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Ion bombardment of solid surfaces produces a number of changes in the near-
surface region. The surface is etched by ejection of material by momentum exchange.
The surface concentrations of the components of a multicomponent solid, such as
an alloy, are altered by preferential sputtering. Finally, the incident ions penetrate
a distance into the solid, producing a damaged region referred to as the “‘altered
layer’’ in which diffusion is enhanced relative to that in the unaltered bulk. Previous
models have not explicitly accounted for the ion penetration depth and the discon-
tinuity of solid diffusivities at this boundary. We demonstrate that this problem is
directly analogous to that of a plug-flow reactor with axial dispersion, and solve
Jor steady-state and transient concentration profiles in a binary solid, taking into
account the different values of the ‘‘Peclet number’’ appropriate for the two regions,
the altered layer and the unaltered bulk of the solid.

Introduction

The properties of a solid, and in particular those of the near-
surface region, can be affected greatly by radiation. Under-
standing the role of solid surfaces is crucial in many technol-
ogies; ion beam processes provide tools to characterize solids
and to modify surface properties. Indeed, the use of ions for
sputtering to remove or implant materials has reached man-
ufacturing process status.

Sputtering has been found to eject surface atoms of com-
pound targets nonstoichiometrically; this phenomenon is
known as preferential sputtering. By varying the sputtering
parameters, alloys can generally be sputtered to a wide range
of surface compositions. In addition to removal of material
from a surface, sputtering may be utilized to apply material
to a surface. Specific applications of sputtering from a target
onto a surface of interest include preparation of alloys, ap-
plication of refractory materials, and fabrication of microcir-
cuit metallization layers, oxide microcircuit oxidation layers,
transparent conducting electrodes, amorphous optical films
for integrated optics devices, piezoelectric transducers, photo-
conductors and luminescent films for display devices, thin film
resistors and capacitors, video-discs, solid electrolytes, thin
film lasers, and microcircuit photolithographic mask blanks
(Thornton, 1983).

Ion bombardment at moderate energies (in the kilovolt range)
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is typically carried out at pressures in the range from 5x 10™*
to 5% 107 Torr (Thornton, 1983). The sample is bombarded
and eroded by energetic particles, usually ions of a heavy inert
gas. Material is dislodged and ejected from the surface by
momentum exchange. The sputtered material is ejected pri-
marily in atomic form (Betz and Wehner, 1983; Thornton,
1983). In addition to ejecting material from the surface, the
impinging ions penetrate a distance A into the solid, creating
rough morphological changes at the surface and atomic mixing
within a comparable depth beneath the surface. The penetra-
tion depth of the ions depends on the energy and atomic mass
of the ions as well as on the atomic masses of the solid com-
ponents (Ryssel and Ruge, 1986). Simple models based on
collisional processes alone can be used to calculate the number
and distribution of atoms displaced by impinging ions
(Schigtt, 1970); however, more complex models are needed to
determine the structural damaged caused by the beam (Wil-
liams and Poate, 1984).

Preferential sputtering of different atoms from the surface
is also a function of mass differences of the atoms in multi-
component systems such as alloys. Surface binding energy
differences or chemical bonding differences between the atoms,
the location of the atoms themselves at or near the surface,
and recoil implantation or cascade mixing have also been pro-
posed to contribute to the effects of preferential sputtering in
alloys (Pickering, 1976; Ho et al., 1976; Betz and Wehner,
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1982; Swartzfager et al., 1982; Ossi, 1987), and are difficult
to predict a priori. Chemical reactions between the ion beam
and the components of the solid can be neglected for the case
of bombardment with noble gas ions considered here, but will
also contribute to the distribution of components in the solid
in the case of reactive ion etching.

Preferential sputtering of solid components by ions of an
inert gas is typically represented as a first-order kinetic process
(Ho et al., 1976; Ho, 1978). As a semi-infinite binary alloy is
continuously bombarded by ions, the surface will become de-
pleted of the easy-to-sputter component. Since there is then
less and less of this component to sputter, its rate of removal
will decrease. At steady state, relative rates of removal of the
two components must match the ratio of their bulk concen-
trations, that is, there is no further change of the relative
concentrations with time. This situation is achieved when the
surface concentration ratio has been adjusted by sputtering to
compensate exactly for the different cross sections for sput-
tering (that is, different rate constants for removal) of the two
components.

