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Abstract. The present review concentrates on the fabrication of metal nanoparticles in sapphire
matrix by ion implantation and their modification by laser annealing. This approach is promising
for the development of optical composite materials in the optoelectronics production technology.
Composite layers were fabricated in sapphire by implantation of 40-keV Cu+ ions at a dose of
1.0.1017 ion/cm2 and an ion beam current density varying from 2.5 to 10 µA/cm2. The composites
were examined by different methods: Rutherford backscattering (RBS), atomic force microscopy
(AFM) and optical spectroscopy. It is shown that ion implantation is suited for creation of copper
nanoparticles in the near-surface sapphire layer. However, the nanoparticle size distribution in
this layer is nonuniform. An interaction of high power excimer laser pulsed with fabricated composite layer aimed to modify the sizes and the size distribution of copper particles. It is found that
the laser annealing diminishes nanoparticles in the sapphire. Experimental data on laser modification may be explained by photofragmentation and/or melting of the nanoparticles in the sapphire matrix.

1. INTRODUCTION
Composite materials, such as dielectrics with embedded metal nanoparticles (MNPs), are promising optoelectronic materials. An example of their
application in optoelectronics is a prototype of integrated electronic circuit - chip that combines metallic wires as conductors of electric signals with
fibers as guides of optical signals. In practice, light
guides are frequently made of synthetic sapphire
(Al2O3) or silicon oxide, which are deposited on or
buried in semiconductor substrates (Fig. 1). In this
case, electrooptic emitters and that accomplish
electric-to-optic signal conversion are fabricated
inside the dielectric layer. This light signal from a
microlaser is focused in a light guide and then transmitted through the optoelectronic chip to a highspeed photodetector, which converts the photon flux
to the flux of electrons. It is expected that light
guides used instead of metallic conductors will improve the data rate by at least two orders of magni-

tude. Moreover, there is good reason to believe that
optical guide elements will reduce the energy consumption and heat dissipation, since metallic or
semiconductor components of the circuits may be
replaced by dielectric ones in this case. Prototype
optoelectronic chips currently available are capable
of handling data streams with a rate of 1 Gbit/s, with
improvement until 5 Gbit/s in future.
Key elements of dielectric waveguides used for
light propagation are nonlinear optical switches,
which must provide conversion of laser signal for
pulse duration as short as pico- or even femtoseconds. The nonlinear optical properties of MNP-containing dielectrics stem from the dependence of their
refractive index on incident light intensity [1,2]. This
effect is associated with MNPs, which exhibit an
enhancement of local electromagnetic field in a composite and, as consequence, a high value of the
third order nonlinear susceptibility when exposed to
ultrashort laser pulses. Therefore, such MNP-containing dielectric materials may be used to advan-
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Fig. 1. A prototype of optoelectronic chip with sapphire waveguide on silicon substrate. Ion implantation can
be applied to form selective area doped by rear metal ions (illustrated by stars) to work as micro laser and
to saturate waveguide, created by He-ion irradiation with metal nanoparticles to form an optical switcher.

tage in integrated optoelectronic devices, for example, as shown in Fig. 1.
It is well known [1] that a local field enhancement in MNPs stimulates a strong linear optical
absorption called as surface plasmon resonance
(SPR). The electron transitions responsible for plasmon absorption in MNPs cause also a generation
of an optical nonlinearity of a composite in the same
spectral range. As a result, the manifestation of
nonlinear optical properties is most efficient for wavelengths near the position of a SPR maximum. In
practice, to reach the strong linear absorption of a
composite in the SPR spectral region, attempts are
made to increase the concentration (filling factor) of
MNPs. Systems with a higher filling factor offer a
higher nonlinear susceptibility, when all other parameters of composites being the same [1].
There is variety of ways to synthesis MNPs in
dielectrics, such as magnetron sputtering, the convective method, ion exchange, solgel deposition,
etc. One of the most promising enhanced fabrication methods is ion implantation (II) [3,4] because it
by ion implantation allows reaching a high metal
filling factor in an irradiated matrix beyond the equilibrium limit of metal solubility and provides controllable synthesis of MNPs at various depths under
the substrate surface. Nearly any metaldielectric
composition may be produced using II. This method
allows the strict control of the doping ion beam position on the sample surface with implant dose as,
for example, in the case of ion-beam lithography.
Today, II is widely used in industrial semiconductor chip fabrication. Therefore, the combination

of MNP-containing dielectrics with semiconductor
substrates by same technological approach as II
could be reached quite effective. Moreover, II can be
applied for different steps in optoelectronic material
fabrication such as creation of optical waveguides
by implantation with rear gas ions (H+,He+, etc.) [3],
a designing of electric-to-optic signal convectors and
microlaser by irradiation of dialectics waveguides
with rear metal ions (Er+, Eu+, etc.) [3,5] and a synthesis of metal nanoparticles as discussing in this
article (Fig. 1).
The history of MNP synthesis in dielectrics by II
dates back to 1973, when a team of researchers J.
Davenas et al. at the Lyons University (France) pioneered this method to create particles of various
metals (silver, sodium, calcium, etc.) in LiF and MgO
ionic crystals [6,7]. Later, in II practice MNPs were
successfully fabricated in various materials, such
as polymers, glass, artificial crystals, and minerals. In this work, the ion synthesis of MNPs in synthetic sapphire (Al2O3) is considered, since this substrate as a dielectric matrix containing MNPs has
been studied to a much smaller degree than standard
optical waveguide materials, e.g., silicon dioxide.
As follows from the currently available publications concerning ion synthesis of MNPs in Al2O3
[859] (see table referenced until 2005 year), this
matrix as a basis for a composite was of interest for
a long time since a work on Fe+-ion implantation in
1987 from C.J. McHargue et al. [8] and M. Ohkubo
et al. [13]. The table lists the types of MNPs and
conditions of their synthesis directly by II or by II
combined with heat treatments. As seen in a dia-
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α-Fe

