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Abstract—A physicomathematical model and dedicated software are developed for simulating high-dose
implantation of two types of atoms to form InAs nanoclusters in a silicon matrix. The model is based on solv-
ing a set of convection—diffusion—reaction equations. The synthesis of InAs nanoclusters produced by high-
dose implantation of As* and In* ions into crystalline silicon is numerically simulated. Using the methods of
transmission electron microscopy and Raman scattering, it is found that InAs nanoclusters are crystalline and
have a mean diameter of 7 nm. After As implantation (170 keV, 3.2 x 10'® cm~2) and In implantation (250 keV,
2.8 x 10 ¢cm™2) into silicon at 500°C, the nanoclusters are distributed with a density of 28 x -}Bﬂcm_z. From
experimental data and theoretical results, the coefficients of radiation-stimulated diffusion of In and As in
silicon, as well as the fraction of the implant in the bound state (i.e., entering into InAs nanoclusters), are
determined. Experimental data are compared with simulation results.

DOI: 10.1134/S106378421509008X

INTRODUCTION

Dopant concentration profiles obtained at low-
dose implantation in the absence of chemically con-
trolled and diffusion dopant distributions are well
understood [1—3]. However, when ion fluences are
high (® > 10'° cm~2), the dopant profile depends not
only on the atomic collision kinetics but also on such
processes as dopant accumulation in the target, target
surface sputtering, dopant diffusion, atomic mixing,
formation of new phases during implantation, and
irradiation-induced swelling [4, 5]. It is known that
these processes may variously influence the profile
according to experimental conditions and physico-
chemical properties of target and impurity atoms. This
generates a need to correct the existing models [6, 7] and
the diffusion kinetics parameters used in them [8, 9]. In
previous works of our team, the high-dose implanta-
tion of atomic and molecular nitrogen into iron [8],
silicon [9], and copper [10] was studied for the case
when dopant atoms chemically interact with target
atoms to produce stable iron, silicon, and copper
nitrides.

In general, simulation of high-dose implantation
producing nanoclusters of implanted impurities is a
structurally difficult problem. It is reasonable to split it
into two parts. The first part consists in considering
processes attendant on irradiation of the matrix by
high-fluence ions and determining the fraction of

implant ions that are involved in clustering. In the sec-
ond part, one describes the nanocluster size distribu-
tion and its evolution upon subsequent thermal treat-
ments. In clustering, the temperature of a test speci-
men during ion implantation is of key importance.

Typically, the cluster size scatter in an ion-
implanted system is 20—50% [11]. The scatter is due to
a nonuniform (near-Gaussian) depth distribution of
the implant in the target. As a result, conditions for
nucleation and clustering markedly differ on either
side of a dopant concentration maximum. Such a
great scatter in the cluster size is unacceptable in many
applications, specifically, in optoelectronics. There-
fore, gaining insight into the nucleation and growth
(reconfiguration) of new-phase clusters at ion implan-
tation, as well as the search for new ways of controlling
the nanocluster size distribution, seems to be an over-
riding priority in the years to come [12—15].

It is known that clustering through precipitation in
liquid solutions or through the Ostwald ripening in
weakly supersaturated solid solutions is well described
by a Gaussian size distribution, which is analytically rep-
resented by the Lifshitz—Slezof—Wagner equation [16].

At high-dose ion implantation, such an approach is
valid at the early stage of implantation. In the case of
long-term implantation or after thermal treatment,
the behavior of the system is no longer represented
with the above simple relationship. The fact is that the
system gradually “loses reminiscence” of the initial
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Fig. 1. (a) Bright-field TEM micrograph of the silicon surface with InAs nanoclusters and (b) nanocluster size distribution. The
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insert in panel “a” shows the electron diffraction pattern.

cluster size distribution [17, 18], which results in a log-
normal nanocluster size distribution frequently
observed in experiments [11, 19]. This distribution can
be represented as

2
fon(R=r) = ! exp[_(ln(r/u)) }

r2nine 2(1nc;)2

where R is the nanocluster radius, »is the running vari-
able, p is the geometrical mean, and G is the geomet-
rical standard deviation (variance) of the particle size
distribution.

