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ABSTRACT

A system of ion implanted impurities in a semiconductor is described

by a Monte Carlo simulation of a non-equilibrium system of random distributed

hard spheres. The radial distribution function of this system is found.

The comparison is made with the fluid hard sphere case. The assumption that

the absence either of annealing or diffusion of the impurities after the

implantation process is also made.

MIRAMARE - TRIESTE

February 1983

* To be submitted for publication.

** Permanent address: Institute de Fisica, Universidade Federal Fluminense,
Caixa Postal 296, 2U.21O Niteroi, RJ, Brazil.



Itttit



I. "•IHTEODUCTiOH

We address ourselves in this paper to a family of systems, the prototype

of which is a doped covalent semiconductor, like Si, Ge, GaAs, etc. obtained

"by ion implantation techniques, with such impurities as give rise to shallow

impurity states [l]. Let us consider that, to a first approximation, the

interactions of two such centres is well represented by a hard core potential-.

Although in a doped semiconductor the impurities are substitutional in a lattice,

their average separation, at all the physically interesting concentrations,

is very large compared to the host lattice constant, and so is the effective

Bohr radius a* of .the localized atomic states [1,2], so that the co-ordinates

of the centres can be1 considered continuous variables. We can ask ourselves

what are the features of the pair correlation function of these hard spheres.

The difference between the present system and a hard sphere fluid is the fact

that in the first one the different configurations do not correspond.to

statistical equilibrium. This follows from the conditions of preparation of

the implanted systems [3].

The pair correlation function g(r), if known, can be applied to

calculate the electronic spectrum of a disordered system [h]. This programme

has been performed for a simplified tight-binding model of a two-dimensional

liquid metal, where the atomic distribution has been obtained by a molecular

dynamics simulation [5]. .

Computer simulations have been performed also for a fluid of hard

spheres in three dimensions [6],

In Sec.II we describe the method applied to generate the random con*

figurations and to perform the statistical average.

In Sec.Ill we shall compare our results with those of Ref.6-.

II. METHOt

We generate a system of H impurities inside a cube of side L by

placing one impurity in the centre of the cube, and then adding one by one

N-l impurities in random positions. The method consists essentially in

generating the co-ordinates of one more impurity centre at a time with a pseudo-

random number generator.

Since the model impurities are hard spheres, a new set of three co-

ordinates is accepted if and only if it introduces no overlap with the previously

generated impurities. In this way, no relaxation is introduced in the process
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leading,toa .non-equiiifcrium. situation which ve expect to represent :
approximately the ion implanted systems at room temperature and without sub-,

sequent annealing [?]. For the same reason all the configurations, made of

U non-overlapping particles, have the Same statistical weight upon averaging

the pair correlation function, ,

The co-ordinates are taken to be1 continuous numbers ranging from

-L/2 to L/2 as mentioned in the introduction. Periodic boundary conditions-

are applied.

For each configuration of N particles we can determine easily

the radial distribution function g(r), which correlate the first particle

sitting at the origin with the rest of the particles in the system. This

is done by counting the number of particles'N(r) which are found-at a

distance r from, the origin such, that R -AR. <r <R : where R = :n £R +• o,
n n' n - . , '

n = 1,2,....No. Here a is the hard sphere diameter:

The expression of g(r) reads as follows:

, Rn - AR < r < Rn •> (1)

where P = N/L is the final density of the system and ZiV(r) is given by

AV{r) = ~ AR [3R2 - 3R AR + &R£] • • (2)
J n n

The number of particles N(r) is averaged over many1 configurations to obtain •

a smoother representation of g(r).

Another quantity which can give some idea of how near a second particle

can stay from the first particle, for a given density, is the mean value of

the nearest particle distance to the origin. Roughly speaking, this distance

can be taken as the nearest neighbour distance.

III. RESULTS AND CONCLUSIONS

We find it useful to define a dimensionless concentration. In the

ease of impurities in semiconductors, we have a natural unit of length in

the effective Bohr radius a* [l,U,8}. However, the hard core correlations

introduce another length, namely the hard core diameter a . Then, in order

to be able to apply our results to doped semiconductors, we ought to establish
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the relation between-these,two.lengths* On the basis Of the hydregenic model

for the shallow impurity states [l], two impurities interact in a way which

resembles the problem of a H molecule. If singlet and triplet H states

are distributed statistically in a way uncorrelated with spin., namely

proportionally to their degeneracy, one can estimate, as was used in Ref.2,

that a reasonable hard core diameter is a .Ml.8 a*. Then, if we define

and

' P,,

MT
in [8]

we have approximately

Usually, the hard sphere fluid calculations are referred to P , while with

a view to applications to semiconductors, P is more convenient.

The simulation was performed in a cube of side L - 80. The origin
corresponds to the centre of the cube wherethe central particle stands.
The rest of the particles are counted as they fal l into shells , centred at '
the origin, of width &K = 0.05a. •

Fig. l shovs the pair correlation function for a non-equlllbrium
random system of hard spheres, gfr) , at three different concentrations
(densities). The root-mean-square deviations are represented by the short
vertical l ines . In Fig.2 we plot the average f i rs t nearest neighbour
distance 3 n n in units of a as a function of (T1^Jo = (pQ/32-ri~ .
As can be seen from Fig.2 the asymptotic value of 3 at high densities

(po —>1.0) approaches the value 1.02. At densities lower than per = 0.02

the behaviour of 5 ^ becomes linear in p~ ' /a . Fig.3 displays the

comparison of present results with those of the fluid in equilibrium [6] ,

for P^p = 10.3k (p<T = 0.60). I t is appareht that the oscillations of the
P "Ml?

pair correlation function in the fluid, g(r) have disappeared in the g(r)

The exclusion of relaxation leads to blocking many physically acceptable

configurations at the shortest distance of approach, leading to a smaller

value of g(r) at r = o . As a consequence, the first shell of particles

around the central one is worse defined in the non-relaxed system, allowing

for more particles accumulating at distances between the first and second

shells of the fluid, and leading to the disappearance of the first minimum

of g(r)F.
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As'Veg&r.dsv the,comparison of present.results with experiment, one

must bear in mind that all the dynamics of the implant process have been dis-

regarded. In a sense we have simulated Just the geometrical results of a

possible ion implantation process, neglecting also the possibility of

diffusion after the implantation.

It is to be expected that new powerful neutron techniques will allow

iti the future to obtain g(r) of such samples. In this context, one would

expect that the experimental results should lie somewhere between g(rj

and g(r) as provided by the present approach.

On the other hand, the systems mentioned in Ref.2 as well as the

problem of solvated electrons in molten salt? [9], at very low concentrations,

can be considered much more similar to the statistical equilibrium fluid

than to the one considered here, but they still have in common some of

the main features.
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Pair correlation function g(E) for a) p£JJ = 0.195 (r"M

b) per3 = 0.391 (P^, • 6.1k) and c} pc3 = 0.600 (?.„ = 1
= 3-36),

(*) 7000 samples (N-X>0)
(19 2500Mmpte8 fN-20
(c) 1200 samples (N-30
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Comparison 'between g(r) (histogram) and g(r) (dotted line)

from [ 6 ], for po = 0.6.
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