α-Al2O3
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100
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Annealing in vacuum
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α-Fe

α-Al2O3
[0001]
α-Al2O3
polysrict.
α-Al2O3
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1.0.1017

10

25

Annealing in Ar-4% H2
at 1500 °C for 1 h.
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1.0.1017

2
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(0.21.2).1017

2

85
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4.0.1016
7.0.1016
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°Ñ

Post-implantation
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Methods of
particle
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Authors

TEM, X-ray,
CEMS

McHargue et al.1987
[8]
1990 [9]
1991 [10]
1996 [11]
1998 [12]
Ohkubo et al.1987
[13]
1989 [14]
Farlow et al.1990
[15]
Donnet et al.1991
[16]
Sklad et al.1992 [17]

TEM, XRD
VSM

TEM
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Table. Types of metal nanoparticles and conditions for their synthesis in Al 2O3 by ion implantation combined with post-implantation heat treatments. (Abbreviations
 TEM, transmission electron microscopy; XPS, X-ray photoelectron spectroscopy; CEMS, conversion electron Mossbauer spectroscop y; XRD, X-ray diffraction;
VSM, vibrating sample magnetometry; RM, resistive measurements; GIXRD, glancing incidence X-ray diffraction; SQUID, superconduc ting quantum-interferencedevice, magnetometer; OS, optical spectroscopy; AFM, atomic-force microscopy; MR, magnetoresistance measurements; and LFRS, low frequency Raman scattering; χ(3) DFWM, measurements of the third-order nonlinear optical susceptibility by a degenerate four-wave mixing. The ions are listed in the order they follow in the
Periodic Table of elements).

Jang et al.1997 [18]
25

RM

Kobayashi et al 1998
[19]

RM

Kobayashi, Terai
1998 [20]
111

100

(1.0-2.0).1017

Fe

160

1.0.1017
4.0.1017

Fe

α-Al2O3
[0001]
[1120]
α-Al2O3
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Fe

Al2O3
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1.0.1017
4.0.1017
1.0.1017
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X-ray

α-Fe

α-Al2O3
[0001]
α-Al2O3
[0001]
α-Al2O3
α-Al2O3
<0001>
<0221>
<1120>
Al2O3

150

1.0.1017

25
25

H2 at 1100 °C for 2 h.

TEM, SQUID
TEM, CEMS

150

1.0.1017
(0.5-5.0) .1017
5.0.1017

Annealing in Ar-4% H2
at 1100 °C for 1 h.

TEM, CEMS

20
150

25
1000
25
25

140

8.0.1016

α-Al2O3
[0001]
Al2O3
[1120]
α-Al2O3

160

4.0.1016

25
-100
45

Annealing in Ar-4% H2
at 1100 °C for 2 h
Annealing in Ar-4% H2
at 1500 °C for 1 h.

3000

1.6.1018

1

64

1.0.1017

0.5

α-Al2O3
polysrict.
Al2O3

110

1.0.1017

10

160

(0.2-.0).1017

<2

α-Fe
Co
Co

Co
Ni
Ni
Ni
Cu
Cu

2-3

25

CEMS

25

TEM, GIXRD,
VSM

SQUID, OS

20-250

TEM, X-Ray,
SQUID

MR
TEM, X-ray

25

TEM
Annealing in air
at 673 °C for 1 h

Sakamoto et al.1999
[21]
Hayashi et al. 2002
[22]
Wakabayashi et al.
2002 [23]
Alves et al. 2002 [24]

Monteiro et al. 2002
[25]
White et al. 2003
[26]
McHargue et al.2004
[27]
McHargue et al.2004
[27]
Saito et al. 1991 [28]
Marques et al. 2001
[29]
2002 [30]
Meldrum et al. 2003
[31]
Farlow et al.1990
[15]
Kobayashi et al.1996
[32]
Xiang et al.2004 [33]
2004 [34]
Donnet et al.1991
[16]
Ila et al. 1998 [35]
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α-Fe

Al2O3
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Cu

Al2O3

40
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2.5-10 25

OS, AFM
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α-Al2O3
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α-Al2O3
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Al2O3

110

1.0.1017

10

25

TEM, X-ray

2

(1.0-5.0).1016

0.5
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XPS
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1-5

25
-200

OS

1800

1.2.1017

Ag

Al2O3
[0001]
Al2O3

1500

(0.2-2.0) .1017

<2

Ag

Al2O3

25-30

(0.22.0) .1017

0.6-6.2 25

Sn

Al2O3

160

(0.2-2.0) .1017

<2

Pt

Al2O3
[0001]
Al2O3

160

5.0.1016

0.4

910

8.2.1016

200

Al2O3
[0001]
Al2O3
[0001]

400

6.8.1016

1200

2750
3000

(1.0-1.2) .1017

-200

Pd
Ag

Ag

Pt
Au

-200

Annealing in vacuum
at 770-1270K for 1 h

Annealing in air
at 1100° C for 2 h
Annealing in air
at 773° C for 1 h.

TEM, OS,
χ(3) DFWM

Ikeyama et al. 2001
[36]
2002 [37]
Stepanov et. al 2001
[38]
Stepanov 2002 [39]
Stepanov et. al 2002
[40]
Stepanov, Popok
2003 [31]
Stepanov 2004 [42]
Donnet et al.1991
[16]
Battaglin et al.1999
[43]
Rahmani et al. 1988
[44]
Rahmani, Townsend
1989 [45]
White et al. 1992 [46]
1993 [47]
Ila et al. 1998 [35]
Steiner et al. 1998
[48]
Ila et al. 1998 [35]

Annealing in air
at 773 °C for 1 h.
25

Alves et al. 1999 [49]
Annealing in Ar-4%
H2 at 1100 °C for 2 h.