Experimental and theoretical studies of this prob-
lem indicate that if the temperature of an irradiated
target is kept constant, the nanocluster size distribu-
tion takes its characteristic steady form within the
implantation time [12, 20]. This form of the nanoclus-
ter size distribution depends only on the diffusion
mobility of atoms during implantation, implant solu-
bility, and volume flux of ions [12].

Today, much attention is paid to the synthesis of
III-V and II-VI semiconductor nanocrystals in Si
and SiO,, as well as Si nanocrystals in S and Si;N,.
This interest stems from the intriguing physical (pri-
marily optical) properties of such systems. Synthesis of
direct-gap II1—V and II-VI semiconductors in a sili-
con matrix is viewed as a promising technology of
new-generation silicon detectors and LEDs. Previ-
ously [21—24], we discussed experimental data for the
synthesis of InAs and GaSb nanoclusters in Si and
SiO, by high-dose ion implantation and post-implan-
tation high-temperature annealing. Elemental and
structural analyses of the samples were carried out,
and their optical characteristics were studied.

The aim of this work was to develop a physicomath-
ematical model of high-dose implantation of an ion
pair into silicon, experimentally study the structure

and optical characteristics of silicon samples with
implanted As and In atoms, and compare experimen-
tal data with simulation results.

EXPERIMENTAL

(001)Si wafers were irradiated first by As ions
(170 keV, 3.2 x 10'® cm~2) and then In ions (299 keV,
2.8 x 10' cm~2). To avoid amorphization due to a large
amount of radiation-induced defects, the substrates
were heated to 500°C during high-fluence implanta-
tion of heavy ions.

The implant profiles in the silicon wafers were
studied by the Rutherford backscattering (RBC) of
He™ ions on an AN 2500 electrostatic accelerator
(High Voltage Engineering Europa, Netherlands).
The energy of the probing beam was 1.5 MeV. To
resolve As and In peaks, RBC spectra were taken at
normal (entry angle 0°) and inclined (entry angle 50°)
incidence of the helium ion beam. The simulation of
the RBC spectra using the RUMP program package
was carried out for the two cases up to complete coin-
cidence with experimental data. The structure of the
samples was examined by transmission electron
microscopy (TEM) (Hitachi H-800200-keV trans-
mission electron microscope) in plan-view geometry,
electron diffraction, and Raman scattering. Raman
spectra were taken at room temperature in backscat-
tering geometry using a Nanofinder micro-Raman
spectrometer. The spectra were excited by a laser with
Aexe = 473 nm.

RESULTS AND DISCUSSION

A TEM micrograph and an electron diffraction
pattern taken of the silicon wafers exposed to arsenic
and indium ions are shown in Fig. 1a. From the dif-
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Table 1. Number of precipitates that were taken into account in calculations, density and mean size of InAs clusters, and

the fraction of In and As atoms combined into clusters

Number of precipitates

Implantation conditions taken into account

Density of distributed | Cluster mean size,

Fraction of
implanted impurity

in calculations clusters, cm™! mm involved in InAs
clustering, at %
As (170 keV, 3.2 x 10 cm2), 1550 287 % 1011 7203 m

In (250 keV, 2.8 x 10'® cm™2),
implantation temperature 500°C

fraction pattern it follows that the high-fluence
implantation of arsenic and indium at 500°C does not
cause amorphization of the implanted silicon layer. At
the same time, the high-dose implantation of heavy
impurities not only leads to nanoclustering but also
generates secondary structural defects like microt-
wins. To mitigate the contrast from the structural
defects, TEM micrographs were taken in inclined
geometry. When the sample is inclined, the contrast
from structural defects disappears, whereas the con-
trast from inclusions (clusters) remains unchanged.
From TEM micrographs, we calculated the sheet den-
sity and mean sizes of nanoclusters immediately after
implantation and also estimated the number of
embedded arsenic atoms and indium that enter into
clusters. The results are given in Table 1.

