation damage profiles produced
by ion implantation. The range and damage parameters are also
marked, where R is the peak concentration, (X, ) the peak damage
level and AR, (AX;) their respective standard deviations.

that, for room-temperature implantation into silicon,
approximately 15% of the target atoms must be dis-
placed (corresponding to energy deposition levels of
10° to 10*keVem™ [9]) in order for amorphous
material to be formed. Assuming a Gaussian damage
profile and knowing the critical damage level, it is
possible to determine the thickness of the amorphous
layer, 1,, as follows [13];

(AX,) 8(n ¢ — In ¢ (1)
for £,/2 < {(Xy),

t, = (X + 0.5¢AX>[8(n ¢ — In b )2(2)
for 1,/2 > (X,

t, =

¢ > ¢, (1. sub-surface)

¢ > ¢, (1. surface layer)

where ¢ is the ion dose and ¢, is that dose at which
amorphization first occurs and may be determined
either empirically (as in previous studies e.g. [9-12])
or determined form critical displacement damage data
(available in the literature, e.g. [9, 12]) using the fol-
lowing relationship [11];

P = Orert(AXy) 2m)'2 107Y/E, ©)

where gg.;, is the critical damage level (keVcem™),
{AX,) is the damage straggling (um), and E, is the
displacement damage per ion (keV) (this quantity is
also calculated by EDEP-1).

Equations 1 to 3 have been used to determine the
extent of amorphous material present in the specimens
used in this study (see Section 3).

At the doses beneath those at which amorphization
occurs, defect structures such as voids, dislocation
loops, etc., are commonly found [14, 15], together with
the point defects (e.g. Frenkel pairs) initially formed
by the incoming ions. The density of these defects is
dependent upon dose, usually being a maximum

immediately before amorphization. Associated with
the formation of these defects and/or amorphous
layers are marked changes in the mechanical proper-
ties of the implanted layer. Radiation hardening has
been observed at pre-amorphization doses, whilst
amorphization generally results in a softening of
the surface (e.g. [10—13]). Considerable compressive
stresses often occur within the layer [4, 5, 16, 17], these
arising from the implanted layer attempting to expand
in order to accommodate both the defects generated
and the incident ions. These stresses can markedly alter
the indentation fracture behaviour of brittle materials
[5, 10—13].

Given the above description of the radiation
damage processes and ensuing mechanical properties
changes it is expected that, in addition to plasticity/
fracture changes associated with the defective/
amorphous layer, there should also be marked
changes in elasticity. Since ion implantation into sili-
con results in the rupturing of bonds, as atoms are
displaced from their structure sites, then, assuming
that total reconstruction of the disrupted bonds does
not occur, the elastic constants of the surface would be
expected to decrease in some manner with increasing
radiation damage. Investigation of these changes is
possible using acoustic microscopy. This will now be
described.

2.2. Reflection acoustic microscopy

Reflection acoustic microscopy techniques (see [18,
19] for details of the instruments and mode of oper-
ation) have been used in this study to determine the
changes in the elastic properties of the implanted sur-
faces via surface elastic wave (Rayleigh wave*) vel-
ocity changes. In scanning acoustic microscopy
(SAM) little contrast is observed between regions of
differing elastic properties at focus. However, strong
contrast arises when the specimen is moved towards
the lens (termed ‘“‘negative defocus™) [18, 19], and is
dependent upon the particular variation of detected
signal (V) with negative defocus (z) for a given
material. This function is known as ¥(z) and has been
shown to be dependent upon the Rayleigh wave vel-
ocity, v,. Fig. 2a shows the typical form of this V(z)
function. For a material capable of supporting surface
elastic waves, the V(z) function shows regular oscil-
lations that occur as a result of interference between
the normally reflected ray and reradiating surface
waves [20]. The velocity of these surface waves (termed
“leaky” Rayleigh waves) will determine the periodicity
of the V(z) [20]. The relationship between the V(z)
periodically, Az, and the Rayleigh velocity has been
determined [20] as