X-ray
TEM, SQUID
TEM

Annealing in Ar-4% H2
at 900-1100 °C for 1-20 h

TEM, OS,
χ(3) DFWM

White et al. 2003 [26]
Ohkubo, Suzuki.
1988 [50]
White et al. 1992 [45]
1993 [46]
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Au
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Cu

114

Au

2.2.1016

2000

(0.2-2.0) .1017

Au

Al2O3

160

1.0.1017

Au

c-Al2O3

1800

(0.11.0) .1018

1.2

Eu

Al2O3

400

1.0.1016

FeCo

α-Al2O3

100

(1.0-2.0) .1017

8
16
2-3

FePt

α-Al2O3

Fe-350
Pt-910

Fe-1.0.1017
Pt-(0.5-1.1).1017

CoPt

α-Al2O3

Co-325
P-910

(0.5-1.0) .1017

Annealing in Ar+4%H2
at 1100 °C 1 h.
Annealing in air
at 973-1323 °C for 1 h.

<2

Henderson et al.
1995 [51]
Ila et al. 1998 [36]
OS

Annealing at 1000 °C
and 1200°C for 1 h
Annealing in air at 1200 °C
for 1 h

OS, LFRS

Fe 200-550
Pt-200,500

Annealing in Ar+4% H2
at 1100 °C for 2 h

SQUID,
TEM, X-ray

200, 500

Annealing in Ar+4% H2
at 1100 °C for 2 h

SQUID,
TEM, X-ray

34
25

CEMS
VSM, MR

Marques et al. 2004
[52]
Dhara et al. 2004
[53]
Can et al. 1994 [54]
1995 [55]
Sakamoto et al.
1999 [21]
Hayashi et al. 2002
[22]
2003 [56]
Vallet et al. 2002 [57]
White et al. 2002 [58]
2003 [26]
Withrow et al. 2003
[59]
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Fig. 2. Attendance of papers in the literature on
synthesis of metal nanoparticles in sapphire matrix
by ion implantation until 2005 year.

gram (Fig. 2), a number of publications on MNPs
fabrication in Al2O3 by II continuously increases during last years. This fact clearly demonstrates a wide
interest in the study of this topic; various scientific
groups are working now in this field and Kazan
Physical-Technical Institute of the Russian Academy of Sciences, Instituto Tecnologe Nuclear (Portugal), University of Tennessee-Knoxville and Oak
Ridge National laboratory (USA), Musashi Institute
of Technology (Japan), Goteborg University and
Chalmers University of Technology (Sweden) should
be mentioned as the active participants of these
investigations.
As seen in the Table, while MNP synthesis in
Al2O3 has been extensively explored, there are only
few studies [26,35,36,44-53] devoted to the formation of noble metal particles, which are the most
effective in terms of nonlinear optical properties. For
nonlinear optics, copper, which is close to noble
metals accord to the high concentration of the conductive electrons, is the most preferable material
[1,2]. However, as follows from the Table, ion synthesis of copper nanoparticles in Al2O3 without using auxiliary post-implantation heat treatments has
not been implemented for long time. The feasibility
of creating composites by low energy implantation
(<100 keV) of copper ions into a single-crystal sapphire substrate was recently demonstrated by A.
Stepanov et al. in 2001 [38-42]. It should be noted
that the early attempts to create composites by irradiation of Al2O3 with high accelerated (~ 130 keV
2.4 MeV) copper ions [60-64] failed (copper particles
did not form); therefore, those works are omitted

115

from the table. Subsequent heat treatment of the
substrates irradiated by high energy ions in those
works causes, along with the formation of copper
nanoparticles, the growth of copper oxide particles
and CuAl2O4 spinel phase [36,37]. Of special interest is the research [16], where copper nanoparticles
were synthesized in polycrystalline Al2O3 by moderate low energy (110 keV) implantation. However,
the polycrystalline state of sapphire is strongly different from the single-crystalline one: an elevated
density of structure defects, specifically, grain (domain) boundaries, in the former changes radically
the synthesis conditions of MNPs. Therefore, though
mentioned in the table, work [16] is beyond the scope
of this review.
Thus, present review covers publications devoted
to ion synthesis of copper nanoparticles of a desired size in a sapphire substrate. Since the linear
and nonlinear optical properties of MNPs are directly
related to their sizes [65], one may control the optical performance of a composite as a whole by controllably varying the MNP size and MNP size distribution. One way of changing the particle size distribution while keeping a high value of the filling factor
in substrate is to anneal the composite by high
power excimer laser pulses [6673]. Emphasis in
this work will be on modification of MNPs in Al2O3
synthesized by II during exposing the composite
by laser radiation.

2. EXPERIMENTAL PROCEDURE
Thin wafers of synthetic polycrystalline sapphire,
which offers a high optical transparency in the spectral range 2001000 nm, were used as substrates.
The plane exposed to radiation was (1012). Wafers
were implanted with 40 keV Cu+ ions at a dose of
1.1017 ion/cm2 and an ion beam current density varying from 2.5 to 12.5 mA/cm2. Experiments were carried out with an ILU-3 implanter under a controlled
vacuum of 105 Torr (Fig. 3). Prior to implantation,
the substrate was kept at room temperature; in the
course of implantation, it was continuously cooled
by running water.
The implanted samples were analyzed by Energy-Dispersive X-Ray (EDX) spectroscopy at the
accelerating voltage of 20 keV by a scanning electron microscope (REMMA-202M) and by Rutherford
backscattering (RBS) using a beam the of 4He+ ions
with energy of 2 MeV by a van de Graaf accelerator.
Energy spectra from a collimated solid-state detector (laboratory scattering angles of 120° and 170°)
were evaluated to yield profiles of absolute concentration versus depth in the sample using the Data
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Fig. 3. Overview of the ion implanter ILU-3: (1) ion source; (2) electromagnet of the ion source; (3) vacuum
chamber; (4) water cooling system; (5) nitrogen cooled trap; (6) ion receiver and target holder; (7) forevacuum
pump; (8) electromagnet of the sector ion analyzer; (9) diffusion pumps; (10) water cooled trap.