Assuming that clusters are spherical and the density
of As and In atoms is the same as that of bulk InAs
semiconductors, we showed (Table 1) that about 10%
of the implant are contained in the clusters immedi-
ately after implantation under “hot” conditions.

The Raman spectra of the irradiated samples
exhibit an intense band of crystalline silicon in the
interval 512—520 cm~'. This confirms the above con-
clusion that the irradiated layer remains crystalline.
Along with this band, other bands in the range 150—
300 cm~! appear in the spectrum of the irradiated sam-
ples. Figure 2 shows parts of the spectra that cover the
interval 150—300 nm™! for the silicon samples before
implantation, after implantation of As ions (170 keV,
3.2 x 10'° cm~2) and In ions (250 keV, 2.8 x 10'® cm™2),
and after post-implantation annealing.

Fhe spectrum of the irradiated sample faint bands
appeared with maxima at 160, 216, 235, and 300 cm™".
The band with a maximum at 300 cm~!, which is more
intense in the spectrum of the as-prepared sample, is
attributed to scattering by longitudinal acoustic
phonons in silicon [25]. The broad band with a maxi-
mum at 160 nm~! appearing in the spectrum of the
irradiated sample corresponds to transverse acoustic
phonons in silicon and is characteristic of amorphous
silicon inclusions [25]. The bands with maxima at 216
and 235 nm, which are absent in the spectrum of the
as-prepared sample, correspond to transverse optical
(TO) and longitudinal optical (LO) phonons in crys-
talline InAs [26]. That these bands appear in the spec-
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trum immediately after implantation suggests that
nanocrystals arise during implantation. It should be
noted that the band assigned to TO phonons domi-
nates in the Raman spectra. This leads us to conclude
that InAs nanocrystals are faceted mainly by (111)
planes.

After annealing, the intensity of the band at
160 cm~!' markedly drops, indicating the recovery of
the crystal structure of the irradiated layer (annealing
of defects). At the same time, the bands assigned to LO
and TO phonons in the crystalline InAs become more
intense. Hence, the formation of InAs nanocrystals
continues during heat treatment.

THEORETICAL MODEL

Consider a model for calculating dopant concen-
tration profiles at high-dose implantation. In this case,
the profiles depend not only on the atomic collision
kinetics but also on such processes as dopant accumu-
lation in the target, target sputtering, dopant diffusion,
atomic mixing, formation of new phases during
implantation, and irradiation-induced swelling.

aSi InAs(TO) cSi
| Y InAs(LO)

Intensity, a.u.

1
350
v, cm™!

| | | 1
100 150 200 250 300

Fig. 2. Raman spectra taken of the silicon wafer (/) before
and (2) after the implantation of As ions (170 keV, 3.2 x
1016 cm_z) and In ions (250 keV, 2.8 x 10'6 cm_’z) and
(3) after post-implantation annealing (900°C, 60 min).
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With regard to the experimental data, we will
simulate first the implantation of As (250 keV, 3.2 x
10'® cm~2) and then In (250 keV, 2.8 x 10'® cm~2) into
silicon at 500°C.

If GA((z, ?) is the local rate of As atom migration at
time instant ¢ at depth z beneath the target surface
(migration is due to the target sputtering and swelling
processes), the As atom flux can be represented as fol-
lows:

Jas(z 1) = =Ga(2, HNA(2, 1), (1)
where N,(z, ?) is the As atom concentration as a func-
tion of time ¢ and depth z. As atoms may be involved
not only in sputtering- and swelling-induced mixing

but also in diffusion redistribution. Therefore, it is
necessary to add a diffusion flux. As a result, we have

JAS(Z’ t) = _GAS(Z’ t)NAs(Z’ t)

ONA (2, 1)
or

where D,((z, ) is the diffusion coefficient of As atoms.
It depends on depth and time, because high-dose
implantation modifies the properties of the irradiated
layer.