Az = 2,/[2(1 — cos 6y)] “@

where A, is the wavelength in water, 6 the critical
angle for Rayleigh wave excitation which = sin™'
(wave velocity in water/Rayleigh velocity). The
detailed form of the V(z) curves are determined not
only by the Rayleigh velocity (which determines

*These waves are a mixture of longitudinal and shear wave motion, are bound to the surface and decay exponentially with depth. In the
presence of a fluid (as here), Rayleigh waves can couple to bulk waves in the fluid.
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Figure 2 (a) The theoretical V(z) for silicon calculated from the reflectance function in (b). Note the regular periodicity (Az) which is
determined by the Rayleigh velocity (see text). (b) The complex reflectance function calculated for silicon (assumed isotropic) showing both
the modulus (solid line) and phase (broken line). Also marked are the critical angles for longitudinal wave excitation (L), shear wave
excitation (S) and Rayleigh wave excitation (R). These appear as discontinuities in the phase and modulus of the reflectance function.

periodicity) but by the geometry of the acoustic and
the angular lens response (termed the “pupil func-
tion”, P (0)). The expression given by Sheppard and
Wilson [21] for V(z2) is;

V(z) = 1)2n [} P(6) R(O)
X exp (2ikz cos 8) cos 6 sin 840 (5)

where 8 is the angle of incidence, « the semiangle of the
lens aperture, k& the incident wave vector, z the
defocus, sin 0 cos 6 is a term accounting for the
(spherical) lens geometry, P(f) is the pupil function
defined to account for two way passage through the
lens, and R(6) is the reflectance function of the speci-
men surface. The reflectance function, R(6), is complex,
containing both phase and amplitude information and
can be calculated by solving the acoustic Fresnel
equations (see [22]). Fig. 2b shows the calculated
reflectance function used to evaluate the V' (z) shown
in Fig. 2a.

V(z) will differ for materials of differing Rayleigh
velocity, thus at negative defocus, contrast will arise
between elastically dissimilar materials as a result of the
V(z)s becoming out of phase with each other (Fig. 3). In
addition, this contrast is observed to reverse as the
defocus is changed (see Fig. 3). Hence, V' (z) measure-
ments can provide a sensitive means of characterizing.
bulk materials properties (e.g. [23]).

Other workers have used measurement of F(z)
periodicities to characterize layered structures (e.g.
[23, 24]. For the case where layer thickness is much less
than the Rayleigh wavelength® (4 < Ag) the form of
the V(z) remains similar to that of the unimplanted
surface, with only small (< 5%) shifts in the period-
icity occurring [24]. However, when A < Ay then the
V(z) can be markedly different. In certain cases
additional surface wave/waveguide modes may be

excited [25] and the V(z) then contains several period-
icities. Simple periodicity measurement is impossible
in these situations and Fourier analysis of the V(z) has
to be used to determine spatial frequencies present
(e.g. [23]).

In bulk specimens Rayleigh waves are non-
dispersive (i.e. oy is independent of frequency). How-
ever, for layered specimens this is not so, the influence
of a given surface layer upon v (and hence V(z)) will
be frequency dependent. The dispersion relationship
for vy of given layered structures can be computed
[22, 25] and provides a means of film thickness determi-
nation from measured velocity changes at specific
frequencies (e.g. see [24]). Dispersion relationships
(via ¥ (z) measurements) for several systems, together
with film thickness determinations, have been
reported in the literature (e.g. [26, 27]).

