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Structural and size evolution of indium nanoparticles embedded
in aluminum synthesized by ion implantation*
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The structural and the size evolution of embedded In nanoparticles in Al synthesized by ion implantation and sub-
sequent annealing are experimentally investigated. The average radius r of In nanoparticles is determined as a function
of annealing time in a temperature range between 423 K and 453 K. The structural transition of In nanoparticles with the
crystallographic orientation In (200)[002]||Al (200)[002] is observed to change into In (111)[110]]|Al (002)[110] with a
critical particle radius between 2.3 nm and 2.6 nm. In addition, the growth of In nanoparticles in the annealing process
is evidently governed by the diffusion limited Ostwald ripening. By further analyzing the experimental data, values of

diffusion coefficient and activation energy are obtained.
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1. Introduction

Nanoparticles are frequently characterized by novel

31 electronic,  optical,® and

structural, (121 magnetic, [
superconducting!®”! properties that are significantly different
from those of either the corresponding bulk or single molecule.
The differences between small particles and bulk materials
are observed to be increasingly pronounced as materials are
formed on an ever reducing length scale. Such differences
stimulate a growing worldwide effort that cuts across many
research subjects and areas which focus on the synthesis and
characterization of an increasingly variety of nanophase parti-
cles. The motivation for such research activities is driven by
both fundamental interest in characteristics of small particles
and by their numerous possible applications.

Indium is an element with a relatively high bulk super-
conducting transition temperature at 4.2 K and a relatively
low bulk melting point at 430 K.[®l Previous investigations
show that indium nanoparticles present special thermal,®)
optical,!'%l and superconducting!!!! properties, which are syn-
thesized by various techniques such as solvated metal atom
dispersion,m] ion implantation,ml gas condensation, 14! etc.

As one of the well-established methods of fabricating in-
dividual embedded nanoparticles, high fluence implantation of
an insoluble element in a crystalline matrix and subsequent
annealing, resulting in the segregation of implanted specimen,
formation and growth of nanoscale particles in matrix, have

15-18] The control of average size

been used in various studies.|
of nanoparticles in the implantation or subsequent annealing
process is one of the challenging issues of this technique, as

the properties of nanoparticles depend strongly on their size.
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Thus, a precise understanding of the influences of synthesis
parameters, such as implantation fluence, annealing time and
temperature, on the evolution of particle size (distribution) is
of paramount importance.

The purpose of this work is to investigate the formation
and growth of In nanoparticles in an Al matrix in the annealing
process after ion implantation. The x-ray diffraction (XRD) is
employed to evaluate the average particle size as a function
of annealing temperature and time. The results are compared
with the existing model prediction to explain the growth ki-
netics of In nanoparticles in the annealing process. In addi-
tion, the estimates of the diffusion coefficient and activation
energy are obtained in the annealing process. Moreover, the
critical size of In nanoparticles with different crystallographic
orientations with respect to the Al matrix is determined.

2. Experiment

Single-crystal Al (100) wafer was implanted with 70-keV
In™ ions. In order to reduce sample heating, the current den-
sity in the ion implantation process was maintained below
0.3 uA-cm~2. After ion implantation, samples were annealed
in a quartz tube furnace under flowing N, for different time in-
tervals varying between 0.5 hour and 9 hours at temperatures
of 423 K, 438 K, and 453 K, respectively.

A collimated 2.023-MeV He™ beam produced by a
5SDH-2 Pelletron was used for the Rutherford backscatter-
ing (RBS) measurements. The backscattered particles were
detected at 168° with respect to the beam direction by us-
ing an Au-Si barrier detector with the energy resolution about
18 keV, corresponding to a depth resolution ~ 1 nm.
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Conventional x-ray diffraction measurements were car-
ried out with the Cu K, line in a D8 Discover diffractometer.
The 6-26 scans were performed with 20 typically ranging
from 25° to 75° at 0.02° per step. The x-ray wavelength is
0.1542 nm. The crystallite size (d) of embedded In nanoparti-
cles is calculated from Scherrer formula:

d=0.94/Bcos#, €))

where A is the wavelength of x-ray, 6 the Bragg angle, and B
the full width of half maximum of 26 in radians. By assum-
ing a spherical shape, the average radius (r = d/2) of the In
nanoparticles can then be deduced from the XRD patterns.