Two effects should be distinguished in considering
the diffusion redistribution. The former is the concen-
tration profile broadening because of thermal diffu-
sion in the heated (irradiated) target. The latter is the
profile broadening due to the radiation-enhanced dif-
fusion of the implant. In our case, the latter effect pre-
vails, since at 500°C the thermal diffusion coefficient
is roughly equal to 5.8 x 1072¢ cm?/s for As and 1.6 x
10~2* ¢cm?/s for In [27]. At rather low temperatures
(such as 500°C), the diffusion during implantation is
negligible; that is, the condition (D T)1)'/> < AR is
fulfilled (D7 is the thermal diffusion coefficient of the
dopant, T'is the irradiation temperature, ¢ is the irradi-
ation time, and AR is the struggling of the prejeetive
ranges of As atoms in silicon.

In the model of radiation-enhanced diffusion [2],
we took into account the dependence of the dopant
diffusion coefficient on the density of induced defects
along the depth (in other words, on defect distribution
F,(z) along the depth of the target) [2]. The time-
dependent diffusion coefficient during implantation
was defined as a quantity proportional to fluence ®@(z).
Thus, coefficient D, (z, #) of radiation-enhanced dif-
fusion takes the form

Dus(z,1) = k@(D) Fy(2), 3

where k is a proportionality coefficient (adjustable
parameter).

Function F,(z) is the mean energy released in an
elementary volume because of the elastic collisions of
incident ions and recoil atoms with target atoms. The
integral of the elastically released energy distribution
over the spatial variable equals the total energy
released in elastic collisions.

2
_DAS(Z’ t) ( )

KOMAROV et al.

The distribution of the energy released in elastic
collisions (or defect distribution F,; over the depth of
the target) can be constructed based on the Pearson
distribution [2],

Fi(2) = [I0V(E)/(ARp2MIFY(2),  (4)
Here, v(E) is the energy released in elastic collisions
(in kiloelectronvolts), AR, is the rms spread of the
energy released in elastic collisions over the distribu-

tion depth (in nanometers), Fj (2) is the Pearson dis-
tribution corresponding to the symmetry of the
released energy profile, Z = (z — R,))/AR,,, z is the
depth (in nanometers), and R,, is the mean depth of
the spatial distribution of the energy released in elastic
collisions. Quantity F,(z) is expressed in electronvolts
per nanometer.

The local rate of sputtering- and swelling-induced

As atom migration entering into formula (2) has the
form [28]

Gulz0) = M- Vi [SINLGE 01z ()
0

where J,, is the As ion current density, Yis a function
describing sputtering and depending on the surface

properties of the target, and V,, is the volume of an
interstitial.

Assuming that the composition of the subsurface
layer of the target varies insignificantly during implan-
tation, one can consider ¥(f) a constant and use the
expression [29]

Y =S,V (6)
where V, is the volume occupied by an atom in the
nonirradiated target and S, is the surface sputtering
coefficient.

The second term in (5) describes radiation swelling.
If the implant distribution changes insignificantly
upon implantation (for example, when diffusion coef-
ficient Dy (z, ?) is small), one can make use of the
approximation

2 (Nalz D) ~/a(z. ), )

where f,;s (z, 1) is the distribution function of ions

implanted in the neighborhood of point z at time
instant 7.

Function G(z, ) is universal. It makes it possible to
describe processes in which the atom redistribution
during and after implantation plays a critical role (such
as high-temperature implantation and annealing).
Applying the law of conservation of matter to As
atoms, we come to an equation for As implantation,

aNAS ajAs
—= = - ==+ fi(z,1). 8
Sl RN ®)
Here, function
TECHNICAL PHYSICS Vol. 60 No. 9 2015
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fAs(Za t) = fAs(Z’ t)' (9)
plays the role of a source of free atoms (i.e., atoms not
producing chemical bonds with the-surfaee).

Thus, the equation to simulate the high-dose
implantation of As into Si has the form

ONN(Z ) _ 0
Sl = [NCDLNCD (10)
+D,(z, t)a]VAS—(Z’t):| +f1;5(z, 1).
0z

Below, we will consider a model of In implantation
into Si.

