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Silica glass (Si0,) was implanted with 60 keV Zn* ions to a fluence of 1.0 X 107 ions/cm?, and the
chemical states were investigated along the depth in as-implanted state by x-ray excited Auger
electron spectroscopy and x-ray photoelectron spectroscopy. The metallic Zn and Zn,SiO, phases
were found to have, respectively, formed in the shallow and deep regions of the SiO,, whereas
thermodynamics predicts the Zn phase only. Oxygen atoms in SiO, are preferentially displaced to
the deeper region because of the lighter mass. The excess oxygen in the deep region and athermal
energy from the implantation drive the formation of Zn,SiO4. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2768004]

Over the past several decades, ion implantation has es-
tablished an important position in semiconductor industry.
Recently, various new attempts have been made to achieve
nonsilicon nanostructure fabrication using ion implantation.
One of these is the formation of metal and semiconductor
nanoparticles (NPs) in insulators. In pursuit of higher optical
nonlinearity, plasmonic devices, single electron operation, a
higher magnetic coercive field, size-dependent lumi-
nescence, and ultraviolet (UV) luminescence, various metal
and semiconductor NPs have been formed in insulators such
as SiO, and Al,O5 using ion implantation.

In the ion implantation process, ions of usually a few
tens to several hundred keV are made to impact a solid-state
target material. Because of interactions with the target mate-
rial, the implanted ions are rapidly decelerated and stop
within the surface layer at depths not exceeding a few hun-
dred nanometers. The energy of incoming ions is statistically
deposited in nanoscopic regions of the thin surface layer via
high-density electron excitation along the ion trajectories and
the cascade displacements of constituent atoms in the target.'
In the course of time, the highly nonequilibrium states
formed along the ion tracks are relaxed to quasiequilibrium
states where effective lattice temperatures are locally defin-
able but on the order of thousands of kelvins; i.e., thermal
spikes.1 Since the cascade collisions generate a large number
of broken bonds and displace atoms away from the stable
sites, chemical reactivity in the implanted layer increases.
Simultaneously, the high-density electron excitation may
also further enhance the reactivity. The thermal spikes may
play a role as well. Consequently, chemical reactions with
extraordinary efficiency and/or those that never occur in con-
ditions close to thermoequilibrium can be expected in the
implanted layers.

In this letter, we report the results of chemical analysis
of SiO, samples implanted with Zn* of 60 keV ions using
x-ray photoelectron spectroscopy (XPS) and x-ray excited
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Auger electron spectroscopy (XAES). While thermodynam-
ics predicts the formation of metallic Zn but not the Zn,SiO,
phase, both Zn NPs and Zn,SiO, NPs were observed in the
implanted samples. The mechanism of the formation of the
Zn,Si0y is discussed.

Samples of KU-1-type optical-grade silica glass (SiO,)
of 15 mm in diameter and 0.5 mm in thickness were im-
planted in a vacuum chamber, with ®*Zn* ions of 60 keV up
to a fluence of 1.0 X 10'7 ions/cm?. The ion flux was limited
to less than 2 wA/cm? in order to maintain the sample tem-
perature (measured by a thermocouple from the rear side) at
below 100 °C during implantation. The pressure in the
sample chamber was kept at 1 X 10™* Pa or less during im-
plantation. After the implantation was completed and the
samples were allowed to cool down to room temperature
(RT), the samples were once exposed to the air, then trans-
ferred to an ultrahigh-vacuum XPS chamber. The diffusion
constant of oxygen in SiO, (Ref. 2) is given by
D(T)=2X% 107" exp(=E/kT)(cm?/s), and D(300 K) is esti-
mated as ~107° cm?/s. The exposure in air at RT does not
affect the Zn species because the diffusion constant is too
low and all of the implanted Zn species are located inside the
Si0, matrix.>* All of the samples were examined in the as-
implanted state, without any heat treatment. XPS and XAES
were carried out using a monochromatic Al K« x-ray source
(hv=1486.7 eV) with an electron neutralizer. Owing to the
neutralizer, the samples were mostly free from significant
charging. Depth profiling was performed by sputtering using
a 1 kV Ar* beam.

