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The synthesis of ZnSe nanoclusters produced by high-fluence implantation of Zn+ and Se+ ions into
silica is numerically simulated. The developed model is based on solving the system of the convection–
diffusion–reaction equations. The ion-beam synthesized nanoclusters were identified using the trans-
mission electron diffraction method as ZnSe nanocrystals. According to the transmission electron mi-
croscopy data, the nanocrystal density amounts to 1.15 × 1012 cm−2, and the mean diameter is 5 nm.
The fraction of the total number of implanted Se atoms bound with Zn during the formation of ZnSe
nanocrystals was counted from the transmission electron microscopy images. It amounts to ∼ 5.6 at.%.
This value was used to calculate the mean values of the radiation-enhanced diffusion coefficients in
the silica. For Zn atoms DZn = 1.94 × 10−16 cm2/s, and for Se atoms DSe = 2.88 × 10−16 cm2/s.
A comparison of simulation results with experimental data revealed a reasonable correlation.

topics: silica, ion-beam synthesized ZnSe nanocrystals, transmission electron microscopy, Rutherford
backscattering spectroscopy

1. Introduction

Silicon is the basic material of modern microelec-
tronics, which can be used to manufacture almost
all types of electronic devices. However, it is not ef-
fective in optoelectronics due to the indirect band
gap and low interband emissivity. The progress of
silicon optoelectronics is related to the adaptation
of semiconductor materials with improved optical
characteristics to the existing Si technology. For
this purpose, compounds A2B6, e.g., ZnSe, can be
perspective materials. ZnSe has unique optical and
electrical properties such as a wide direct band gap
(2.7 eV), large exciton binding energy (21 meV),
high refractive index, large photoresistivity, non-
toxicity, low absorptivity in the infrared (IR) and
visible spectral range [1]. Due to these valuable
properties, ZnSe is used as a basis in many types of
devices, e.g., RGB laser diodes [2], sensors [3], non-
linear optical devices [4], laser screens, and thin film
transistors [5].

Modern methods of synthesis of A2B6 nanos-
tructures include molecular beam epitaxy [6],
magnetron sputtering [7], sol–gel method [8],
chemical deposition [9, 10], and high-fluence ion

implantation [11, 12]. The last one is the most pre-
ferred due to its full compatibility with existing sil-
icon technology.

The formation of impurity profiles during the im-
plantation of high-fluence ion (D > 1016 ion/cm2)
depends on a number of characteristics: kinetics of
atomic collisions, accumulation of impurity in the
target, sputtering and swelling of the target sur-
face, diffusion of impurity, formation of new phases
during implantation [13]. Thus, the existing model
s of the embedded impurity distribution [14, 15]
and diffusion-kinetic parameters [16, 17] should
be adapted to certain implantation regimes, tar-
get types, as well as physical and chemical char-
acteristics of the target and impurity. Simulation
of the formation of nanoclusters during the high-
fluence ion implantation should be considered as
a number of tasks [18–21]: the processes of irra-
diation of the target with high ion fluence, calcu-
lation of the fraction of implanted atom forming
nanoclusters, finding the regularity of nucleation
and the new phase cluster growth, as well as the
control of the size distribution and evolution of
nanoclusters during ion implantation and thermal
processing.
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Cluster formation due to precipitation or Ost-
wald growth is described by a Gauss size distribu-
tion [22]. However, the system does not keep the
initial size distribution of clusters during long-term
high-fluence implantation or thermal processing. In
this case, it is necessary to modify the Gauss size
cluster distribution [23] in order to achieve the co-
incidence of the simulation results with the experi-
mental data [24]. The form of the size distribution
depends on the diffusion mobility of atoms during
implantation, the impurity solubility, and the ion
bulk flow [18].