In a semi-infinite binary alloy, preferential sputtering of one
component from the surface will give rise to a concentration
gradient within the near-surface region. The thickness of the
““altered layer,”’ the region in which the concentration deviates
from the bulk concentration, is typically taken to be compa-
rable to the ion penetration depth itself (Ho et al., 1976;
Swartzfager et al., 1982; Ossi, 1987; Peng et al., 1987). Ex-
perimental evidence for an ‘‘altered layer” can be found in a
number of studies. Gillam (1959) and Laegried and Wehner
(1961) bombarded binary alloys with inert gas ions and ex-
amined the corresponding electron diffraction patterns. They
observed distinct doublets in the diffraction patterns, indicat-
ing the formation of an altered layer near the surface with
lattice parameters and thus composition different from those
of the original alloy. MacDonald and Haneman (1966), Tarng
and Wehner (1971), and Quinto et al. (1971) later reported
similar findings. MacDonald and Haneman (1966) also at-
tempted to measure the depth of the altered layer. It is the
concentration profiles within and beyond the ‘‘altered layer”’
which are of interest here in examining the effects of ion bom-
bardment.

The atomic mixing created by ion bombardment can be
represented as an enhancement of diffusion within the altered
layer, that is, an increase in the binary diffusion coefficient.
It has been estimated, for example, that this altered layer has
an ion-bombardment-enhanced diffusion coefficient of ap-
proximately 10" cm?/sec to 10~'7 cm?/sec in Cu-Ni, Au-Pd,
and Ag-Au alloy systems (Pickering, 1976; Swartzfager et al.,
1982), with an incident beam of 2.0 keV, ®Ne as the probe
ion, and a current density of 2.5 pA/cm?. Values for unen-
hanced diffusion coefficients are of order 10~ '® cm?/sec similar
to those for self-diffusion in metals (Birchenall, 1959; Giri-
falco, 1964). Thus two distinct diffusion regions are created
in the sputtered alloy: an enhanced diffusion region (altered
layer) in which diffusion coefficients may be increased by sev-
eral orders of magnitude and an unaffected diffusion region
in the bulk.

As the surface is bombarded initially, preferential sputtering
will give rise to a concentration gradient via depletion of the
more-easily-sputtered component at the surface. Within the
solid, the concentration profile is determined by the local dif-
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fusive properties of the alloy. The concentration of the more-
easily-sputtered component will be a minimum at the surface
under steady-state conditions. The concentration of this com-
ponent will increase as one moves into the bulk toward the
boundary between the two diffusion regions. The rate of in-
crease will depend on the ratio of the sputtering rate to the
diffusion rate. At the internal interface between the two dif-
fusion regions, the concentration must be a continuous func-
tion; however, there will be a discontinuity in the concentration
gradient because of the difference in diffusion coefficients on
opposite sides of the interface. As the concentration profile is
followed into the unaltered bulk, it is expected to increase
sharply, since the diffusion coefficient is much smaller, but
the rate of transport to the surface must be constant at steady
state. At large distances from the surface, the concentration
approaches that of the bulk. We demonstrate below that this
problem is directly analogous to the problem of a plug-flow
reactor (PFR) with axial dispersion (Danckwerts, 1953; Weh-
ner and Wilhelm, 1956; Pearson, 1959; Bischoff, 1961; van
Cauwenberghe, 1966), and that the competition between etch-
ing and mixing processes can be accounted for by a dimen-
sionless quantity analogous to the Peclet number.

Previous Models of Preferential Sputtering Effects

Pickering (1976) modeled the effects of preferential sput-
tering by Fick’s law. The binary alloy was assumed to consist
of an easy-to-sputter and a difficult-to-sputter material; how-
ever, no quantitative description of the preferential sputtering
dynamics was given. The mole fraction, C, of the easy-to-
sputter material was set equal to zero at the surface. He ob-
tained for the concentration profile

2
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where Cj is the bulk mole fraction of the easy-to-sputter com-
ponent, D is the Fickian diffusion coefficient, u is the rate of
recession of the surface (assumed to be constant), x is the
distance from the surface into the solid, and ¢ is the time. He
then estimated the effective thickness of the altered layer to
be

)

This estimate of the altered layer thickness arbitrarily equates
the rate of sputtering with the rate of diffusive transport; that
is, it is not directly related to the actual penetration depth of
the incident ions.