Figure 1 shows XAES spectra of Zn—L;M,sM,5 Auger
transitions at various sputtering depths. There was little evi-
dence of Zn signal on the surface (0 nm). This is consistent
with the results of cross-sectional transmission electron
microscopy,4 showing that all of the Zn nanoparticles are
embedded into the substrate. With increasing sputtering
depth, two peaks appear at kinetic energies of 992.2 and
995.6 eV, both of which are ascribed to metallic Zn.> The
metallic peaks grow larger with the depth, reaching a maxi-
mum at a depth of ~15 nm and decreasing in deeper regions.
A weak peak is visible at 986.1 eV at a depth of 6 nm, which
is ascribed to the Zn,SiO, phase. The weak peak coexists

© 2007 American Institute of Physics
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FIG. 1. XAES spectra around Zn—-L;M,5sM,5 Auger transitions from a SiO,
sample in the as-implanted state, which was implanted with 60 keV Zn*
ions to a fluence of 1.0 X 10'7 ions/cm?. The sputtering depth of each spec-
trum is indicated on the right-hand side of the figure. Each spectrum is
shifted vertically for clarity. The energy positions of Zn, ZnO, and Zn,SiO,
species are shown by dashed lines.

with the strong metallic signals. While the metallic signals
disappear in the regions deeper than 40 nm, the Zn,SiO,
phase shows a maximum at ~42 nm. It should be noted that
ZnO signal, which should appear at 988.1 eV.” is not ob-
served at any depth. The formation of the Zn,SiO, phase is
also confirmed in the Zn 2p;, transition of XPS.

The depth profiles of Zn atoms, which form the metallic
Zn and Zn,SiO, phases, are shown in Fig. 2(a). As already
mentioned, the Zn and Zn,SiO, phases show concentration
maxima at ~15 and ~42 nm, respectively. The ZnO compo-
nent was below the detection limit. A spatial separation is
observed along the depth between the metallic Zn and
Zn,SiO, phases; i.e., the Zn and the Zn,SiO, phases are
located in shallower and deeper regions, respectively.

In Fig. 2(b), depth profiles calculated in the frame of
linear cascade approximation, i.e., by SRIM2003 (Ref. 6) and
TRIDYN (Ref. 7) codes, are plotted. The SRIM code neglects
the sputtering loss while TRIDYN includes it. The fluence of
1.0 10" ions/cm? was so high that the sputtering loss was
no longer negligible. In fact, TRIDYN predicted a conspicu-
ously shallower profile than SRIM2003. The profile predicted
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FIG. 2. (a) Concentration profiles along the depth of Zn atoms existing as
chemical forms of metallic Zn, ZnO, and Zn,SiO, plotted by solid, dotted,
and dashed lines, respectively. (b) Depth profiles of Zn atoms in SiO, im-
planted with 60 keV Zn* ions to a fluence of 1.0 X 10'7 ions/cm? calculated
by srRIM2003 and TRIDYN codes, plotted by dotted and solid lines, respectively.
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TABLE 1. Gibbs free energy changes of the formation reactions of Zn,SiO,
at 300 K and extrapolated values to 3000 K. The symbols (O) and (X)
represent allowed (AG’ < 0) and forbidden (AG”>0) reactions, respectively.

AG” (kJ/mol) T=300 K T—3000 K
Without oxygen
(A) 2Zn+28Si0, —Zn,Si04+Si +185 (X) +153 (X)
With oxygen (O, or O)
(B) 2Zn+Si0,+0, —Zn,Si0, -665 (O) +172 (X)
(C) 2Zn+Si0,+20 —Zn,Si0, -1129 (O) +60 (X)

by TRIDYN is similar to the sum of the experimental profiles
of Zn metal and Zn,SiO, shown in Fig. 2(a), except that the
experimental profile shows a sharp peak at a depth of
~15 nm and lower concentration close to the surface. These
differences are probably due to postcollision processes,
which are not included in TRIDYN simulation. One might
explain the sharp peak by assuming partial loss of Zn atoms
located close to the surface. However, no noticeable decrease
of Zn content compared to the fluence of implanted ions was
observed by the Rutherford backscattering spectrometry.
Comparison of the TRIDYN profile and the experimental pro-
files suggests that the Zn,SiO, phase forms at almost the
same depths where Zn atoms are implanted, without long
migration.

Table I summarizes possible reactions for the formation
of the Zn,SiO,4 phase from Zn and SiO,. The simplest reac-
tion is that in which Zn atoms are oxidized by oxygen liber-
ated from the decomposition of SiO»,, i.e.,

27Zn + Si0O, — 2Zn0 + Si, (1)

then the ZnO reacts with SiO,,

27n0 + Si0, — Zn,Si0,. )

From the combination of these two reactions, reaction (A)
shown in Table I is obtained. Reaction (A) does not proceed
spontaneously: the corresponding Gibbs energy change AG°
at 300 K is +185 kJ/mol; i.e., a positive value. This is be-
cause reaction (1) above, the reduction of SiO,, is character-
ized by a very high positive change of the free energy.

If oxygen species are supplied from outside, as shown in
reactions (B) and (C), in Table I, AG® at 300 K gives nega-
tive values; i.e., the Zn,Si0, phase is formed. These predic-
tions have also been confirmed by thermal annealing
experiments.4’3 Annealing in oxygen gas at 700 °C for 1 h
induces the formation of ZnO NPs on the surface of SiO,
substrate, but not the Zn,SiO, phase. However, after anneal-
ing at higher temperature 900 °C for 1 h in oxygen gas, the
Zn species is completely transformed to the Zn,SiO, phase
covering the surface of SiO, substrate.* The Zn,Si0, forms
on the surface of SiO, by annealing.