The issue of ion-beam synthesis of ZnSe nanocrys-
tals in silica layers on silicon was discussed in our
previous papers [25, 26]. It was shown that it is
possible to obtain ZnSe/SiO2 nanocomposites with
improved structure and optical properties via high-
fluence “hot” ion implantation (500◦C) of Zn and
Se into a silica matrix. However, the simulation of
high-fluence implantation of Zn and Se to silica, as
well as the mechanisms of ZnSe nanocluster forma-
tion, were not considered. Calculations, as well as
a physical–mathematical model of high-fluence im-
plantation of As and In in Si, were provided in [27].
The authors took into account radiation-enhanced
diffusion of impurity, sputtering and swelling of the
target, and formation of a new phase. The purpose
of the present paper is to adjust the model from [27]
to the ion implantation of Zn and Se into the silica
matrix and to compare the simulation results with
experimentally obtained data on the structural and
phase composition of ZnSe/SiO2 nanocomposites.

2. Materials and methods

The initial SiO2 (600 nm)/Si samples (2×2 cm2)
were cut from the thermally oxidized Si substrates.
These samples were implanted at first with 150 keV
Zn ions and then with 170 keV Se ions to the
same fluence of 4× 1016 ions/cm2 at 550◦C. Based
on SRIM calculations [28], implantation energies of
150 keV for the Zn+ ions and 170 keV for the Se+
ions were chosen to obtain nearly the same mean
projected range for both species in silica. After the
implantation procedure, the samples were not sub-
jected to any additional annealing.

The concentration of Zn and Se atoms versus
depth for the implanted and annealed samples
was obtained by Rutherford backscattering spec-
troscopy (RBS) using 2 MeV He+ ions. The Zn and
Se distributions were extracted by fitting the calcu-
lated RBS spectra to the experimental spectra using
the SIMNRA code [29]. For the sake of comparison,
the Zn and Se depth profiles were calculated using
SRIM-2010 [28]. The structural and phase compo-
sition of the as-implanted samples was examined by
transmission electron microscopy (TEM) with a Hi-
tachi H-800 200 keV transmission electron micro-
scope in the plan-view geometry and selected area
electron diffraction (SAED).

3. Model

The results of experimental investigations of
the structural-phase composition of the ZnSe/SiO2

nanocomposite were reported in detail earlier in
our papers [25, 26]. These experimental data were
used for comparison with the calculation results ob-
tained in the present investigations. The TEM data,
diffraction pattern, and size distribution of clusters
in the silica sample implanted with Zn and Se are
shown in Fig. 1. Hot implantation of high-fluences of
Zn and Se results in the formation of clusters with
an average size of 5 nm. The appearance of three
concentric rings of planes {111}, {220}, and {311}
(inset in Fig. 1a) confirms the crystal structure of
ZnSe nanoclusters.

The density, size distribution, and fraction of the
total number of implanted Se atoms bound with
Zn during the formation of ZnSe nanocrystals were
calculated (Table I). The Se fraction bound with Zn
in the ZnSe nanocrystals amounts to ∼ 5.6 at.%. It
should be noted that the TEM resolution is ∼ 1 nm,
and clusters of smaller sizes were not counted. One
can suggest that the real Se fraction bound in the
ZnSe crystallites should be more significant.

Fig. 1. Bright-field TEM-image in the “plan-view”
of SiO2 layers after hot implantation of a silica sam-
ple with Zn and Se (a) and size distribution of
ZnSe nanocrystals (b). The insert shows the elec-
tron diffraction pattern from ZnSe nanocrystals.
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TABLE I

Number of counted ZnSe nanocrystals, their density and average size, and a fraction of Se atoms bound with Zn
in the ZnSe nanocrystals.

Implantation regime
Counted number of
ZnSe nanoclusters

Density of ZnSe
nanoclusters [cm−2]

Average size of
nanoclusters [nm]

Se fraction in ZnSe
nanoclusters [%]

Zn (150 keV, 4 × 1016)

Se (170 keV, 4 × 1016)

Implantation at 550◦C
1000 1.145 × 1012 5 ± 1 5.6

A model of calculation of concentration profiles
for impurity distribution during high-fluence ion im-
plantation was developed. The formation of implan-
tation profiles is determined by the following pro-
cesses: accumulation of implanted impurity in the
target, sputtering of the target surface, diffusion of
impurity atoms, formation of new phases during im-
plantation, and radiation swelling due to material
density change.