In our experiment, we synthesized InAs nanoclus-
ters by high-dose implantation of As and In ions into
silicon at 500°C. Since implanted In atoms having
combined with As atoms differ in properties from
those not having produced a chemical bond, the fluxes
of both species will be considered separately. Obvi-
ously, the flux of bound In atoms relative to the target
under irradiation is set by their migration due to radi-
ation-induced sputtering and swelling because of the
continuing implantation of the dopants. If G,(z, ?) is
the local rate of migration of In atoms bonded to As
atoms at time instant ¢ at depth z beneath the target
surface (migration is due to the target sputtering and
swelling), the In atom flux can be represented as fol-
lows:

iln(za t) = _Gln(za f)l’l[n(Z, t)’ (11)
where n,(z, ?) is the concentration of In atoms bonded
to As atoms as a function of time # and depth z.

Unreacted In atoms may be involved not only in
sputtering- and swelling-induced mixing but also in

diffusion redistribution of the dopant. As a result, we
have

Jln(z’ t) = _Gln(Z’ t)N]n(zz t)
aNln(Zv t)

ot
where Nj,(z, ?) is the concentration of unbound In
atoms implanted to depth z by time instant # and D,,(z, ?)
is the diffusion coefficient of these atoms, which is
time- and depth-dependent, because the properties of
the irradiated layer vary at high-dose implantation.

By analogy with expression (5), the local rate of

sputtering- and swelling-induced dopant migration
entering into formulas (11) and (12) has the form [28]

(12)
_Dln(z’ t)

Gin(z, 1) = Sy Y(1) = Viy [ [ Nin(2, )+ (2, ]z (13)
0

Our calculations with the AM2HB, program pack-
age [30] show that during the aggregate implantation
of As (170 keV, 3.2 x 10'® cm~2) and In (250 keV, 2.8 x
10' cm~2), thickness d, of the sputtered target layer
equals 18.83 nm. Target swelling d, due to embedded
As and In atoms equals 1.27 nm; therefore, the effect
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of swelling in expressions (5) and (13) can be ignored.
Applying the law of conservation of matter to In
atoms, we come to equations for In implantation,

ON,, n
==z,
0 oj (14
nIn JIn
== 7).
5 5 +/in(2, 1)
Here, function
fln(z, t) = f;n(za t) _ﬂn(za t)9 (15)

plays the role of a source of free In atoms and function

1. (z, 1) is a function numerically equal to the number

of In atoms having combined with previously
implanted As atoms in a unit volume per unit time.

According to the theory of chemical reactions,

function £}, (z, #) is proportional to the concentration
of reactants. Therefore, one can write

ﬂn(z’ t) = KrNtAs(z’ t)Nln(Zs t)’

where N, is the concentration of As atoms not com-

(16)

bined with In atoms, K" is a coefficient characterizing
the formation rate of InAs nanoclusters and depend-
ing on the types of dopants and implantation-induced

Since bound impurity atoms arise in the reaction
described above, we obtain an expression for the func-
tion of a bound atom source in Eq. (14),

fin(z, 1) = fin(2,1). 17)

As a distribution function for atoms having stopped
at point z per unit time ¢, we took Pearson type IV dis-

tribution F¥(z) both for arsenic, f;s (z, d), and for
indium, f1, (z, 9) [21,
fasm(z 1) = JF'(2). (18)

Now we can write a set of equations to simulate the
high-dose implantation of In ions into silicon that was
preimplanted by As ions,

ajvln(za t) _ aNln(Z: t)
bl [Gm<z, DNz, 0+ Dy (5, 220 ](19)
+fin(z’ t) _ﬂn(z’ t)'
0 _ 016G (o (0] +fn(z ). (20)
ot 0z

Equations (10), (19), and (20) constitute a set of
convection—diffusion—reaction equations. Such a
model is a basic model [4] among those used to
describe the impurity redistribution at relatively high
integral implantation doses.