The dispersive nature of layered media can be
exploited in this study. Since, for our ion-implanted
specimens, both the frequency and layer thickness are
known, the elastic properties of ion-implanted silicon
surfaces can be determined from measurements of
Rayleigh velocity. At the frequencies used in this study
(550 MHz) the ion-implanted layer approximates to
the case where h < Ay, where 4 is typically < 0.3 um
and Ay is typically 10 um. As described in Section 2.1,
the accumulation of radiation damage is expected
to exert greatest influence over the elastic properties of
the surface, and further, that this damage has a Gauss-
ian profile. This profile will be approximated to as
three discrete layers, the depth of whose interfaces are
defined by the surface, half-maximum-height of the
Gaussian and finally twice (X> + 2 {AX,) as shown
schematically in Fig. 4. Where amorphous layers are
present the 1/2-max-height boundaries will be
replaced by the calculated depths of the amorphous/
crystalline interfaces.

tBecause of the exponential decay, a Rayleigh wave may be considered to sample the elastic properties of a layer approximately one

wavelength thick.
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Figure 3 Illustration of the manner in which contrast in the scanning
acoustic microscope varies with defocus for two elastically dis-
similar materials. The two V(z)s shown are for silicon (solid line)
and silicon with an aluminium layer 0.05 wavelengths thick. The
two V(z)s have different periodicities which results in them
becoming progressively out of phase as the defocus is increased.
Marked on this figure are two points at which the contrast is strong;
however, the contrast at A will be the reverse of that at B.

3. Experimental techniques

3.1. lon implantation

Six wafers of near (00 1) surface (+ ~ 3°) silicon were
ion implanted (courtesy of British Telecom Research
Laboratories, Martlesham Heath, UK) with 180keV
Si* or As™ to doses in the range 10" to 10"* ioncm 2
Table I gives the projected range and damage profile
parameters evaluated using the Harwell .version of
EDEP-1 together with the doses for each wafer. The
doses were chosen to yield a range of damaged/
amorphous structures ranging from mildly damaged
(10“Sitcm™?) through specimens expected to
possess a sub-surface amorphous layer (e.g. 2 x
10" As™ cm?), to a specimen with a surface amorph-
ous layer (10" As* cm™?). These specimens were sup-
plied as 3in. (75 mm) wafers of which one-half was
masked during the implantation. Using Tolanski
interferometry (green light) no surface steps were

TABLE I Implantation parameters
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Figure 4 For ease of calculation, the Gaussian damage profile has
been modelled as three discrete layers the depth of whose bound-
aries are determined by the surface, the positions of half-maximum-
height and {Xy> + 2 {AX,). The damage level for each layer is the
mean damage level for that section of Gaussian (i.e. the areas are
equal).

observed across the implanted/unimplanted boundary
(i.e. any surface step present must be less than
~25nm). This is in agreement with other workers [28]
who also failed to detect any surface lifting in this dose
range. The predicted amorphous layer thicknesses (if
present) were evaluated using the approach of Section
2.1 and are also detailed in Table I.

3.2. Acoustic microscopy
Both imaging scanning acoustic microscopy and V(z)
aquisition were performed on the Oxford SAM
operating at 550 MHz with a sapphire lens of focal
length 280 ym and aperture semi-angle of 36°. Water
at room temperature was used to couple this lens to
the specimen surface in all cases. Electronic image
processing was usually used to enhance image con-
trast. The periodicities present in the experimentally
determined ¥(z)s (an example of which is shown in
Fig. 5) were determined in the following manner (see
also Fig. 5).

1. The first three clearly defined ripples beyond
focus were selected.

2. The distance between the 1st and 3rd minima was
measured.

3. The distance determined in (2) was calibrated
against the water ripple’. Since this is a function only

Specimen Dose Range parameters Damage paramters Microstructural
(ioncm™2) state (amorphous?
RGm) AR Gm) () Gm) (AKX, (um) (amorphous?)
As-1 10" As™ crystalline
As-2 2 x 10" As* 0.1 0.035 0.059 0.039 sub-surface
(0.085 um)
As-3 10" As* (damage per ion = 92keV) surface
(0.14 ym)
Si-1 101 Si+ crystalline
Si-2 2 x 10%Si* 0.244 0.074 0.159 0.103 crystalline
Si-3 1013 Si+ (damage per ion = 60keV) sub-surface
(0.27 um)

§“Water ripple” is a short periodicity, regular oscillation superimposed upon the V(z) visible in Fig. 5. It results from interference between
internal lens reflections and the normally reflected component of the signal and has a periodicity of /2.