Ho et al. (1976) took into account the different sputter yields
of different components in defining the surface condition, and
set up mass balances for the altered layer taking into account
both removal of material from the surface and diffusion from
the bulk. Ho (1978) produced a solution for the concentration
profile in alloy etching, applying the kinetic model for pref-
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erential sputtering of Ho et al. (1976). Unfortunately, the ef-
fects of enhanced diffusion were assumed throughout the entire
alloy; only one diffusion region was defined. Ho obtained

C X+T H -
C= CB—?BI:CI'fC<2—T0‘g> +H— ] e Yerfc <%é>:|
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Ho (1978) defined the kinetic factor, H as follows

_(So=Sp)1-Cy] ©
SpCs+Spll — C4

where C; is the surface mole fraction of P at time f and S,

and S, represent the sputtering rates of the respective com-

ponents. In determining the concentration profile, Eq. 3, H

was assumed to be a constant and was evaluated at steady

state:

Cs

H=1- o ™
Ho estimated
‘%\ =1 (8)
or
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as did Pickering (1976), arbitrarily assuming that the rate of
removal of material from the surface by sputtering is equal to
the rate of diffusive transport. This condition may appear to
be a definition of steady state; however, it is not. Because the
surface is moving, there is also a ‘‘convective’’ term in the
steady-state mass balance.

Swartzfager et al. (1982) improved this model by allowing
for uphill diffusion, diffusion against a concentration gradient
caused by preferential sputtering. The diffusion flux was ex-
pressed in terms of jump probability frequencies, however, the
diffusion coefficient was kept constant throughout the entire
solid, defining again only one diffusion region.

Peng et al. (1987) modeled sputtering in binary films of finite
thickness on top of a single component bulk and fitted some
experimental data. They obtained

Up—u

C(t)=C5[l—<%t)] “ 10)

296 February 1993 Vol. 39, No. 2

where C(t) is the average mole fraction of component P in
the film, C; is the initial fraction of P in the film, u, is the
sputtering rate of component P, u is the total sputtering rate,
and § is the initial thickness of the binary film. The concen-
tration model was then convoluted with the sampling function
for Auger Electron Spectroscopy to obtain the time dependence
of the Auger signal for P. The data fits were good for sputtering
through films with thicknesses of order 30-40A. However,
the interior boundary of the enhanced diffusion region was
fixed for all time at the initial film boundary, thus this model
cannot account for inward diffusion when the altered layer
boundary passes the original film boundary.

The aim of the present work was to develop a more rigorous
model of the effects of enhanced diffusion under ion bom-
bardment. There are two major differences between the pre-
vious models and that proposed here. The first difference is
that this model assumes that the incident ions, penetrating a
finite distance into the alloy, create a diffusion interface at A.
The presence of this interface creates two distinct diffusion
regions: at distances from the surface less than A the diffusion
coefficient, D,, is assumed to be constant but enhanced; at
distances greater than A the diffusion coefficient, D,, is char-
acteristic of that in the unperturbed bulk alloy. It has been
estimated that D, = 3D,, where § is a value in the range of 10
to 100 or greater (Pickering, 1976; Swartzfager et al., 1982;
Borg and Dienes, 1988). Our reanalysis of the Peng et al. (1987)
data for sputtering of magnesium nitride films with 1 keV
argon ions suggests that for this case 8 is approximately 20
and the ratio of etching to diffusion rates for the aitered layer
is of order unity (Elias, 1990). The parameters used in the
model calculations below were therefore chosen to span a range
which included these values. Neglect of the 1 to 2 order of
magnitude difference in diffusivities in the altered layer and
the bulk, as in previous models, can lead to 50 to 100% errors
in the predicted signal intensities for spectroscopic techniques,
for example, Auger Electron Spectroscopy, used to monitor
surface concentrations (Elias, 1990).