Furnace computer program [74]. Optical reflection
spectra were recorded with a Monolight one-beam
fiber-optic device in the range 380800 nm at normal incidence of the radiation on the sample. The
optical transmission in the range 2001000 nm was
measured with a Perkin Elmer Lambda 19 doublebeam spectrophotometer.
Pulsed laser annealing of the implanted Al2O3
substrate was done by a KrF excimer laser (ALTEX
210) at a wavelength of 248 nm and pulse duration
of 25 ns. Ten pulses of equal energy density (0.3 J/
cm2) were accumulated in the same area of the
sample at a repetition rate of 1 Hz. Pulse-to-pulse
energy variation was typically within ±2%. The energy density was controlled with a laser power meter
DGX FL150A-EX-RP. To improve the laser radiation
uniformity, the light beam, before normal incidence
on the sample surface, was passed through a circular diaphragm of diameter 2 mm. The laser annealing was carried out in ambient atmosphere at
room temperature. Since the irradiation area was
quite small (the light beam was limited by the diaphragm), annealed samples were analyzed by
means of optical reflection spectroscopy.
Topographic profiling of the as-implanted and laser annealed surface was performed with an atomic
force microscope (AFM) Solver-P4, working in tapping mode. Vertical displacement of the sensitive

cantilever in the microscope was registered by deflection of the lower power laser beam reflected from
the probe tip. The samples were clamped on a tube
piezoscanner providing as canning area of 3.7×3.7
µm2 and they were measured in an air environment.
The constant force-operating mode was employed
and a conventional feedback loop circuit was used
to maintain the constant force at less than 100 nN.

3. ION SYNTHESIS OF METAL
NANOPARTICLES IN DIELECTRIC
MATRIX BY LOW ENERGY ION
IMPLANTATION
Ion implantation is an effective technological tool for
introducing single impurities into the surface layer
of the substrate to a depth of several micrometers
[3]. The degree of surface modification of the materials depends on their individual chemical and structural properties, as well as on variations of II parameters, such as the type and energy of an implant,
current density in ion beam, substrate temperature,
etc. A critical implantation parameter is ion dose
F0, which determines the implant amount. Depending on the modification of a dielectric target by irradiation, II can be conventionally divided into low-dose
and high-dose processes (Fig. 4).
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Fig. 4. Basic physical processes (from left to right) involved in the formation of nanoparticle from an implant
vs. the ion dose with regard to surface sputtering under irradiation.

In the case of low-dose II (~F0 ≤ 5.0.1014 ion/cm2),
the ions implanted, after stopping and thermalization, are dispersed throughout the volume of the dielectrics and are well separated from each other.
The energy of the implant is transferred to the matrix via electron shell excitation (ionization) and
nuclear collisions. This causes radiation-induced
defects, which, in turn, may reversibly or irreversibly modify the material structure [3]. Various types
of crystal structure damage have been observed in

practice [3]: extended and point defects,
amorphization and local crystallization, precipitation of a new phase made up of host atoms or implanted ions, etc. In addition, II may be accompanied by the effective sputtering of the surface of the
dielectric target, as observed for example in the case
of Cr+ and Ti+ implantation into Al2O3 by photon tunnel microscopy (Fig. 5) [75], or Cu+ implantation
into the MgAl2O3 spinel matrix and SiO2 glass [76].
Sometimes, sputtering competes with swelling, as

Fig. 5. Three-dimensional photon tunnel microscope image of sapphire implanted with 3.0.1017 ions/cm2 at
160 KeV, at edge of mask showing sputtered region. Fragment of image is taken with contrast correction
from [75].
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Fig. 7. Micrograph of cobalt labyrinth structures
produced by Co+ implantation into epoxy resins at
a dose of 2.5.1017 ion/cm2 [83].
Fig. 6. Micrograph of metal nanoparticles produced
by 160-keV Cu+ implantation into SiO2 at a dose of
6.0.1016 ion/cm2; fragment of picture from [79].

in the case of spinel and glasses exposed to extremely high current beams of metal ions [76], in
the case of inert gas ions embedded in polymers
[77] or some semiconductors irradiated by various
ions with high doses [78].
The range of high-dose implantation may be divided into two characteristic dose (irradiation time)
sub-ranges (Fig. 4). In the range 1015 ≤ ~F0 ≤ 1017
ion/cm2, the implant concentration exceeds the
solubility limit of metal atoms in dielectrics (in particular, in sapphire) and the system relaxes by nucleation and growth of MNPs, as illustrated in SiO2
glass (Fig. 6) [79]. The boundary dose value depends on the type of the dielectric matrix and implant. For example, for 25-keV Ag+-ion implantation
into LiNbO3, the boundary dose was found to be F0
~ 5.0.1015 ion/cm2 [80], for 30-keV silver ions embedded in solid state epoxy resin, F0 ~ 1016 ion/cm2
[81], but a formation of ultra-dispersed magnetic
phase in polyimide was found to form under fluencies
as high as ∼1017 ion/cm2 at 40-keV iron ions irradiation [82]. The boundary dose (at which MNPs nucleate) for copper implantation into Al2O3 has not been
reported in the literature yet.
The next subrange of high-dose implantation, ~F0
≥1017 ion/cm2, leads to the coalescence of already
existing MNPs with the formation of either MNP
aggregates or thin quasi-continuous films at the dielectric surface (Fig. 4). For instance, the irradiation of epoxy resin by 40-keV cobalt ions at higherthan threshold-nucleation doses favors the formation of thin labyrinth structures (Fig. 7) [83]. The