3. Results and discussion

The RBS is used to determine the implanted In fluence af-
ter implantation. Figure 1 shows the random RBS spectrum of
the sample with an implantation flunence of 1.0x10'® cm~2.
The detector geometry is shown in the inset.
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Fig. 1. Random RBS spectrum of the implanted sample with an im-
plantation fluence of 1x10'® cm~2. The arrows marked with In and Al
indicate the energies for backscattering from In atoms and Al atoms.

The depth profile of implanted In atoms, which is de-
duced from RBS spectrum for the implanted samples, is shown
in Fig. 2. Compared with the simulated depth profile obtained
from the TRIM program, ! the In depth profile in our im-
planted samples is evidently broadened. Such an observed
phenomenon is expected to be mainly attributed to the migra-
tion of In atoms in Al, caused by ion irradiation heating in the
implantation process.

Figure 3 shows the 620 scans of virgin Al and the im-
planted samples for different annealing times at 438 K. The
small sharp peak located at 40.1° is due to the contribution of
the residual Cu Kj radiation to the Al (200) diffraction peak.
In the annealed samples, the only detectable diffraction peaks
at 20 =~ 37.7° are observed with annealing time smaller than
1 hour, confirming that the In nanoparticles are highly orien-
tated with respect to the host Al matrix.!?°! The In diffraction
peaks sharpen with increasing annealing time, indicating that
the size of In nanoparticles increases.
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Fig. 2. In depth profile in Al (H) obtained from RBS. The solid line
represents theoretical profile obtained from the TRIM program.
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Fig. 3. (color online) XRD 6-26 scans for virgin Al and annealed im-

planted samples for different annealing times. The data sets are shifted
vertically for clarity.
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Azimuthal @ scans of the diffraction planes, which are
not parallel to the sample surface (i.e., tilted by an angle x
with respect to the sample surface), are used to determine
the lattice structure of In nanoparticles and reveal their in-
plane crystallographic orientation with respect to the Al ma-
trix. Figure 4 shows @ scans of the sample annealed at 438 K
for 1 h for the In (111) diffraction with 26 ~ 32.5° and the
Al (111) diffraction with 28 ~ 38.5°, respectively. The four-
fold symmetry, with ¥ ~ 54.8°, is consistent with the fcc-
In (111) @ scan. The peak positions of In (111) are coin-
cident with the ones of Al (111), indicating an epitaxial re-
lationship between the In nanoparticles and the Al matrix.
Therefore we conclude that the fcc In nanoparticles are crys-
tallographically oriented with respect to the Al matrix accord-
ing to In (200)[002]]|Al (200)[002], consistent with previous
investigations. [13-20]

By extending the annealing time, a new diffraction peak
located at 260 ~ 32.8° appears with an annealing duration of
3 hours as shown in Fig. 3, which corresponds the In (111)
diffraction peak. Thus, a new type of In nanoparticle in Al
with crystallographic orientation In (111)||Al (002) is evident.
Taking the Al (200) peak as a reference, the lattice constant of
the embedded fcc In nanoparticles is deduced to be 0.469 nm.
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Fig. 4. XRD @ scans of the sample for fcc-In (111) and Al (111) (} ~
54.8°).

Interestingly, previous investigations by Kemerink et al.
showed that such an orientation transition of embedded In
nanoparticles in Al-In system containing 125 at.% ppm in-
dium is determined by annealing temperature, which equals
573 K.[21l However, in our experiments, the structural tran-
sition happens at 438 K, i.e., 135 K or less. Based on the
observed results, it can be assumed that the change of crys-
tallographic orientation for In nanoparticles in Al is size-
dependent. In our implanted samples, the average indium con-
tent in implantation regions is estimated to be ~ 5% (Fig. 2).
The higher intensity of In in Al indicates a faster size evo-
lution of embedded particles by incorporating the dissolved
In monomers compared with the samples with relatively low
In content. In Fig. 3, it is found that such a structural orien-
tation transition of the embedded In nanoparticles occurs at
the annealing times of 1 hour and 3 hours with the anneal-
ing temperature at 438 K. Thus, the critical transition radius
of In nanoparticles in Al matrix is experimentally determined
from the In (200) diffraction peak, which varies between
2.3 nm and 2.6 nm. As particles reach to the critical size,
their orientation with respect to the Al matrix changes from
In (200)[002]]| Al (200)[002] to In (111)[110]||Al (002)[110]
in order to lower the interfacial energy. Such an assumption
can be proven by previous investigations on the melting point
of In nanoparticles in Al, which shows that the superheating
of In nanoparticles is attributed to the suppression of interface
nucleation by the epitaxial interfaces between the Al matrix
and the In nanoparticles.!!3! In addition, with increasing parti-
cle size, the surface-to-volume ratio decreases. Thus, the role
of the low-energy In/Al interfaces in achieving superheating
is expected to be suppressed, 3 which is consistent with the
prediction by molecular dynamics simulations.??!