The second difference between this and previous models is
that this work does not assume that the rate of sputtering will
be equal to the rate of diffusive transport within the alloy. In
past studies, the convective to diffusive transport ratio has
been set equal to 1 or O arbitrarily, and A has not entered
explicitly into the model. However, in the present model, the
ratio of convective to diffusive transport is not fixed arbitrarily.
A is set equal to the ion penetration depth and appears explicitly
in the model. The ion penetration limit, A, is assumed to be a
single value rather than its actual Gaussian distribution (Mintz
et al., 1985). The half-width of the ion range distribution has
been calculated to be approximately 0.1 A over a wide range
of beam/solid atomic mass ratios (Schidtt, 1970). The distri-
bution of penetration depths of the incident ions is neglected
in the analysis that follows; inclusion of such effects would be
expected to reduce but not eliminate the sharp discontinuities
in the concentration profiles predicted.

Model Development

If one assumes a sputtering rate which is first-order in surface
concentration, the rates at which components P and Q leave
the surface can be expressed as
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dN,
TtP: kpCs pp (11)
and
dN,
—f2=k,C 12
dt ols, 0P (12)

where N, is the number of moles of species /, p is the molar
density of the solid (assumed to be independent of composi-
tion), k, is the rate constant for the ejection of i from the
surface, Cg; is the surface mole fraction of component i, and
the subscript / refers to either component P or Q. Equations
11 and 12 assume that the rate of loss of i from the surface is
a linear function of the surface concentration for that com-
ponent (Ho et al., 1976; Ho, 1978).

The ratio of removal rates, defined as the selectivity of
sputtering, is obtained by dividing Egs. 11 by 12:

d_Nﬁzﬁ E%.’i:___k”cs"" a3
dNg ko Cso ko(l—Csp)

The concentration ratio of the material in the bulk must equal
the selectivity for removal from the surface at steady state. In
the analysis that follows, only component P, the more easily
sputtered component, will be treated; the subscript will be
dropped.

Therefore, at steady state

xCs,ss - Cp
l - CS.SS 1 - CB

(14

where SS denotes values at steady state and

kp
=—— 1
K %o (15)

where « is defined to be greater than 1.
Equation 14 is now solved for Cp to obtain

Kcs,ss

Cpmm2
- CssstkCsgs

(16)

an

Therefore the kinetic factor of Ho (1978) from Eq. 7 can be
expressed in terms of «x and Cp only:

H=(1-x)1-Cp) 13

If one assumes a constant diffusion coefficient in the altered
layer, a constant diffusion coefficient in the unaltered bulk,
and a constant density throughout the entire alloy, a mass
balance for a differential slice of the alloy yields

2
pFC, ac_acC

Tax* " ax ot (19)
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where v= —u and where the subscript j refers to region 1 (the
altered layer) or region 2 (the bulk), depending on the location
at the differential element.

In solving Eq. 19, two boundary conditions would normally
be needed. In this case, the domain is divided into two diffusion
regions, and each region has a characteristic D;. The problem
posed here is then of two differential equations of the form
of Eq. 19: one holds for 0 <=x=<X\ with D, and the other holds
for x>\ with D,. Thus four boundary conditions are needed.

The first boundary conditions is that of Ho (1978), obtained
from a balance of the mass flux at the outer surface, that is,
at the solid-vacuum interface. For ¢>0 and x =0 this yields

aC
Dfa_xs + HvCs=0 (20)

The second boundary condition is provided by the require-
ment that the concentrations on both sides of the diffusion
interface match. For ¢>0 and x=\, this yields

Ch-=Cly, @n

where the subscript A — refers to the interface on the altered
layer side, and the subscript A+ refers to the interface on the
bulk side.

The third boundary condition is obtained from a mass bal-
ance at the diffusion interface. Since diffusion does occur at
x =\, Cly # Cg, and a mass balance at this interface is therefore
also required. For r>0 and x =\, this yields

D,(—a-g +vCI>\_=D2§£ +uvCly, (22)
ax |, _ ox |,

Equation 22 is essentially equivalent to the Danckwerts bound-
ary condition for the entrance region of a PFR with axial
dispersion.