It should be noted again that, under implantation, the
Zn,Si0, phase embedded in the SiO, is formed in the
vacuum chamber of 1 X 107 Pa pressure. The residual oxy-
gen in the vacuum chamber is not enough to transform a
certain portion of the Zn to Zn,SiO,. Even if the Zn,SiO4
phase could be formed by reaction with residual oxygen in
the vacuum chamber, the Zn,Si0, would form on the surface
of the SiO, since the residual oxygen would be supplied from
the surface side. It should be noted again that the Zn,SiO, is
formed in the deep region of SiO, by the implantation.
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FIG. 3. (a) Concentration profiles of O, Si, and Zn atoms along the depth,

determined by XAES and XPS. (b) Numerical ratio of O atoms to Si atoms

(No/Ng;) in SiO, implanted with 60 keV Zn* ions to a fluence of 1.0
X 10" ions/cm?, plotted along the depth.

In addition, a temperature of ~900 °C is necessary for
Zn,Si0, formation under thermal annealing.8 At intermedi-
ate temperatures of ~600<7<~800 °C, the ZnO phase
forms instead of Zn,SiOy if a sufficient amount of oxygen is
supplied.® However, as shown in Fig. 2(a), the ZnO phase is
not observed, whereas Zn,SiO, is.

The mean temperature in the implanted layer, attained
due to ion beam heating, was estimated taking into account
the temperature of the rear surface (7,~ 100 °C) during ion
implantation. The temperature increase was estimated as
0.4 °C, using thermal conductivity A=0.014 W/cm K for
silica glass around RT.” The mean temperature in the im-
planted layer (7,+AT~100 °C) is definitely much lower
than the formation temperatures for the ZnO and Zn,SiO,
phases, which are ~600 and ~900 °C, respectively.8

Figure 3(a) shows depth profiles of Si and O atoms in
addition to the profile of Zn atoms. Characteristic differences
are observed between the Si and O profiles. While the Si
profile has two minima, which correspond to the metallic Zn
maximum and the Zn,SiO, maximum, the O profile has only
one minimum corresponding to the metallic Zn maximum.
The numerical ratio of O atoms to Si atoms is plotted in
Fig. 3(b). The region with an O/Si ratio larger than 2
(smaller than 2) corresponds to the O-rich (Si-rich) region in
Si0,. While the depth around the metallic Zn peak is Si rich,
the depth around the Zn,SiO, peak is O rich. The inhomo-
geneous O/Si ratio along the depth is probably a conse-
quence of atomic collisions during the ion implantation in
Si0,. Similar behaviors are reproduced by both the SRIM2003
code® and TRIDYN code.” The result of TRIDYN calculation is
shown in Fig. 4. Si-rich and O-rich regions are formed in the
shallow and deep regions, respectively, probably due to the
difference in the atomic weights of Si and O atoms. Since O
atoms are lighter than Si atoms, the O atoms are displaced to
deeper regions than the Si atoms on average.

In the O-rich region, excess O atoms may exist as atomic
oxygen, oxygen molecules,'” or oxygen-excessive defects in
the SiO, network such as peroxy radicals.'’ These excess O
species react with the implanted Zn atoms to form Zn,SiO,
via reactions (B) or (C) shown in Table 1. However, as al-
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FIG. 4. Numerical ratio of O atoms to Si atoms (Nq/Ng;) in SiO, implanted
with 60 keV Zn* ions to a fluence of 1.0X 10'7 ions/cm?, calculated by
TRIDYN code, plotted along the depth. The depth profile of the implanted Zn
atoms is also shown.

ready described, the formation of Zn,SiO, requires not only
an excess of oxygen but also a temperature of ~900 °c.t
The rate of formation of Zn,SiO, is probably enhanced in
nanoscopic regions of the implanted layer by high-density
electron excitation and/or by the high density of local atomic
vibrations. Thermal spikes may also enhance the reactivity in
complicated ways: Since the melting temperatures of Zn,
Zn0O, Zn,Si04, and SiO, are 420, 1970, 1510, and
~1500 °C, respectively,g’12 they may melt in thermal spikes
(approximately thousand degrees). However, these facts do
not mean the formation of Zn,SiO, phase because AG°(T)
becomes positive at high temperatures, as shown in Table I.
On the decay of the thermal spikes, moderately high tem-
peratures around 1000 °C is locally attained for relatively
long time and may enhance the Zn,SiO, formation. These
models would be consistent with the lack of the ZnO phase.
Because of the enhanced reactivity, once the ZnO phase is
formed, most of it is rapidly transformed to the Zn,SiO,4
phase via the reaction with the SiO, matrix, even when the
mean temperature of the implanted region is as low as RT.
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