1831



distance measured = 3XAz

L
\ |
|

~—

A,/2

I

1 : 1
-100 -50 0]
defocus (um)

Figure 5 An experimentally determined (unfiltered, 550 MHz) ¥ (z)
for silicon implanted -with 10" Si* ¢cm~2 showing (i) the three long-
period ripples from which the Rayleigh velocity was determined,
and (ii) the fine “water ripple” (of periodicity 4,,/2) superimposed
upon the V(z2).

of the properties of water and the lens geometry,
errors in periodicity due to mechanical/electrical
instabilities in the motor-driven stage will be elimin-
ated.

4. The measured periodicity (now in water ripples)
was converted to Rayleigh velocity using Equation 4
and, to allow easy comparison with the theoretical
calculations, normalized against the calculated Ray-
leigh velocity of the virgin silicon (see Section 4 for
parameters used in this calculation).

The above procedure was used on raw data only,
but for general comparisons the V(z)s in this paper
have been low-pass filtered (e.g. Fig. 7) (using a
moving average procedure) to remove the water
ripple.

In addition to aquisition of V' (z) curves of the type
shown in Figs. 2 and 5, the V(z) was also recorded
“pictorially” by simultaneously fast scanning the lens

in the x-direction whilst defocusing in the z-direction.

For a uniform material, these ¥'(z, x)s consist of hori-
zontal bright and dark bands corresponding to the
peaks and troughs of the V(z)s. However, when V{(z,
x)s are taken across the boundary of two dissimilar
materials, at the boundary the fringes will no-longer
match. The degree of this mis-match allows a quick,
qualitative, visual determination of the levels of con-
trast to be seen in an image.

3.3. Hardness testing

A Matsuzawa microhardness tester was used to deter-
mine the microhardness of all the specimens studied.
A Knoop profile indenter, with its long diagonal
aligned along a {100) surface direction was used for
all tests. Loads of 10 gf and 25 gf were utilized in order
to produce indentations (10 to 20 um long diagonal)
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Figure 6 Acoustic images of the implanted/unimplanted boundaries
of silicon implanted with 10'* As* cm™~? at 180 keV. The feature in
the centre of the micrograph is a Knoop microhardness indentation
placed for reference. (a) —30 um, (b) —40 um defocus at 550 MHz.
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Figure 7 Experimentally determined (low-pass filtered, 550 MHz)

V(z)s for unimplanted and 10" As™cm~? implanted silicon.
Marked are the defoci used to obtain the images shown in Fig. 6.



which lay substantially within the implanted layers
(see [10, 11] for details of this approach).

4. Results and discussion

As described in Section 2, it is expected that ion
implantation will result in the formation of a less stiff
surface layer. The effect of this upon surface wave
propogation will be to lower the Rayleigh velocity, vg,
on that surface [25]. These changes in vy are expected
to produce contrast in the acoustic microscope at
some negative defocus (see Section 2.2). Conse-
quently, for each specimen, a series of images (at
550 MHz) were taken over areas containing both
implanted and unimplanted material. Fig. 6 shows
typical images (for 10" As™cm™? implantation),
Fig. 6a being taken at — 30 um defocus and Fig. 6b at
—40 um defocus. It can be seen that the contrast
reverses as the defocus is changed. Fig. 7 shows the
V(z) curves recorded for the implanted and
unimplanted regions shown in Fig. 6, the defoci at

focus

IMPLANTED IUNIMPLANTED

Figure 8 V(z, x)s recorded across implanted/unimplanted bound-
aries such as those shown in Fig. 6 for silicon implanted to (a) 2 x
104Si*em~2, (b) 10" As*cm™2 Note that a greater degree of
fringe shift can be seen in (b) than in (a), indicating a greater
“loading” of the substrate by the implanted layer. The large feature
to the right of (b) is a surface scratch.