The fourth boundary condition is provided by the condition
at infinity. For >0 and as x—~o»

C=C 23)

The initial condition is then the following. At =0,

C=Cg 24)

for all x=0.
Equations 19-24 are then nondimensionalized with

el 25
z=5 (25)
vt
T=% (26)
and
_E_ 27
s @7)
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The resulting nondimensional characteristic equation is

1 #x or O

—_— =t = 28

Pe; 37" 3z o7 @9
The appropriate boundary, matching, and initial conditions

become the following.
Boundary Condition 1: At ¢t>0and z=0

1 o
_— =0 29
Pe, az+H7r 29)

Boundary Condition 2: Ats>0and z=1

wlho==l,, 30)

Boundary Condition 3: Ats>0and as z=1

1 o

—_— +wly, 31
Pe, 9z |-+ T @

Boundary Condition 4: At >0 and z—o
=1 (32)

Initial Condition: At =0 for all 2

=1 (33)

[t is interesting to note the emergence of a parameter—the
etching rate to diffusion rate ratio—represented here as the
Peclet number, which is analogous to the Peclet number for
1 — dimensional axial dispersion in a plug-flow reactor.

Pe;=— (34

where j=1 or 2, depending on which region of the alloy, the
altered layer or the unaltered bulk, for which the mass balance
is constructed. Placing the Peclet number in the context of this
problem, it can be said that ion bombardment defines the alloy
into two distinct transport regions, or into two distinct Peclet
number regions: a low Pe region, in the altered layer and a
high Pe region in the bulk of the solid. Strictly speaking, the
value of Pe, is time-dependent, as the altered layer does not
exist prior to ion bombardment, but requires a finite ion dose
(and therefore a finite time) for the diffusion coefficient in
this region to reach its radiation-enhanced value. The altered
layer is generally considered to be fully established when a
sufficient number of ions have penetrated the solid so that
their collision cascades (the damaged regions surrounding each
ion track) overlap to fill the entire layer (Davies, 1992). Ex-
perimental and theoretical determinations both demonstrate
that this process is quite rapid, occurring at ion fluences com-
parable to the atom density of the exposed surface (Ossi, 1987;
Davies, 1992; Picraux et al., 1992). Thus the timescale for
establishment of the altered layer is less than that for removal
of a single layer of atoms from the surface, and can therefore
be neglected for all but the thinnest films. In the model de-
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Figure 1. Steady-state profiles for varying Pe, Pe, = Pe,.
Cp=0.5 and «=4.0.

veloped here, the values of D,, D,, Pe,, and Pe, are assumed
to be time-invariant; that is, diffusion in the altered layer is
enhanced relative to its value in the bulk for all £>0.

Steady-State Solution
At steady state, Eq. 28 reduces to

1 r an

The boundary conditions, Eqs. 29-32 are unchanged.

If one assumes a constant Pe throughout the alloy, that is
Pe, = Pe, = Pe, there is no unique value for A, the ion pene-
tration depth. A cancels out of the boundary conditions at the
interface. Equations 30 and 31 become identities.

Equation 35 can now be solved analytically subject to the
boundary conditions:

7(g)=1- e (36)

H-1

This is equivalent to the solution of Ho (1978) at steady state
with Pe=1. The steady-state solution for Pe,# Pe,, where
Pe, < Pe, is also straightforward. In this case, the boundary at
Xx=MA(z=1) divides the two diffusion regions.

1 e P Region 1: 0<z=<1;

- TH- 37
w(2)= u (37

1-

~ Pe; - Pey(z-1)
»

e Region 2: z>1

H-1

Representative illustrations of the steady-state concentration
profiles are shown in Figures 1-3. In Figure 1, a plot of 7 vs.
z from Eq. 36 is shown for different values of Pe, with Cz=0.5
and x = 4.0 chosen as representative values. The concentration
increases concave down with z. The Pe=.10 curve is relatively
flat, similar to that of a flow reactor of the same Pe. The
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Figure 2. Steady-state profile for Pe,=0.1 and for
Pe,=10.0 and Pe,=100.0.
Cy=0.5 and k=4.0.

Pe=1.0 profile is intermediate in curvature, similar to that of
an intermediate case between a continuously stirred tank re-
actor (CSTR) and a PFR with no reaction. The Pe=10.0 curve
exhibits a very sharply increasing concentration profile, similar
to that of a PFR with no reaction.

For the case of Pe,= Pe,=Pe=1.0, the above solution re-
duces to the steady-state solution obtained by Ho (1978). By
assuming Pe, = Pe, = Pe, the enhanced diffusion properties are
extended infinitely into the bulk, or conversely, there is no
radiation enhancement of diffusion. There is no reason to
believe that the enhanced diffusion will be a property of the
entire alloy, since the ion beam which is presumed to enhance
diffusion only penetrates a finite distance into the solid.