MNP distribution established in the dielectrics after
coalescence or Ostwald ripening may be dramatically disturbed by postimplantation thermal or laser
annealing [3].
The works considered in this review were aimed
at studying composites consisting of the sapphire
matrix with isolated copper nanoparticles; i.e., the
particles were synthesized by high-dose (F0 ~ 1017
ion/cm2) II. For the case of Cu+-ions implantation
with a moderate low energy (40 keV), elastic ion
energy losses causes oxygen and aluminum atom
displacements from the crystallographic positions
in the matrix and chemical bond breaking. It is
known that implantation of various metal ions into
the crystalline Al 2 O 3 matrix leads to the
amorphization of the ion-doped layer at relatively
low doses (on the order of 1015 ion/cm2) [3,84].
Accumulation of an implant in the irradiated
matrix is a gradual long-term process during II. The
implant distribution in the target is routinely described with the TRIM algorithm applied to the statistical Gaussian distribution, which has a symmetric
statistical profile [85]. However, as was shown earlier [8689], the TRIM algorithm works correctly in
describing the metal atom distribution across the
dielectric for low-energy (< 100 keV) II only if the ion
dose is very low (<< 1015 ion/cm2). This is because
TRIM algorithm ignores the effect of dynamic surface sputtering (Figs. 2 and 4) and alterations of the
ion range due to the variation of the target atomic
composition of the substrate with the amount of the
implant accumulated. Therefore, the dynamic computer code DYNA was suggested to be more appropriate for simulating the copper distribution in
Al2O3 [87,88]. DYNA algorithm is based on binary
collision approximations in intermixed surface layer
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Fig. 8. DYNA calculations of Cu+-ion depth distribution for 40 keV implantation in Al 2O3 with different
doses.

between the implant and substrate atoms. Dynamic
target sputtering and changes of the near-surface
layer composition due to cascade atomic mixing in
dependence on irradiation time are also considered.
Dynamic formation of a non-symmetrical depth
distribution of implanted Cu+ ions in Al2O3 according
to DYNA calculations is presented in Fig. 8. It can
be seen from this figure that the implant distribution
varies with the implantation time, i.e., Fig. 8 visualizes the copper accumulation in substrate. At low
doses (F0 ≤ 0.1.1015 ion/cm2), the DYNA- and TRIMbased distributions are quite similar (curve 1). However, as the dose grows up to approximately 2.5.1015
ion/cm2, the Gaussian profile changes to an asymmetric curve and the implant concentration maximum shifts closer to the irradiated surface. From a
dose of ~ 3.0.1015 ion/cm2, the copper profile in depth
of the sapphire is stabilized, i.e., becomes doseindependent. This value manifests the upper bound
for the domain of applicability of the DYNA algorithm. At higher doses, the implant concentration in
the surface layer will exceed the limiting solubility of
copper in sapphire [3] with regard to a low ion energy
(40 keV), which DYNA cannot take into account.

4. FORMATION OF COPPER
NANOPARTICLES IN SAPPHIRE
BY HIGH-DOSE ION
IMPLANTATION
In the case of implantation by Cu+ ions at relatively
low energy 40 keV, nuclear collisions prevail during
interaction of accelerated ions with atoms of substrate, but along with this, target Al2O3 atoms also
effectively lose electrons. As a result of interaction
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with these electrons, the Cu+ ions deionize with the
formation of neutral copper atoms Cu0. They displace atoms in the sapphire matrix and break some
of chemical bonds of substrate. Basically, copper
atoms may produce chemical bonds with unfettered
matrix atoms, specifically, with oxygen atoms. However, CuCu bonding is energetically more favorable,
as can be judged from the change in the Gibbs free
energy in comparison with copperoxygen reaction.
Similar situation is observed with silver atoms in
silver-doped silica glass [90].
In view of the fact that copper atoms readily combine with each other, an excess of the copper amount
over the solubility limit of metal in Al2O3 leads to the
formation of copper nanoparticles in the ion-implanted layer. As was noted earlier, the model approach based on binary atomic collisions in a homogeneous amorphous medium of oxide aluminum
(which is involved in the DYNA algorithm) becomes
inefficient when the dielectric substrate contains fragments of the metal phase [87]. However, the curves
calculated at a low dose of 2.7.1015 ion/cm2 (Fig. 8)
may be helpful in predicting the MNP distribution
across the sample at higher doses. Consider the
formation and distribution of MNPs at higher doses.
Note that an increase in the absolute copper ion
concentration in the depth profiles and the surface
sputtering coefficient depend on the implantation
time (or the time of implant accumulation) [87].
Therefore, the particle nucleation and growth are
time-dependent processes and will also vary with
time with depth distribution. Generally, the ion synthesis of MNPs proceeds in several steps: (i) accumulation of Cu0 atoms in a local near-surface area
of sapphire, (ii) supersaturation of this area by Cu0
atoms, (iii) formation of nuclei consisting of several
Cu0 atoms, and (iv) growth of the nanoparticles from
the nuclei. Assuming that the MNP growth occurs
by successive joining of the single Cu0 atoms one
can believe that this process is governed by both
the local concentration of metal atoms and their diffusion mobility. Obviously, the size of nanoparticles
forming at a certain depth from the surface correlates with the filling factor of the metal in the dielectric at the same depth, since they are both depend
on the ion concentration profile. Therefore, bearing
in mind the asymmetric copper atom distribution
obtained for the maximal dose used in the calculations (Fig. 7), one can conclude that when this dose
is exceeded and the distribution becomes asymmetric, the larger copper particles (and, accordingly,
higher fill factors) will be observed near the Al2O3
surface, while finer nanoparticles will penetrate
deeper into the matrix.
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Fig. 9. Depth profile of the Cu+-ion distribution for
40 keV implantation into Al2O3 at dose of 1.0.1017
ion/cm2 and two ion beam current densities, evaluated from RBS spectra.