Figure 5 shows the average particle radius as a function
of annealing time at different temperatures, obtained by using
Eq. (1). Obviously, the average particle size increases with an-
nealing time increasing. At 423 K, the average particle radius
varies between 1.5 nm and 2.1 nm, which is smaller than the
critical transition size indicating that embedded In nanoparti-
cles present the orientation relationship with respect to the Al

matrix as In (200)[002]|| Al (200)[002]. As the annealing tem-
perature reaches to 438 K and 453 K, the average particle size
can be deduced from the In (111) diffraction peak.
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Fig. 5. (color online) Plots of average particle radius r versus annealing
time 7 at 423 K (0), 438 K (), and 453 K (A).

In Fig. 3, the intensity of In (111) peak increases with the
decrease of In (002) peak. It gives a strong indication that Ost-
wald ripening happens in the annealing process, i.e., the larger
In nanoparticles grow at the expense of smaller In nanoparti-
cles. In order to explain the size evolution of the In nanopar-
ticles in the annealing process, the Lifshitz—Slyozov—Wagner
(LSW) theory is used on the assumption that the crystallite
has a spherical shape.[?>>#! In the LSW theory, the growth ki-
netics of spherical precipitates during particles coarsening is
described as

SYCeDQZt
ORT

3 3 _
I 7"0—

(2)
where 7 is the average particle radius; ¢ is the annealing time;
y is the interface energy, which equals 30 mJ-m~2;[9] ¢, is the
solubility limit, which equals 0.045 at.%, i.e., 45 mol-m~3;[20]
D is the diffusion coefficient of In in Al; Q is the molar vol-
ume of the solute, i.e., 15.73x107® m3.mol~!;181 R equals
8.3144 J-mol~!-K~!; T is the absolute temperature.
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Fig. 6. (color online) Plots of 3 versus annealing time t at 423 K (OJ),
438 K (), and 453 K (A). The solid lines refer to the linear fittings to
the experimental data.
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Fig. 7. (color online) Plot of In(D) versus reciprocal annealing tem-
perature 1000/7. The solid line (—) represents the linear fitting to the
experimental data.

To better demonstrate the growth of embedded In
nanoparticles in the annealing process, we show in Fig. 6 the
plots of 7 of the growing particles versus annealing time ¢ at
423 K, 438 K, and 453 K, respectively. There is a linear rela-
tionship between 7 and ¢, indicating the Ostwald ripening of
embedded In nanoparticles. According to Eq. (2), the diffusion
coefficient D can be deduced to be 5.5 nm?-s~!, 21.2 nm?-s !,
and 69.0 nm?-s~!, respectively, at 423 K, 438 K, and 453 K.
Since D = Dyexp(—Ea/kgT), where Dy is a diffusivity pref-
actor, E, is the diffusion activation energy, and kg is the Boltz-
mann constant. In Fig. 7, we plot InD versus reciprocal anneal-
ing temperature 1000/T. A linear fitting of the data in Fig. 7
leads to an activation energy of 1.39 eV for this diffusion-
controlled Ostwald ripening process. The activation energy
is similar to value found for other non-transition solutes in
AL27-301 which varies between 1.21 eV and 1.40 eV. Since
the activation energy for Al self-diffusion lies between a min-

imum of 1.25 eV obtained from the NMR measurements,3!]

and an upper limit of 1.49 eV from tracer diffusion studies. !

It confirms that the In-vacancy binding energy is small.

4. Conclusions

We investigate the clustering process of In atoms in a
single crystalline Al matrix. Indium nanoparticles with the
crystallographic orientations In (200)[002]]| Al (200)[002] ev-
idently change into In (111)[110]|| A1 (002)[110] with a critical
particle radius varies between 2.3 nm to 2.6 nm. By analyz-
ing the average particle radius as a function of annealing time
and annealing temperature, we observe that the growth of em-
bedded In nanoparticles is governed by diffusion-controlled

Ostwald ripening, with an activation energy of 1.39 eV. More-
over, the diffusion coefficients of In atoms in Al ranging from
5.5nm?-s~! t069.0 nm?-s~! is obtained in a temperature range
between 423 K and 453 K.
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