Figures 2 and 3 illustrate the steady-state solutions given by
Eq. 37 for Cy=0.5 and k=4.0. Pe,=0.1 and Pe,=1.0 char-

—a— Pe,=10
—O— Pe,=100
0.0 T T T

z
Figure 3. Steady-state profile for Pe,=1.0 and for

Pe,=10.0 and Pe, =100.0.
Cy=0.5 and «x=4.0.
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acterize the enhanced diffusion region and Pe,=10.0 and
Pe,=100.0 are both used in each case. For higher values of
Pe,, that is, Pe, =10, the solutions are essentially indistin-
guishable from those where Pe, = Pe,.

In Figure 2, the concentration profile is relatively flat in
region 1, characteristic of a low Pe. In region 2, the concen-
tration profile jumps to very high values within a very short
distance into the unaltered bulk, characteristic of high Pe. The
Pe,=100.0 curve shows a faster concentration increase than
the Pe,=10.0 curve in reaching the bulk concentration, as
expected.

In Figure 3, the concentration profile increases over the
entire region 1, characteristic of an intermediate value of Pe.
In region 2, the concentration also jumps to very high values
within a very short distance of the interface, characteristic of
a high Pe. The Pe,=100.0 curve shows a faster approach to
the bulk composition than the Pe,=10.0 curve, as expected.

The most notable characteristic of these profiles is the sharp
concentration gradient discontinuity at the diffusion interface
between region 1 and region 2. The greater the difference
between Pe, and Pe,, the greater is the discontinuity in the
slope of the concentration profile at the interface. If Pe, = Pe,,
Eq. 37 reduces to Eq. 36—the distinction into regions with
different Pe becomes meaningless. The greater Pe,, the smaller
is the distance past the interface required for the concentration
to reach Cs.

In addition, the shape of the profile in region 1 is unaffected
by Pe,. If a closer inspection of boundary condition 3 is made,
an explanation is found. In changing Pe, from 10.0 to 100.0,
the third term of Eq. 31

1 on
Pe, 0z |,

is the only term affected. In effect, this term represents a
dimensionless diffusive flux: it is first divided by 10.0 and then
by 100.0. The effect of this diffusive flux on the boundary
condition for Pe;<0.10 Pe, is minimal. Only when Pe, ap-
proaches Pe, does this term become an important factor in the
boundary condition, and hence the solution of the profiles.

Transient Evolution of the Concentration Profile
Under lon Bombardment

The next stage is to find the transient solution of Eq. 28 in
an alloy of semi-infinite thickness. In this stage, transient pro-
files are obtained which should approach the steady-state so-
lutions above for Cz=0.5 and x=4.0, for the corresponding
values of Pe, and Pe,. Again, the domain must be split into
two regions, 0<z=<1 and z>1, with the appropriate Pe; for
each region. Due to the complexity of Eq. 28 and the associated
boundary conditions, a numerical solution was obtained. The
problem posed above is one of an inhomogeneous medium—
of a discontinuous D as a function of x, or of a discontinuous
Pe as a function of z. A Crank-Nicholson formulation for
inhomogeneous media (Davis, 1984) was used to solve these
equations. Again, values of Cz=0.5 and x= 4.0 have been used
as representative values, and for comparison to the steady-
state solutions above.

The transient concentration profile for Pe,=0.1 with
Pe,=10.0 is illustrated in Figure 4. In region 1, the profiles
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Figure 4. Transient profiles for Pe, =0.1 and Pe, = 10.0.
Cp=0.5 and «=4.0.

are relatively flat and concave down, characteristic of a low
Pe,. At the diffusion interface, the gradient is discontinuous,
as previously demonstrated for the steady-state case. In region
2, the profiles increase sharply at first and then asymptotically
approach Cg. Initially, the profile is flat at v =1. As time
increases, the curve shifts to overall lower values because of
preferential sputtering at the surface. For 7=vt/A=3.0, the
profile has almost reached this steady-state profile. For 7> 30,
the transient profile is indistinguishable from the steady-state
solution.