TABLE 1l Experimental and calculated Rayleigh velocities

Specimen Rayleigh velocity (msec™")
Experimental Calculated

Unimplanted 4888 + 5 4888
As-1 4865 4868
As-2 4852 4860
As-10 4845 4855
Si-1 4878 4877
Si-2 4871 4866
Si-10 4825 4819

which Figs. 6a and b were recorded aiso being
marked. The V' (z) of the implanted material is slightly
out of step with that of the unimplanted material, and
it is this that gives rise to the (albeit) weak contrast
observed between the two regions. Images of this type
were recorded for all but the lowest dose silicon-
implanted specimen (10" Si* cm™?). Here no contrast
was observed.

Figs. 8a and b show the V(z, x)s recorded across the
implanted/unimplanted boundaries (such as those
imaged in Fig. 6) for silicon implanted with Si* at 2 x
10" and 10" ioncm ™2, respectively. Some fringe offset
can be seen across the boundary in Fig. 8b (high dose)
and a less readily detectable shift can be seen in
Fig. 8a, i.e. this specimen would not be expected to
show as much contrast across the implanted/
unimplanted boundary when imaged, as was the case.

From the recorded V(z)s the Rayleigh velocities
were determined using the method described in Sec-
tion 3.2 and the derived values are presented in Table
I1. It can be seen that the general trend in these figures
can be correlated with the calculated levels of radi-
ation damage and the presence and size of an amorph-
ous layer, i.e. the greater the damage the slower the
surface. The accuracy of these velocities depends upon
several factors. Most important of these is the
assumption that the water ripple periodicity remains
constant. Temperature variations will affect the vel-
ocity of sound in water and would thus affect the
water ripple periodicity. Although no temperature
control was used in these experiments, the changes in
velocity that would result from normal room tem-
perature variations (< 5°C) would only change the
water velocity by ~0.6% [29]. Periodicity measure-
ment uncertainties are expected to be a greater source
of error. It is estimated that the V(z) periodicity
measured over three periods) can be measured to
~1%. Indeed, the periodicities measured for
unimplanted silicon on six independent V(z)s (one
acquired from the unimplanted region of each of the six
specimens studied here) yielded an average periodicity
of 62.9/3 water ripples with standard deviation of only
0.11/3 water ripples. This deviation has been used to
estimate the error in vy as approximately + 5msec™'
(£ 18.D)).

Before discussing these results further, it was con-
sidered judicious to confirm that the calculations/
predictions concerning amorphous layer thickness
were not substantially in error by using low-load hard-
ness testing. These tests can qualitatively indicate the
extent of amorphous layer present and the data
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TABLE III Knoop hardness results

Specimen Knoop hardness* (KNH) Comments
10 gf load 25 gf load

Unimplanted 763 857
(725-804) (822-894)

As-1 884 921 harder
(752-1053) (895-950)

As-2 648 833 intermediate
(615-682) (792-879)

As-10 736 750 softer
(699-777) (706-799)

Si-1 872 883 harder
(881-953) (851-917)

Si-2 836 848 harder?
(793-882) (823-875)

Si-10 739 842 softer
(704-778) (822-863)

*Figures in brackets are +1S.D.

obtained in the tests performed here will be inter-
preted in the light of the structure/hardness relation-
ships previously determined for ion implantation into
other brittle materials (see [5, 10, 11] for details); i.e.
the surface becomes radiation hardened when no
amorphization occurs; amorphous material is softer
than the parent material and thus lower hardness is
found when a surface layer is present; sub-surface
amorphous layers show intermediate hardness values,
these lying between the peak radiation-hardened value
and the lower values obtained for surface amorphous
layers'. The results of the hardness test performed on
the specimens used in this study are shown in Table 111
and qualitatively support the presence and sizes of
amorphous layer predicted, although these data indi-
cate that some amorphous material might be present
in the silicon implanted with 2 x 10"Si* cm™2.

