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Ion implantation in silica is a useful way to generate unusual properties in glasses. To use ion implantation as a

synthesis technique, it is necessary to understand the dynamics of the process. Silica glass samples, implanted

with Mn at 38 keV energy and ¯uences of 161016, 561016 and 1061016 ions cm22 were investigated mainly

by X-ray photoelectron (XPS), X-ray-excited Auger electron (XE-AES) and UV-photoelectron (UPS)

spectroscopies. Rutherford backscattering (RBS) and secondary ion mass spectrometry (SIMS) measurements,

optical absorption and electron paramagnetic resonance (EPR) investigations were also performed. Mn silicate

is present in all samples, while in the 561016 and 1061016 samples Mn silicide compounds form in the most

damaged region. These ®ndings give further support to the two-step model as a simple method to predict the

®nal compounds resulting from ion irradiation of a solid matrix.

1 Introduction

The implantation of metal ions on a solid target is an effective
way to confer unusual magnetic, optical and/or catalytic
properties to materials. Metal±ion implantation can modify the
physical±chemical properties of a thin layer of the matrix,
forming metallic nanoparticles and/or by a reaction with
the surrounding matrix atoms, forming compounds. Study of the
ion±matrix interaction is a fundamental key to understanding
the ion implantation process with the aim of synthesizing new
materials: under the same implantation conditions, different
elements react with the same matrix in different ways. In glass
substrates, as observed for Cr, Ni and Pd implantations,1±4 the
®nal compounds observed depend also on the implantation
¯uence, i.e., on the dopant concentration in the host matrix.

As a useful description of the ion irradiation process we
consider the so-called two-step model.3,5 The implantation
process is proposed to be separated into two independent steps:
a high-energy (physical) step, characterized by ballistic effects,
and a low-energy (chemical) step, in which chemical driving
forces are predominant. In this way, the ®nal con®guration is
predictable using a thermodynamic approach. The two-step
model can be a useful theoretical tool to predict the ®nal
physical±chemical modi®cation of the implanted material.

Investigations of Mn-implanted silica samples through EPR,
IR and UV±VIS spectroscopies have already appeared in the
literature:6±8 the formation of both Mn metallic nanoparticles
and Mn oxide compounds was assumed but not veri®ed by
chemical analyses. Here, we investigate in detail the chemical
interaction between implanted Mn atoms and silica substrates,
mainly by using photoelectron spectroscopy techniques.

2 Experimental

Type III (Tetrasil A) silica slides were implanted at room
temperature with Mn ions of 38 keV energy and ¯uences of

161016, 561016 or 1061016 ions cm22. The current density
was maintained at v2 mA cm22. During irradiation, the
sample temperature increase did not exceed ca. 30 ³C. Ion
implantations were performed at the Centre de SpectromeÂtrie
NucleÂaire et SpectromeÂtrie de Masse (Orsay, France). The
mean projected range, Rp, and the range straggling, DRp,
calculated by the TRIM code9 are 36 and 12 nm, respectively.

Samples were investigated by X-ray photoelectron, X-ray-
excited Auger electron and UV photoelectron spectroscopies
(XPS, XE-AES and UPS, respectively), optical absorption
investigation, EPR, Rutherford backscattering (RBS) and
secondary ion mass (SIMS) spectrometries.

XPS and XE-AES measurements were obtained on a VG
Escalab Mk II spectrometer using non-monochromated Al-
Ka1,2 radiation (1486.6 eV). Some XPS measurements were
performed using monochromated Al-Ka1,2 radiation, by using
a Perkin-Elmer W 5600ci spectrometer. The working pressure
was v161027 Pa. Depth pro®les of the different elements
were carried out by cycles of Arz sputtering at an energy of
3 keV. The sputtering rate was estimated to be ca.
0.2 nm min21. No evidence of preferential sputtering was
revealed. For charging effects, the binding energy (Eb) of the
O 1s peak of silica (532.7 eV) was used as an internal reference.
During the depth pro®le, detailed scans were obtained for the
C 1s, O 1s, Si 2p, Si KLL, Mn 2p, Mn 3s, Mn 3p and Mn LMV
regions. The spectra were analysed with a Shirley-type
background subtraction10 and were ®tted using a program
adopting Gaussian±Lorentzian peak shapes. Samples of
manganese silicide as obtained after annealing (ca. 800 ³C for
3 h) of an evaporated Mn layer (ca. 80 nm thick) on a
polycrystalline silicon substrate were used as reference
standards for XPS and XE±AES peaks.11 Annealing was
performed in a vacuum furnace. Standards of silicon and fused
silica were also used.