Corresponding to experimental studies, first of
all, ion implantation of Zn (150 keV, 4×1016 cm−2)
and then Se (170 keV, 4× 1016 cm−2) at t = 550◦C
in silica should be simulated. The flow of Zn atoms
in silica is described by the formula

jZn(z, t) = −GZnNZn(z, t)−DZn(z, t)
∂NZn(z, t)

∂t
,

(1)
where NZn(z, t) is the concentration of Zn depend-
ing on time t and depth z; GZn(z, t) is the local
migration rate of Zn atom at time t and depth z
due to the target sputtering and swelling as well
as diffusion redistribution; DZn(z, t) is the diffu-
sion coefficient of Zn depending on depth and time
due to the change of the irradiated layer charac-
teristics after high-fluence implantation of impurity
atoms.

The model of radiation-stimulated diffusion takes
into account the dependence of the impurity diffu-
sion coefficient on the depth distribution of the de-
fects Fd(z) [13], accordingly

DZn(z, t) = kΦ(t)Fd(z), (2)
where k is the proportionality factor (fitting param-
eter); Φ(t) is the fluence dependent on the irradia-
tion time t; Fd(z) is the average energy released in
the volume element as a result of the elastic impacts
of the incident ions and all formed recoil atoms with
the target atoms.

The local rate of sputtering- and swelling-induced
Zn atom migration entering into (1) has the
form [30]

GZn(z, t) = JZn Y (t)− V i
Zn

∫
dz

∂NZn(z, t)

∂t
,

(3)
where JZn is the ion current density; Y (t) is a func-
tion describing the sputtering that depends on the
properties of the target surface; V i

Zn is the volume
of the implanted atom.

According to the conservation law, the equation
of the Zn implantation process is as follows

∂NZn(z, t)

∂t
= −∂jZn

∂z
+ f iZn(z, t), (4)

where f iZn(z, t) is a function of the source of un-
bound Zn atoms (not chemically bound with Se).

Thus, the final equation of the implantation of
a high-fluence Zn ions in SiO2 is described as
∂NZn(z, t)

∂t
=

∂

∂z

[
GZn(z, t)NZn(z, t)

+DZn(z, t)
∂NZn(z, t)

∂z

]
+ f iZn(z, t).

(5)
The model of Se implantation in SiO2 is presented

below.
According to experimental data confirmed by

SAED and RBS, ZnSe nanocrystals were synthe-
sized during implantation of high-fluence Zn and Se
ions at t = 550◦C in SiO2. The flow of Se atoms
bound with Zn and the flow of unbound Se atoms
should be considered separately due to their dif-
ferent properties. The flow of chemically bound Se
atoms during irradiation is caused by the radia-
tion sputtering and swelling of the silica due to
the continued implantation of impurity, but does
not participate in the diffusion movement. Thus,
the local movement speed GSe(z, t) of Se atoms
bound with Zn atoms at time t and depth z is
presented as

GSe(z, t) =JSe(z, t)Y (t)

−V i
Se

z∫
0

dz′
∂

∂t

[
NSe(z

′, t) + nSe(z
′, t)

]
,

(6)
where NSe(z, t) is the concentration of unbound Se
atoms at the depth z and time t; nSe(z, t) is the con-
centration of Se bound with Zn atoms at the time
t and depth z.

According to the conservation law for Se atoms,
the implantation equation of Se atoms is described
as

∂NSe(z, t)

∂z
= − djSe

dz
+ fSe(z, t),

∂nSe(z, t)

∂t
= − djSe

dz
+ fnSe(z, t),

fSe(z, t) = f iSe(z, t)− f
γ
Se(z, t), (7)
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TABLE IISimulation initial data.