Thus, the structures that the hardness values imply
agree well with the predicted structures for the As™*
implanted silicon but less well for the Si* implanted
silicon. The reasons for this probably lie in the sim-
plicity of the modelling approach used here when
compared to the complexity of the implantation
process. The critical energy level for amorphization is
not a material constant, but depends upon a large
number of factors including implantation tem-
perature, dose rate and ion mass. The calculations
performed here have assumed a value of 10*' keV em ™
as the amorphization threshold. Whilst this seems to
work for the As™ implantation, a lower value would
possibly be more appropriate for the Si* implant.
Alternatively, these discrepancies could arise from
both inaccuracies in the damage per ion calculated by
EDEP-1 from the assumption of a Gaussian profile.
However, the values derived and used in this study are
still useful as a guide to the plastic/elastic/microstruc-
tural modifications that may result from implantation
and are adequate for the present study.

In order to estimate what the actual elastic proper-
ties of the ion-implanted/amorphous material are, it
was decided to attempt to calculate the changes in

—————— UNIMPLANTED CONTROL
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Figure 9 A summary of the variation of C|;, C,, assumed for the
theoretical calculations of v, on implanted silicon. g is the
damage level above which the material is rendered amorphous.

Rayleigh velocity that would result from ion implan-
tation. This was achieved by modelling the ion-
implanted layer as three discrete layers (see Section
2.2) and using the approach of Brekhovskikh [22] to
calculate the reflectance function (and hence Rayleigh
angle) for the layered specimen. Here, for simplicity,
silicon has been assumed to be both lossless and elas-
tically isotropic. This is not expected to affect the
analysis to any great extent since, when using a spheri-
cal lens (i.e. sampling Rayleigh waves that are
propagating in all directions) a ‘“‘mean” Rayleigh
velocity is determined. In reality, other surface wave
modes (including Rayleigh waves of differing,
orientation-dependent, velocity) will exist and deter-
mine the precise form of the V(z) (e.g. [30]). However,
before proceeding further it is necessary to make some
crude assumptions concerning the dose dependence of
the parameters that govern the Rayleigh velocity in
layered media. These are: (i) C;, and C,, vary linearly
with damage level, reaching a minimum at the point of
amorphization; (ii) C;, and C, of the amorphous
material are constant and are close to the values of the
crystalline material C; and C,, at amorphization; (iii)
no density changes occur during implantation. Points
(i) and (ii) are summarized in Fig. 9. Assumption (i)
seems reasonable since implantation-induced strains
in silicon [31, 32] have been reported to vary linearly
with dose—this indicates that the defect generation
(that we are assuming is responsible for elasticity
changes) is a linear function of damage energy (i.e. no
in situ annealing occurs). Assumption (ii) is difficult to
justify, however, in the absence of more detailed
information concerning the structure of the amorph-
ous material it is impossible to be any more realistic.
Assumption (iii) has been made since (a) no surface
step across the implanted/unimplanted boundary was

9 The hardness value measured depends upon the relative volumes of surface-crystalline, sub-surface-amorphous and crystalline-substrate
sampled and can vary dramatically depending upon indenter penetration (e.g. see data Si-2 in Table III). No detailed analysis of this is

available.
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TABLE IV Elastic constants and thickness of layers used in Rayleigh velocity calculations

Specimen Layer 1 Layer 2 Layer 3

Ciy, Cu* h (um) Gy, Cu* h (pm) Cii, Cu* h (pm)
As-1 92.5% 0.011 77.0% 0.097 93.4% 0.030
As-2 76.6% 0.017 70%*% 0.085 82.3% 0.036
As-10 - - 70%F 0.140 - -
Si-1 97.4% 0.024 94.6% 0.270 98.1% 0.071
Si-2 94.9% 0.024 89.2% 0.270 96.2% 0.071
Si-10 74.0% 0.024 70%1 0.270 81.0% 0.071
*The values of elastic constants shown above are expressed as percentages of the values of unimplanted silicon; C;, = 1.865 x 10",