In present work, the model predictions regarding the copper distribution inward to the Al2O3 matrix have been corroborated experimentally. As example, Fig. 9 shows the RBS copper atom profiles
near the surface of the sapphire corresponding to II
with a dose of 1.0.1017 ion/cm2 at two ion current
densities of 5 and 12 µA/cm2. Note that the RBS
method gives the distribution of only copper atoms
over the volume, ignoring the possible presence of
the volume metal phase. As seen in figure, in the
experimental distributions obtained at two ion current values, the copper concentration reaches a
maximum near the surface (~ 10-20 nm in depth),
decreasing monotonically with depth down to 60 nm.
These asymmetrical profiles are in qualitative agreement with the curves shown in Fig. 7. The discrepancy in the positions of the maxima for two ion current values will be discussed below.
Similar distributions of MNPs in depth were also
obtained in experiments on high-dose low-energy
implantation of ions into other dielectrics; this follows from electron microscopy data for sodalime
silicate glass (SLSG) with MNPs [3,91], for copper
particles in SiO2 glass [92] or in Co-ion implanted
silica [93] and also from the comparison measurements of the reflection from the implanted and back
sides of silicate glasses substrates with silver particles [91,94,95].
As illustrated by cross-sectional transmission
electron microscopy (TEM) analysis in Fig. 10 [93]
and disused in [96], the distribution of MNPs synthesized by low-energy implantation is essentially
different from distribution particles created by high-

Fig. 10. Cross-sectional TEM micrographs obtained
for Co+ ion implantation into silica with dose of 1.0
1017 ion/cm2 at various energies (a) 30 keV and 160
keV.

energy II. In former case, MNPs are distributed in
the volume of the substrate with an almost symmetrical depth distribution.
Measured optical reflectance spectra of Cu-implanted Al2O3 for different ion current densities are
represented in Fig. 11 [38]. The wide reflection bands
in the visible range directly indicate the formation of
copper nanoparticles in the sapphire volume. These
bands are attributed to SPR localized in the small
metal particles [65]. By comparing electron microscopic and optical data for MNPs synthesized by
different techniques, it was shown that this optical
resonance, which is due to collective oscillations of
free electrons, is observed in the visible range when
the size of copper particles lies between ~2 nm and
several tens of nanometers [65]. Such reflection
spectra are typical of copper particles in an dielectric matrix.
As seen in Fig. 11, for the lowest current density of 2.5 µA/cm2, the reflectance peak is positioned at 610 nm with an intensity of 27%, implying
the formation of small copper particles. Increasing
the ion current density shifts the reflectance peaks
to longer wavelengths (up to ~640 nm) and the intensity reaches 41% for 12.5 µA/cm2. These spectral changes correspond to the formation of larger
Cu particles. Similar optical effects were detected
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Fig. 12. Example of EDX spectrum of Al2O3 implanted with Cu+ ions at an ion current density of
7.5 µA/cm2.

Fig. 13. AFM image of the surface of Al2O3 before
ion implantation. The values plotted in the X and Y
axes are given in nanometers. The step in the Z
direction is 20 nm.

Fig. 11. Optical reflectance spectra of Al2 O 3
samples after Cu+ ion implantation with fixed dose
of 1.0.1017 ion/cm2 at various ion current densities
(thin lines) and spectra taken from the same
samples subjected to post-implantation laser annealing (thick lines) [38].

in the case of silver nanoparticles in SiO2 fabricated
at different current densities [97].
X-ray spectroscopy is a valuable tool for qualitative and quantitative element analysis. Each element has characteristic peak positions corresponding
to the possible transitions in its electron shell. In
present case, the presence of copper in sapphire is
indicated by K-peak at about 8.0 keV (Fig. 12). The
RBS and EDX data, suggest that the II leads to
formation of copper particles at different current den-

sities in approximately the same region of 50-60
nm in the depth for all implanted samples.
The AFM images of the non-implanted Al2O3 and
same substrate after Cu+ implantation at an ion beam
current density of 7.5 µA/cm2 are shown in Figs. 13
and 14 [40,41]. The formation of copper nanoparticles
at the implanted surface is observed in AFM as
semi-spherical hillocks of mean size 20 nm, which
are absent on the nearly smooth surface of virgin
Al2O3. These hillocks seen in Fig. 14 result from
surface sputtering of Al2O3 during II and are merely
the striped tops of spherical-shaped MNPs nucleated in the near-surface layer of the substrate. It is
assumed that sapphire is removed (sputtered) with
a higher rate than the metallic phase. Estimates
[86,87] made for high-dose copper implantation into
sapphire show that the Al2O3 layer sputtered may
be several nanometers thick for the doses and energies considered in this work. For Cr+ and Ti+ implantation into sapphire (with a dose of ~ 1.0.1017
ion/cm2), the thickness of the layer sputtered from
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Fig. 14. AFM image of a fragment of the surface of Al2O3 implanted with Cu+ ions at an ion current density
of 7.5 µA/cm2. The values plotted in the X and Y axes are given in nanometers. The step in the Z direction
is 24 nm [40,41].