The mathematical model of As and In ion implan-
tation into silicon is based on solving nonlinear diffu-
sion kinetic equations (10), (19), and (20).
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Table 2. Simulation parameters

KOMAROV et al.

Parameters As In
Atomic concentration in target — 5% 102 | 5x10%
Ng; at/cm’
lon energy — E, keV 170 250
Ion current density — J, pA/cm2 2 2
Fluence — @, ion/cm? 3.2x10'%|2.8 x 1010
Ion projective range — R,, nm 100 107
Longitudinal straggling — AR,, nm 34.6 36.0
Profile skewness — Sk 0.23 0.21
Energy released in elastic collisions — |  130.7 95.7
v(£E), keV
Mean depth of spatial distribution of | 74.4 54.2
energy released in elastic collisions —
de, nm
Longitudinal struggling of spatial dis-| 42.7 35.8
tribution of energy release in elastic
eolliston — ARp,, nm
Skewness of depth distribution of 0.55 0.7
energy released in elastic collisions —
Sk,
Target sputtering ratio — .S 2.45 3.2
Rate of impurity migration through |1.3x 1078 1x 1078

the target surface — K%, cm/s

The respective initial and boundary conditions for
a semi-infinite plane target have the form

NAs(z, r= 0) = 07 NAs(ooa t) = 0 (21)
n,(z,t=0) = N(z,t=0) =0,
i ) i ) 22)
nln(oo’ t) = Nln(oo’ ZL) = O
Concentration, at.%
51 e
N
VZ4 1 \
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Fig. 3. Depth profiling of arsenic atoms in silicon: (/)

experiment and (2) calculation.

The diffusion of impurity through the surface of the
target is embodied in the boundary condition

a]VvAs, ln(oa t)
dz

where Kis’ n 18 the rate of migration of a given impu-

rity through the surface of the target. It was assumed
here that bound impurity does not taken part in diffu-
sion.

‘When simulating the distribution profiles of arsenic
and indium implanted into silicon, we used in the pro-
gram package the parameter values listed in Table 2.
Here, E, J, and ® are conditions for implantation of
As and In into the Si target and R,, AR,, Sk, V(E), R,,,
AR,;, and Sk, are the spatial moments of the implant
distribution and energy released in elastic collisions.
These parameters were determined by solving the
backward kinetic equation [2]. Sputtering ratio S of
the target was calculated with the TRIM program [1],

= KSAS, InNAs, In(oa t)n (23)

DAs, In

and adjustable parameter K}, |, (rate of migration of a

given impurity through the surface of the target) was
taken so as to provide the best agreement between
experimental data and simulated profiles.

THEORETICAL RESULTS VERSUS
EXPERIMENTAL DATA

The physicomathematical model of the high-dose
implantation of As and In ions into silicon is based on
numerically solving the set of convection—diffusion—
reaction equations (10), (19), and (20). Let us discuss
characteristic processes attendant on the high-dose
implantation of As and In comparing theoretical and
experimental results. In numerical calculations, it is
necessary to properly select the diffusion coefficient
and the rate of the chemical reaction (synthesis of
InAs nanoclusters in silicon) and also properly set
boundary conditions at the surface. These parameters
were estimated in the experiments on high-dose
implantation of As and In into silicon.

Figure 3 shows the calculated and experimental
concentration distributions of arsenic ions implanted
into silicon with energy £ = 170 keV and fluence @ =
3.2 x 10 cm~2. It is seen that the profile simulated in
terms of this model fits the experimental one well. This
agreement was achieved for average diffusion coeffi-
cient D, = 2.68 x 1071 cm?/s. The diffusion coeffi-
cient was averaged over spatial variable z from the sur-
face to a depth of 3R,,. Such a high arsenic atom diffu-
sion coefficient at the given implantation temperature
can be explained by the fact that diffusion is substan-
tially influenced by nonequilibrium defects having
arisen in a large amount aftegimplantation. A discrep-
ancy between the As profiles in the tail of the distribu-
tion (i.e., at a low concentration) can be explained by
a more complicated dependence of the diffusion coef-
ficient on fluence ®(7¥) and on defect distribution F(z)
over the depth of the target (see formula (3)). For bet-
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Fig. 4. Depth profiling of indium atoms in silicon:
(I) experiment, (2) calculated total concentration of
indium atoms in silicon, (3) indium atoms not combined
with arsenic atoms (calculation), and (4) indium atoms
combined with arsenic atoms, i.e., entering into InAs nan-
oclusters (calculation).