Parameters Zn Se
Target atom concentration [atom/cm2] 6.614 × 1022 6.614 × 1022

Ion energy E [keV] 150 170
Fluence Φ [ion/cm2] 4 × 1016 4 × 1016

Ion current density J [µA/cm2] 2–3 2–3
Projective range of ion Rp [ nm] 78.93 67.79
Lengthwise straggling ∆Rp [ nm] 26.21 24.11
Profile asymmetry Sk 0.234 0.288
Energy released during elastic collisions ν(E) [keV] 51.29 58.43
Average depth of spatial distribution of energy
released during elastic collisions Rpd [nm]

40.53 36.00

Lengthwise straggling of spatial distribution of energy
released during elastic collisions ∆Rpd [nm]

27.60 24.32

Asymmetry of depth distribution profile of energy
released during elastic collisions Skd

0.74 0.75

Target sputtering coefficient S 2.12 2.50
Movement speed of impurity through target surface Ks [cm/s] 1.5 × 10−8 1.3 × 10−8

Coefficient of ZnSe phase formation speed Kγ [cm3/s] 1.5 × 10−24

Diffusion coefficient [cm2/s] 1.94 × 10−16 2.88 × 10−16

where fnSe(z, t) is a function of the source of the
bound atoms; fγSe(z, t) is a function equal to the
number of Se atoms bound with the previously im-
planted Zn atoms at time t and depth z. According
to the theory of chemical reactions, the function
fγSe(z, t) is proportional to the product of concen-
trations of reactive components given as

fγSe(z, t) = Kγ N t
Zn(z, t=const) NSe(z, t), (8)

whereN t
Zn(z, t) is the concentration of Zn not chem-

ically bound with Se; Kγ is the speed factor of the
ZnSe nanocrystals formation, which depends on the
properties of the impurity and target, temperature,
type, and concentration of defects formed during
ion implantation.

The function of bound atoms source in (7) is as
follows

fnSe(z, t) = fγSe(z, t). (9)

The IV-type Pearson distribution FP(z) was cho-
sen as a function of the distribution of the stopped
ions at depth z and time t for both Zn (f iZn) and Se
atoms (f iSe) [27], thus

f iZn,Se = JZn,Se FP(z). (10)

The system of two equations describing the high-
fluence ion implantation of Se in SiO2 lattice pre-
viously Zn-implanted at high temperature is as fol-
lows

∂NSe(z, t)

∂t
=

∂

∂z

[
GSe(z, t)NSe(z, t)

+DSe(z, t)
∂NSe(z, t)

∂t

]
+ f iSe(z, t)− f

γ
Se(z, t),

(11)

∂nSe(z, t)

∂t
=

∂

∂z

[
GSe(z, t)nSe(z, t)

]
+ fγSe(z, t).

(12)
Now, (5), (11), and (12) are the system of equa-

tions of convection, diffusion, and reaction [27], re-
spectively. The mathematical model of the implan-
tation of Zn and Se ions in SiO2 is based on the
solution of the nonlinear diffusion–kinetic equations
(5), (11), and (12).

The initial and boundary conditions for a semi-
infinite target are respectively
NZn(z, t=0) = 0, nSe(z, t=0) = NSe(z, t=0) = 0,

NZn(∞, t) = 0, nSe(∞, t) = NSe(∞, t) = 0.

(13)
The diffusion of impurity atoms through the tar-

get surface is taken into account in the boundary
condition

DZn,Se
∂NZn,Se(0, t)

∂z
= Ks

Zn,SeNZn,Se(0, t),

(14)
where Ks

Zn,Se is the movement speed of impurity
(Zn or Se) through the target surface. This factor
is selected according to the correspondence of the
calculated and experimental impurity concentration
profiles. It is assumed that bound impurities do not
participate in diffusion.

Initial data of the model for calculating the con-
centration profiles of implanted Zn and Se in the
SiO2 lattice are given in Table II.