the sapphire surface was the value of same order
(Fig. 5). Similar surface morphology with MNPs were
earlier detected by AFM on the samples after lowenergy (<60 keV) high-dose II, for example: Au+ into
Al2O3 [51] and mica [98]; Fe+ into SiO2 [99]; and
Ag+ into Al2O3, Ta2O3, Si3N4, SiO2 [48,97,100], and
in SLSG [4,101].The metal phase of nanoparticles
on the surface was identified by glancing incidence
X-ray diffraction (GIXRD) [100].
The attenuation (extinction) of an optical wave
propagating in a medium with MNPs depends on
the amount of the SPR effect and the light scattering efficiency. The wavelength of optical radiation,
the particle size, and the properties of the environment are governing factors in this process. Within
the framework of classical electrodynamics (the
Maxwell equations), the problem of interaction between a plane electromagnetic wave and a single
spherical particle was exactly solved in terms of
optical constants of the interacting objects by Mie
[102,103]. In the general case, the Mie electromagnetic theory imposes no limitations on the wavelength of optical radiation. Therefore, the operation
on the optical constants of the particles and matrix
results in extinction spectra, so-called Mie resonance bands [65], which agree well experiment.
However, the Mie theory, which relies on the spectral dependence of the optical constants, does not
allow one to penetrate deep into the physics of Mie
optical peaks exhibited by the particles. Yet, independent investigations [65] into the behavior of metal
nanoparticles showed that Mie resonances are due
to the SPR effect, so that analytical Mie spectra

may be compared with experimental data. Therefore, the Mie equations will be used to simulate the
extinction spectra for copper nanoparticles in Al2O3
and the model spectra obtained will be compared
with the experiment (Fig. 11), as was successfully
done previously for silver particles synthesized in
polymers by II [104]. In the calculations described
below, we used the complex optical constants for
Al2O3 [105] and copper [106] corrected for size effects (limitations imposed on the free path of electrons) observed in particles of size ranging from 1 to
200 nm (this range is somewhat wider than in Fig.
14).
Simulated extinction spectra for copper
nanoparticles embedded in Al2O3 matrix for comparison them with experimental data shown in Fig.
15. These spectra feature a wide band, which covers the entire spectral range. In the given range of
particle sizes, the position of the SPR absorption
maximum shifts toward longer wavelengths with increasing particle size. Simultaneously, the intensity of the extinction band grows and the spectra
somewhat broaden, which is in agreement with the
changes in the experimental spectra with increasing ion current (Fig. 11). Such behavior of the reflection spectra confirms the statement that copper
particles in sapphire grow with ion beam current
density.
The most plausible reason for the increasing of
the particles is that implantation rises the temperature of the Al2O3 matrix. For example, as was shown
before [97], when low-energy Ag+ ions were implanted into preheated (from 20 to 60° C) silica

Fabrication of metal nanoparticles in sapphire by low-energy ion implantation

123

Fig. 15. Calculated spectra of optical extinction cross-section for copper nanoparticles embedded in Al2O3
vs. particle size.

glasses at a moderate ion current density of 3 mA/
cm2, larger silver particles were formed in warmer
samples. It is obvious that an increase in the substrate temperature accelerates diffusion mobility of
the implants and increases a probability for nucleation and growth of MNPs.
As was noted earlier, the process of MNP synthesis may be subdivided into steps including the
incorporation of the accelerated ions, their diffusion,
the nucleation and growth of particles. In our case,
however, all the samples were kept under identical
conditions (i.e., at room temperature) prior to beginning of II. It appears that different values of the
ion current density result in different rates of incorporation of copper ions into the matrix, which deliveries the energy from the implant and heats up Al2O3.
Thus, we may conclude that the higher is the ion
current density the higher are the heating rate (temperature gradient) and the temperature of the substrate. So one can consider the process as temperature-enhanced diffusion of implants in substrates at high-beam-current II. At elevated temperatures and temperature gradients in the Al2O3 matrix, the diffusion mobility of copper ions in substrate
grows, the ions drain faster toward nuclei that have
already formed, and as result the size of the MNPs

increases (diffusion growth). In hot samples, the
amount of ions unattached to the particles, i.e., remaining dispersed in the implanted layer, is smaller
than in cold ones. Ostwald ripening could also
contributes to the increasing of the particles: fine
nuclei, which have a lower melting point, dissociate
into atoms, which serve as building blocks for other
(large) particles. As a result, the total number of the
MNPs decreases.
Under the implantation conditions used in our
experiments, the matrix temperature was not so high
that the extremely intense diffusion flux of embedded copper atoms inward to the matrix could prevent particle nucleation. However, as follows from
the RBS spectra in Fig. 9, the high ion current rises
the copper ion mobility and the RBS spectrum becomes smeared. In addition, its maximum slightly
shifts inward to the substrate, which is one more
indication that the copper ion mobility in this matrix
is enhanced.
Broadening of the RBS spectrum implies a wide
distribution in the particle size across the depth.
Therefore, it would be of interest to estimate the
feasibility of modifying implantation-synthesized
MNPs by means of laser annealing. This issue is
considered in the next section.
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Fig. 16. Optical transmission spectra of Al2O3 before and after copper implantation for different values of the ion beam current density. The spectrum
for non-irradiated SLSG is given for comparison.

