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NONLINEAR DISTRIBUTION MODEL OF IONS
IMPLANTED AT HIGH DOSES

A. L. Danilyuk UDC 621.382

A nonlinear distribution model of ions implanted at high doses is developed with allowance for sputtering,
volume growth of a target, and retardation by interstitial atoms.

High-dose implantation models based on distribution functions {1-4 ] are rather simple. However, their use
necessitates consideration of the dependences of parameters of these functions on the concentration of implanted
ions, which are determined by many factors and are a priori unknown. Therefore, any attempts to allow for this
change by introducing different intuitive assumptions should be recognized as incorrect since the reasoning behind
those assumptions is unclear.

The model suggested allows for target sputtering, its volume growth, and retardation by interstitial atoms.
It does not need the introduction of any assumptions on changing the distribution function with an increase in dose.
The model is based on two assumptions. The first assumption implies that an ion profile at a {ow dose in a pure
substance of a target and in a binary substance consisting of target atoms and implanted ions at their stoichiometric
concentration is described by the same type of this function. The second assumption concerns the type of the
distribution function valid at low doses in these substances. At present, such functions are well known since they
have been established by numerous theoretical and experimental studies. They include symmetrical and
asymmetrical Gauss distributions, the Pearson distribution, etc. [5, 6 ]. The model is valid in the dose range when
the distribution profile has no plateau and the sputtering coefficient is ¥ < 1.

The model is based on the following principle. lon implantation is considered at low doses AD (1014— 10'3
cm™2) when for binary targets the moments of a distribution function can be calculated by known functions or
determined from tables. In so doing, sputtering, volume growth of a target, and additional retardation by implanted
atoms are taken into consideration at each step. The sputtering and volume growth are accounted for by a shift of
the coordinates, while additional retardation dependent on the magnitude and the gradient of the concentration of
implanted atoms by the modified method of dose correction [7]. A profile of low-dose distribution AN(x, AD) is
built by dividing the profile of implanted atoms N(x, D) into narrow layers with thickness Ax;. The concentration
of the implanted atoms is each layer is assumed to be constant. Then distribution functions are written for a low
dose in materials that have characteristics of the layers under consideration (i.e., at definite concentrations of
implanted atoms and target atoms). Next, using the dose-correction method, a distribution function is built for a
newly implanted low dose of ions for each jth narrow layer with due regard for the presence of j—1 layers. These
steps are repeated until a complete collection of the required dose is reached.

Let us consider the constitution of the profile of implanted ions. For this, we divide the profile N(x, D)
into layers with thickness Ax; and consider low-dose implantation AD. Assume that xj, xp, ... x, are the layer
coordinates; fj, f2, ..., fn are the distribution functions for newly implanted ions with respect to depth in these
layers. When constructing the functions fj, f2, ..., fn, the layers are considered independently of each other and
are characterized by their definite concentrations of the implanted atoms and target atoms. The distribution
function for the kth layer is written as f; (x, myg, Mg, ..., MyK), Where myg, mog, ..., My are the moments of the
ion distribution function in a material that has characteristics of the considered layer k. The moments m g, moy,
..., My are determined by the concentrations of implanted atoms and target atoms in the kth layer. Implantation
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of the dose AD occurs in narrow layers arranged one after another. A profile of the distribution AN (x, AD) is
built, according to the dose-correction method, by shifting the coordinates of the functions fj, f2, ..., f in each
layer by values of the equivalent depths wy, w3, ..., w,. The values of wy, wo, ..., w, determine coordinate shifts
under the assumption that each previous layer possesses the same characteristics as the following layer.

The value of wy in the case of narrow layers (the coordinate of the origin of the first layer is taken as zero)
is determined by the expression [7]

k=1 Wk (1)
21 AD; = AD }; f (2 myy Moy ey M) dz,
/:

where
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Performing summation over (2), we arrive at

k—1 k=1
2] AD! = 21 ADf] (x + W] — Xj N mlj, mzj, very mmj) Ax! . (3)
= =

Letting Ax; tend to zero and comparing (1) and (3), we obtain an equation for determining the function of
coordinate shift w(x) upon implantation of the dose AD:

L1700 (), my (9, g (M), s i () =

w(x) 4
= [ flz, m; (N), my (N), ..., m,,, (N)1dz. (4)
0
In Eq. (4), the moments m;(N), ma(N), ..., myu(N) are independent of the parameter z.

Allowance for the processes of sputtering and volume growth leads to a shift of the coordinates under
implantation conditions. A change in the x coordinate will be written in the form

Ax = Q 7 AN (x) dx — YAD/(Ngq + Ng) . ()

X

Considering that AN(x) = ADf[w, m;(N), ma(N), ..., mpm(N) ] and letting AD tend to zero, after some
transformations we obtain a system of differential equations

dN/dD = f (w, N), (6)
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X
(dx/dD)y/Q@ =1~ QY (1 + QN @1 = I f(w, N) dx, ™
0

where
(W, Ny = [ Iw (x), my (N), my (N), ., my ()1, ®)

which, together with (4), allow calculation of a profile of the ion-implantation distribution in the considered model
as a function of the dose.