In Table II, E, J , and Φ indicate the implantation
regimes of Se and Zn ions in the silica lattice; Rp,
∆Rp, Sk, Rpd, ∆Rpd, Skd, and ν(E) are the spatial
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Fig. 2. Depth distribution of Zn in silica: 1 — ex-
periment, 2 — calculation.

distribution moments of implanted atoms and the
energy released during elastic collisions, calculated
according to the inverse Boltzmann kinetic equa-
tion [13]. The coefficient of target sputtering of Zn
and Se ions is calculated in the frame of the TRIM
code [24].

4. Results and discussion

Calculated and experimental profiles of the depth
distribution of implanted Zn (E = 150 keV, fluence
D = 4×1016 ion/cm2) in silica are shown in Fig. 2.
The calculated profile differs significantly from the
experimental one on the edges, while the maxima of
the theoretical and experimental profiles practically
coincide. The calculated diffusion coefficient of Zn
for a given fluence is DZn = 1.94 × 10−16 cm2/s.
The difference between the calculated and experi-
mental distribution profiles of Zn atoms in the silica
lattice can be explained by the complex dependence
of the diffusion coefficient on ion fluence and the
function of defect depth distribution.

Calculated and experimental profiles of im-
planted Se (E = 170 keV, D = 4 × 1016 ion/cm2)
in the silica pre-implanted with Zn (E = 150 keV,
D = 4 × 1016 ion/cm2) as well as the bright-field
TEM image of the sample are shown in Fig. 3.

According to this experiment, a part of Se atoms
(∼ 5.6 at.%) after ion implantation is bound
with the pre-implanted Zn, forming ZnSe nanocrys-
tals [25]. The value ∼ 5.6 at.% is used in (7)–(9)
to calculate the depth profile of the Se distribu-
tion in silica. After solving these equations, we
found the diffusion coefficient of Se in silica, i.e.,
DSe = 2.88 × 10−16 cm2/s. The fraction of Se
bound with Zn relative to the total Se concentra-
tion (curve 4) is shown in Fig. 3. The TEM image
shows that the shape of the depth profile of the
formed ZnSe nanocrystals density after ion implan-
tation matches the calculated profile of Se atoms
(∼ 6.2 at.%) bound with Zn (curve 4 in Fig. 3a).

Fig. 3. Depth Se distribution in silica, (a) 1 —
experiment; 2–4 — model: 2 – Se total concentra-
tion in silica, 3 — Se not bound with Zn, 4 — Se
bound with Zn (ZnSe nanoclusters) and bright-field
TEM-image in cross-section of SiO2 layer with ZnSe
nanoclusters (b) after hot implantation of a silica
sample.

5. Conclusions

Using TEM and SAED, it was found that the
implantation of Zn (150 keV, 4 × 1016 cm−2) and
Se (170 keV, 4 × 1016 cm−2) into silica at 550◦C
leads to the formation of ZnSe nanocrystals, with
the mean diameter of 5 nm which are distributed
with the density of 1.15× 1012 cm−2.

The physical–mathematical model was developed
to simulate the high-fluence implantation of zinc
and selenium into silica. The model takes into ac-
count the processes of radiation-enhanced diffusion,
sputtering and swelling of the target, and the for-
mation of a new phase. The dependence of the diffu-
sion coefficient on the depth distribution of defects
entered into the silica target during Zn and Se im-
plantation was also included in the model. In terms
of the model, depth profiling of impurity (both in
a free state and in the nanoclusters) was made.

Mean values of the radiation-enhanced diffusion
coefficients for zinc (DZn = 1.94×10−16 cm2/s) and
selenium (DSe = 2.88×10−16 cm2/s) in silica were
determined based on calculated and experimental
data. The developed model gives the opportunity
not only to find the mean coefficients of radiation-
enhanced diffusion of impurities in silica, but also
to determine the fraction of the bound Se impurity
(6.2 at.%), i.e., the impurity entering into the ZnSe
nanoclusters.
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