5. MODIFICATION OF METAL
NANOPARTICLES IN SAPPHIRE
BY LASER ANNEALING
In the earlier study on annealing of ion-implanted
structures by an excimer laser (see review [73]),
the main feature of the experiments was that the
laser pulses were applied in UV spectral area, which
falls into the range of strong absorption by dielectrics (for example, in the case of SLSG containing
implanted silver nanoparticles). Such annealing usually leads to melting of the glass near surface layer,
including the implanted MNPs, followed by rapid
cooling. As a result, the size of the silver nanoparticles diminishes, because the heat of the matrix,
which intensely heats up, melts the particles. Melting is favored by a relatively low melting point of the
SLSG (~750 °C), application of high-power laser
pulses, and also the fact that the melting point of
small silver particles is close to the melting point of
the glass [73,107].
In present work, the similar approach was applied to modify copper nanoparticles implanted in
Al2O3 using an excimer laser. However, the melting
point of artificial sapphire is higher (1400 °C) than
that of SLSG and sapphire is more transparent at
the KrF laser radiation wavelength of 248 nm (Fig.
16). Therefore, one can assume that the laser radiation absorption in sapphire is lower than in the
glass and consider the annealing process as direct
interaction between laser light and MNPs irrespective of the substrate temperature.
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As seen in Fig. 16, the optical transmission of
Al2O3 in the UV spectral range decreases after II
because of induced radiation defects of matrix [3].
Yet, the matrix remains quite transparent (3540%)
near the laser wavelength especially versus the transmission of SLSG of the same thickness. It should
be noted that synthesized copper nanoparticles also
slightly absorb UV light due to interband transitions
just as in the bulk metal [65].
The reflection optical spectra of the implanted
samples subjected to laser annealing are shown by
thick lines in Fig. 11. These selective bands indicate that the MNPs are present in the sapphire after the annealing as well. However, in all the
samples, the maxima of these reflection SPP bands
turn out to be shifted toward shorter wavelength and
they are less intense than in the spectra taken immediately after implantation. These changes are
more pronounced in the case of high-current II; in
other words, for samples with large copper particles
are more sensitive to laser radiation that fine particles, which were synthesized at low current densities. Reduction of the intensity of the spectral
bands for annealed samples in present study is
smaller than it was earlier registered for copper and
silver nanoparticles formed by II in SLSG and treated
by laser under similar conditions [66,73,108].
In terms of the Mie theory, which describes the
optical properties of small metal particles (see the
previous section, Fig. 15), the shift of the reflection
maxima to shorter wavelength means that laser
annealing of sapphire decreases the mean size of
the copper particles. This conclusion is corroborated
by AFM examinations. In fact, the hillocks seen in
the surface image after II Fig. 14) are large than
those observed after II and laser annealing (Fig. 17)
at least by one order of magnitude.
The mechanisms of interaction of high power
laser radiation with composite materials depend on
the parameters of the laser beam and the physicochemical properties of the annealed material. In
general, the laser processes are determined by
photoexcitation relaxation time. In the case of metaldielectric composite, corresponding processes of
excitation and relaxation can be separated between
effects in sapphire matrix and in the MNPs. Despite of the fact that sapphire matrix has an energy
bandgap at ~ 9.9 eV, irradiation with a high power
excimer laser at the wavelength of 248 nm (5 eV)
couples directly through the spectral absorption edge
of Al2O3 (Fig. 16), Therefore, the radiation generates electronhole pairs in Al2O3 by direct exiting
electrons from the valence into the conduction band.
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Fig. 17. AFM image of a fragment of the surface of Al2O3 implanted with Cu+ ions at an ion current density
of 7.5 µA/cm2 after laser annealing. The values plotted in the X and Y axes are given in nanometers. The
step in the Z direction is 48 nm [40,41].

In the copper particles, both conduction- and valence-band electrons may participate in the laser
excitations at the same wavelength. In other words,
the number and energy of absorbed photons immediately establishes the temperature rise in a laserirradiated metal, whereas the number of valence-toconduction-band excitations establishes the initial
density of electron-hole pairs in an dielectric [109].
In a metal, the time between electronelectron collisions is of the order of 1014  1013 s and electron
phonon relaxation are typically one or two orders of
magnitude slower [110]. In non-metal, interband electronic excitations range from 10 12 to 106 s [109].
Overall, most of this times are short in comparison with the pulse duration (25 ns) of the laser described here; so the laser energy can be assumed
as converted directly into a heating of the MNPs.
Therefore, although Al2O3 is considered as almost
transparent to the laser light (Fig. 16), a fraction of
the radiation is still absorbed by the sapphire matrix. However, it may be roughly assumed that most
of the energy of the laser radiation is absorbed by
the MNPs and the transparent substrate has no time
to heat up. Thus, the decrease in the metal
nanoparticle size observed in the experiment (Figs.
13,14,17) may be due to photofragmentation suggested for laser irradiated small silver particles [111].
This process means a decrease in the total number

of the particles in the substrate when some of them
disintegrate into atoms or tiny molecule-like clusters, which do not exhibit SPR-related absorption.
Clearly, large MNPs, which have a larger volume
and cross-sectional area and, therefore, absorb a
greater amount of the laser energy, are more prone
to fragmentation. Especially, the larger particles are
responsible for the reduction of the SPR band intensity and their shift to shorter wavelength when
they disintegrated. Earlier, metal particle fragmentation was observed in colloidal solutions exposed
to high-power picosecond or nanosecond laser
shorts at wavelengths outside the SPR spectral
range of MNPs [111113]. It was assumed that fragmentation takes place when the laser radiation
causes electrons to move to the periphery of the
particles, which thereby acquire an appreciable surface charge (Fig. 18) [111].
On the other hand, the conversion of the laser
radiation in metal particles may be treated as the
photon energy transformation (relaxation) directly
into heating of the MNPs in composite. The temperature may rise to the melting point of copper
particles, since it is known that the melting point of
a metal particle may drop substantially when its
size decreases to the nanometer scale from the
bulk [114,115]. For example, it was reported that
the melting point of silver particles less than 50 nm

126

A.L. Stepanov and I.B. Khaibullin

Fig. 18. Stages of metal particle fragmentation with laser excitation. A transient aggregate formed via the
photoejection of electrons is considered to be a precursor for complete fragmentation of the particle. This
picture with improved contrast was taken from [111].

in size declined to ~500 °C (cf. the melting point of
bulk silver, 960 °C) [116,117]. Consequently, when
the temperature of the particles exceeds their melting point, they melt, diminish, and may even collapse. In general, melting of nanoparticles is a nontrivial process and its correct description requires
that several sequential stages be considered: surface atom migration (surface premelting), structure
fluctuations (quasi-melting), and the formation of
mixed (liquidsolid) phases. This effect is dependent on the particle size, and so smaller particles
will decrease faster than lager ones. In general, a
common decrease in the particle sizes of all particles by a given melting mechanism will be reflected
in the optical spectra in the same way as in
photofragmentation. Therefore, it is as yet difficult
to decide between the two mechanisms of particle
decrease at laser annealing. The difference between
them is that fragmentation breaks down primarily
larger particles, while fine particles are more prone
to melting. Fragmentation seems to be a more vigorous process and possibly is responsible for the
changes observed at laser annealing.
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