The transient concentration profiles for Pe,=1.0 and for
Pe,=10.0 and Pe,=100.0 are found in Figures 5 and 6, re-
spectively. In region 1, the profiles are moderately increasing
and concave down, characteristic of an intermediate Pe,. At
the interface the gradient is discontinuous, as previously ob-
served for the steady-state case. In region 2, the profiles in-
crease sharply at first and then asymptotically approach unity.

0.6

n tau=08.5
0.4 ——O— tau=.18
weefll—  tau=.25
—e@——— tau=.58
—elb—  tay-1.00

—O— tau=3.8,

st-state

0.2

Z

Figure 5. Transient profiles for Pe,=1.0 and Pe, =10.0.

Cy=0.5 and «=4.0.
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I tau=9.5

0.4 —— tau=.10
—— tau=.25
—A— tau=.58
——d— tau=1.88
0.2 ~—f— st-state
0.0 T T T
0 1 2

4

Figure 6. Transient profiles for Pe, =1.0 and Pe, = 100.
Cy=0.5 and k=4.0.

The sharp increase at the entrance of region 2 in Figure § is
less acute than the sharp increase at the entrance of region 2
in Figure 6, as expected. The steady-state solutions obtained
above for the corresponding Pe; are also plotted here.

The transient concentration profiles for Pe,=10.0 and for
Pe,>10.0 are found in Figure 7. In region 1, the profiles
increase very sharply and approach unity asymptotically, char-
acteristic of a high value of Pe. At the interface the gradient
is not discontinuous since the bulk concentration has already
been reached, as observed for the corresponding steady-state
curve. The time required to reach steady state was also much
shorter, in this case for 7=0.30, the profile was almost indis-
tinguishable from the steady-state curve.

From the figures presented above, the following can be in-
ferred. The shape of the profile in region 1 is not influenced
by the value of Pe, for Pe,> Pe,. The depletion of component
P is greater in the altered layer than in the unaltered bulk. As

—{}— tau=p.05
——P— tau=0.10
w——t— tau=0.25
——el3—— si-state

7

Figure 7. Transient profiles for Pe,=10 and Pe,>10.0.
Cp=0.5 and x=4.0.
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Pe,— Pe,, the discontinuity in gradient at the diffusion inter-
face decreases. The greater Pe, is, the less the distance beyond
the interface required for the concentration to reach its bulk
value at any given 7. All of these observations also hold for
the steady-state case. Finally, steady state is reached at ap-
proximately

3.0

7SS~ e, (3%

for C;,=0.5 and x=4.0.

Summary

Previous models of competitive ion beam etching and mixing
of solid surfaces consider an ‘‘altered layer’’ of indeterminate
thickness as the mixing zone. The present model explicitly
incorporates the penetration depth of the incident ions and
assumes that the bulk diffusivities are unperturbed at greater
depths. Its principal contributions are the introduction of the
concept of the Peclet number to describe the ratio of rates of
etching and mixing and the recognition that the Danckwerts
boundary conditions apply at the interface between the region
of radiation-enhanced mixing and the bulk. Both steady-state
and transient concentration profiles have been presented for
ion bombardment of semi-infinite binary alloys, under con-
ditions where one component is more easily removed from the
surface. The extension of this model to etching of thin films
and its implications for typical methods of surface concentra-
tion analysis will be considered in future communications.
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Notation
C = mole fraction
C, = mole fraction in semi-infinite bulk
C; = mole fraction in film
Cs, = mole fraction of / at the surface
Csss = mole fraction of easy-to-sputter component at surface at
steady state
D = diffusivity
H = kinetic factor accounting for preferential sputtering
k; = first-order rate constant for sputtering /
N; = moles of component i
Pe; = Peclet number in region j
S, = sputter yield of component /
T = normalized time, Eq. 5§
t = time
u = rate of surface recession
u, = sputtering rate for P
v = negative of the rate of surface recession
X = normalized distance, Eq. 4
x = distance beneath the surface
z = dimensionless distance

Greek letters

B = enhancement factor for radiation-enhanced diffusion

& = film thickness

x = ratio of sputtering rate constants

A = ion penetration depth

7 = mole fraction normalized by initial bulk composition
AIChE Journal February 1993

molar density of the solid
dimensionless time
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