Cyy = 0.665 x 10" dyncm™2,
TAmorphous material.

observed, and (b) other workers have also found any
volume changes associated with implantation to these
dose levels impossible to detect [27]. It is important to
realize that since sizeable compressive stresses are
generated with implanted layer of this type (e.g. [4, 5,
16]) some accompanying increase in volume must be
occurring. However, this expansion is constrained by
the underlying and surrounding material in most
cases, resulting in minimal changes in density. An
estimate of the density change at amorphization may
be made from the linear strains observed at amorph-
ization. These have been reported to be ~1% for
GaAs, germanium and silicon, this giving a maximum
volumetric strain (and hence density decrease) of
~ 3%. This density decrease may be partially compen-
sated for by increases in density due to the injection of
additional atoms by the implantation process. How-
ever, this is small, being only ~0.8% for the
10" As* cm % implantation. From these figures a sur-
face step of <2nm* would be expected, i.e. less than
could be detected using two-beam interferometry
techniques. Thus, any density changes that do occur
are likely to be much smaller than the changes in
elasticity.

A range of C,;, C,, values were used to calculate
changes in vy for the layered structures used to
approximate the Gaussian damage profile. Those
values that gave reasonable agreement with the experi-
mentally derived values of v are given in Table IV
together with the layer thickness used whilst the cal-
culated values of vy are given in Table I1. Reasonable
agreement with the experimental values of vy are
found when C;, and C,, of the amorphous layer and
substrate-at-point-of-amorphization are taken to be
~ 0.7 those of the parent crystal. The magnitude of
this change can be simply interpreted in terms of the
number of bonds ruptured by implantation. Christel
et al. [9] showed that if ~ 15% of the parent atoms
were displaced, amorphization would occur. This
corresponds to ~30% of the bonds in the surface
being ruptured at amorphization. So, assuming no
bond reconstruction, and that the elastic constants of
the surface are dependent upon the number of bonds
present, a decrease in stiffness of ~ 30% would also be
predicted. Thus, the measured changes in Rayleigh
velocity are consistent with a radiation damage-
dependent change in elastic properties.

Whilst, perhaps, more accurate calculations could
be made using a greater number of layers to model the
Gaussian damage profile, and by incorporating ani-
stropy and attenuation terms into the calculations, it
is felt that, given the lack of understanding of the
damage—elasticity dependence, the additional com-
plexity of such an approach would not be justified
here.

Changes in the elastic constants of surfaces during
ion implantation can be important in determining the
levels of stress generated during implantation. Other
workers [31, 32] have shown using X-ray techniques,
that the lattice strain varies linearly with dose for
implantation into silicon, whereas the stress does not
[4]. Stress variation with dose is usually found to vary
approximately linearly with dose for doses much less
than the amorphization dose. But when the dose
approaches the amorphization dose the stress varies
sub-linearly. Clearly, variations of ¢lastic constants
with dose similar to those described here can account
for this behaviour. Similar sub-linear dose dependence
of stress has observed for a number of materials (e.g.
[34]) and it is possible that changes of elastic constants
with dose are making a substantial contribution to
this behaviour.

5. Conclusions

The use of acoustic microscopy techniques has
enabled estimates. of the implantation-induced
changes of the elastic properties of silicon to be made.
The combination of experimentally determined Ray-
leigh velocity changes and theoretical modelling has
indicated that, at the point of amorphization, the
elastic constants, C,, and C,,, are reduced by approxi-
mately 30%. The amorphous material generated by
the implantation also shows elastic properties 330%
lower than those of the parent silicon.
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