Considering that in the present nodel the x coordinate is a function of the dose and that in Eq. (4) the
moments are independent of the parameter z, we reduce the relations obtained to a system of ordinary differential
equations. For this, we differentiate Eq. (4) with respect to x and ¢, and Eq. (7) — with respect to g.

After some transformations we arrive at the following system of equations:

dN/dq = (Ry/Q) f (w, N), 9
dx/dq = ¢Ry, (10
dp/dg = — f (w, N) pR, (11)
w
dw/dq = pRy — (Ry/Q) [ [6f (z, N)/ON]dz. (12)
0
Here
X
p=1=Q YI[(1+QNy)Ql ' = [ f(w N)dx, (13)
0
[z, N) = f [z, my (N), my (N), ..., m, (N)], (14)

If the distribution of ions implanted at low doses is modeled by the Gaussian function, then

f6.N) = VI AWT ep{- b - R Pr28> W}, 13

where y = w or z. If this distribution is modeled by the Pearson IV function, then

fFO.N)y=k[l + (y/a)zl—q exp [— v arctan (y/a)], (16)

In (16), the Pearson 1V distribution parameters k, a, ¢, v depend on the concentration of implanted ions N.
Relationships between them and mean projected range, straggling, asymmetry, and excess are given in {8 ].
For a binary material with constant concentrations of atoms Np, and ions N, we have [5]

R(N) = (QyNp/ Ry + (QN/Re) 1, (17)

A (N) = R (N) [(Ry; QuNy) (Ag/Rg)>/ (RyQ0iN) +(Bg/ Ro) 1% x

1/2

X [(Ro; QoNm)/ (RoQ; N) + 11 (18)
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Fig. 1. Distribution of the implanted oxygen concentration N in aluminum (a)
(energy of 60 keV, dose of 6- 107 cm_z) and silicon (b) (60 keV, 5-10'7
cm™ %) with respect to depth x; a: 1) calculation, 2) experiment [10],
processing by the least-square method; b: 1) calculation, 2) experiment {9}].
N, at. %; x, um

Expressions (17), (18) are valid provided that the retardation capacities of the elements of the binary
compound depend on energy in a similar manner 1[5 ].

An analysis of the equations obtained has shown that they correspond to the models [1-4] provided the
influence of the retardation function w(x) is neglected. Whence it follows that formation of the second phase in ion
formation must be taken into consideration not only in the depéndences of the moments of distribution functions
but of the coordinate shift as well.

The system of equations (9)-(18) allows calculation of the distribution of implanted ions for high doses
with an account of the limitations if the type of distribution function is specified for small doses in a binary material
consisting of target atoms and implanted element atoms with the concentration of the latter ranging from
stoichiometric to the initial one.

As an example, we have calculated profiles of the distribution of oxygen implanted into silicon at an energy
of 60 keV and a dose of 5-10'7 cm ™2 and into aluminum at an energy of 60 keV and a dose of 6- 107 cm ™2 For
the distribution function at low doses, we chose a symmetrical Gaussian distribution characterized by two moments,
namely, the mean projected range Rg and the root-mean-square range (straggling) Ag.

Calculation results were compared to experimental data. Experimental profiles of oxygen implanted into
silicon (at an energy of 60 keV, dose 5- 10'7 ecm™2, without annealing) were obtained from x-ray photoclectronic
and infrared spectroscopic data of the samples subjected to layer-by-layer etching {9]. Profiles of oxygen
distribution in aluminum were determined by the Rutherford back scattering (RBS) method [10]. Oxygen
implantation into aluminum was carried out at an energy of 60 keV, dose of 6- 10'7 cm_z, and an ion current
density of 3 uA/cm in order to avoid target heating. Results are given in Fig. 1, which shows quite satisfactory
agreement.

The divergence between the calculated and experimental profiles of oxygen in aluminum is due, in our
opinion, to the influence of the processes of diffusion and generation of defects, an account of which was not carried
out in the present work. Note that this can be easily accomplished by adding them.

Thus, a nonlinear distribution model of ions implanted at high doses is developed which allows for target
sputtering, its volume growth, and retardation by implanted atoms.

NOTATION

x, z, coordinates dependent on and independent of a dose, respectively; N, concentration of the implanted
ions; f(x, N), distribution function in a binary compound consisting of target atoms and ions of the implanted
element with concentration N; my(N), my(N), ..., my,(N), moments of the distribution function dependent on the
concentration of implanted ions for a binary component; Q, volume per implanted ion; Q, volume per target atom;
Qg;, volume per atom in a substance consisting only of implanted ions (at their stoichiometric concentration); Y,
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coefficient of target sputtering; Npg. atomic concentration of the target at x = 0; Ny, ion concentration at x = 0;
N, atomic concentration of the target in the course of implantation; ¢ = QD/ R, generalized (dimensionless) dose;
R(N), A(N), mean projected range and straggling for a binary compound consisting of target atoms and implanted
atoms for different constant element concentrations N; Ry;, Ag;, mean projected range and straggling of ions in a
substance consisting of implanted ions (at their stoichiometric concentration); Ry, Ag, mean projected range and
straggling of ions in a pure material of the target; %, a, g, v, pafameters of the Pearson [V distribution.
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