ter agreement between the experimental and simu-
lated implant distributions, it is necessary to take a
larger (than in [1] or [2]) positive value of skewness Sk
in calculating the Pearson IV distribution at the given
energy of incident ions.

Figure 4 plots the simulated and experimental con-
centration profiles of indium implanted with energy
E = 250 keV and fluence ® = 2.8 x 10 cm~? into
arsenic-preimplanted (£ = 170 keV, ® = 3.2 x
10'® cm~?) silicon. It is seen that some of the indium
atoms (about 10%) implanted at 500°C combine with
preimplanted arsenic, that is, produce crystalline InAs
nanoclusters. When calculating the depth distribution
of the implanted indium, this fact was embodied in
Egs. (14)—(17). The fraction of indium atoms bonded
to arsenic atoms is presented by curve 4 in Fig. 4.

Note that both diffusion coefficient Dy, and coefti-
cient K" (characterizing the formation rate of InAs
nanoclusters) are unknowns in simulating the
implantation of indium into silicon, i.e., in solving
Egs. (19)—(23). With this in mind, we proceeded as
follows. The value of indium atom diffusion coeffi-
cient D; was determined from the best agreement
between the experimental and simulated profiles (by
analogy with arsenic atoms; i.e., the influence of the
preimplanted arsenic on the indium diffusion was
ignored). To this end, we solved Eq. (10) but for
indium (not for arsenic) and then solved Egs. (19)—
(23) with the indium diffusion coefficient known
(D, = 7.56 x 10~'® cm~2). Having solved these equa-
tions, we found the value of adjustable coefficient K"
K =1.5x 1072 cm?/s.
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The integral losses of the impurities intersecting the
target at the implantation of As (170 keV, 3.2 x 10'® cm~2)
and In (250 keV, 2.8 x 10'® cm—2) into silicon at 500°C
are, respectively, 5% and 4%. This effect, the diffusion
flux of impurities through the opposite boundary, was

taken into account by setting K” equal to K, = 1.3 x
10 cm/sand K}, =1 x 10~ cm/s.

CONCLUSIONS

Using TEM and Raman spectroscopy, it was found
that the implantation of As (170 keV, 3.2 x 10 cm—2)
and In (250 keV, 2.8 x 10'® cm~2) into silicon at 500°C
leads to the formation of InAs nanoclusters, which
have a mean diameter of 7 nm and are distributed with
a density of 2.87 x 101 cm~2.

A physicomathematical model and dedicated soft-
ware were developed to simulate the high-dose
implantation of arsenic and indium into silicon. They
take into account such processes as radiation-
enhanced diffusion, sputtering and swelling of the tar-
get, and formation of a new phase. The dependence of
the diffusion coefficient on the depth distribution of
defects caused by the implantation of As and In impu-
rities is also included in the model. In terms of the
model, the depth profiling of the impurity (both in a
free state and in nanoclusters) was made.

From theoretical and experimental data, the mean
values of the radiation-enhanced diffusion coefficients
for indium (D,, = 7.56 x 107'¢ ¢m?/s) and arsenic
(DA = 2.68 x 107'¢ cm?/s) in silicon were determined.
The developed model and software make it possible
not only to find the mean coefficients of radiation-
enhanced diffusion of impurities in silicon but also
determine the fraction of bound impurity, i.e., impu-
rity entering into InAs nanoclusters. We are planning
to consider a theory of formation and reconstruction
of binary semiconductor nanoclusters in silicon and
SiO, after post-implantation heat treatment. In this
case, the concentration profiles of the unbound
implant and the implant entering into nanoclusters
will serve as input data.
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