The VG Escalab Mk II spectrometer is also equipped with an
ultraviolet He lamp (He II: 40.81 eV radiation energy) for the
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UPS investigation of the valence band. Because of the
insulating characteristic of our samples, during UPS analyses
it was necessary to reduce the charging effect with a low-energy
electron gun. This caused modi®cations of the bands, leading to
the impossibility of comparison of the absolute position and
intensity of the spectra. We could thus compare only the shapes
of different spectra.

Optical absorption spectra were recorded in the 200±800 nm
wavelength range with a Varian CARY 5E UV±VIS±NIR
dual-beam spectrophotometer.

EPR spectra were recorded with a Bruker ER 200D EPR X-
band spectrometer equipped with a standard TE102 rectangular
cavity and nitrogen ¯ow cryostat.

RBS analyses were performed at Laboratori Nazionali
INFN of Legnaro (Italy) using a 2.2 MeV 4Hez beam. Spectra
were taken at a backscattering angle of 160³ and with an angle
of 55³ between the sample normal and the beam direction, in
order to enhance the depth pro®le scale.

SIMS analyses were performed with two different spectro-
meters. SIMS I measurements were recorded with a CAMECA
ims-4f ion microscope equipped with a normal incidence
electron gun for charge compensation. Concentration depth
pro®les were obtained by 14.5 keV Csz bombardment and by
negative-ion detection. SIMS II measurements were performed
at the CNR-IPELP Institute of Padova (Italy); the depth
pro®les were obtained by 6 keV Oz bombardment.

3 Results and discussion

In all the composites the Mn-retained ¯uence is comparable
with the nominal implantation ¯uence, as indicated by RBS
measurements.

3.1 161016 Mnz cm22 irradiated silica sample

The XPS depth pro®le of Mn atoms (Fig. 1) shows an
approximately Gaussian shape with a maximum atomic
concentration of ca. 5%. The Mn irradiation does not
modify either the silica stoichiometry or the chemical state of
the silica substrate: throughout the depth pro®le, the O/Si
atomic ratio and the Si a parameter [a~Eb of Si 2pzkinetic
energy (KE) of Si KLL] are in agreement with unimplanted
silica values.3,12,13 The O 1s band shape indicates the presence
of only one chemical species for oxygen atoms, i.e., SiO2. Other
species, if present, involve a low amount of oxygen atoms
(vca. 10% with respect to that of SiO2).

The oxidation state of Mn atoms was determined by
examining the Mn 2p Eb values and the Mn a parameter
(a~Eb Mn 2p3/2zKE Mn LMV). Along the whole pro®le,
the Eb of Mn 2p3/2 and Mn 2p1/2 peaks are 643.0¡0.2

and 655¡0.2 eV, respectively. The Mn a parameter is
1224.0¡0.3 eV. By comparison with literature data13±15 and
a Mn silicate standard, the detected values suggest the presence
of Mn silicate: the Mn implanted atoms react with the silica
substrate. No other Mn compounds are present: in particular,
no formation of metallic particles is detected. The XPS and
UPS investigations of the valence band con®rm the absence of
metallic Mn: the spectra do not reveal signi®cant differences
when compared to the unimplanted silica valence band
structure. The Mn 3s and 3p spectra, recorded by using a
monochromated Al X-ray source, reveal a multiplet splitting
effect: the Mn 3s signal is split with a separation of 6.3 eV. Such
a separation indicates a 2z oxidation state for Mn and an ionic
character of the Mn±O bond.16

These ®ndings are supported by results of the other
investigation techniques. RBS and SIMS investigations indi-
cate a Mn concentration depth pro®le very similar to that
obtained by XPS. Positive ion SIMS II spectra, qualitatively
similar for all the implanted samples, exhibit signals related to
MnSiOx

z (1¡x¡3) ion clusters. This is in agreement with the
formation of Mn silicates in the solid matrix (as observed by
XPS, XE-AES and UPS analyses) because such ion clusters
have a very low probability of forming after sputtering. We
conclude that at this implantation ¯uence the silica substrate
is largely unmodi®ed: Mn atoms probably react at slightly
damaged regions, forming silicate species. However, the
absence of an O 1s component typical of silicate species in
the XPS spectra, is reasonably attributable to the low
concentration of Mn.

3.2 561016 Mnz cm22 irradiated silica sample

The XPS Mn depth pro®le [Fig. 2(a)] shows a maximum atomic
fraction of ca. 18%: this maximum concentration region
corresponds to the region of maximum damage of the
substrate, as con®rmed by TRIM. In this sample the ion
irradiation induces a modi®cation of the stoichiometry and

Fig. 1 In-depth pro®le of the Mn atomic fraction for the 161016

ions cm22 Mn-implanted silica sample.

Fig. 2 (a) In-depth pro®le of Mn atomic fraction for the 561016

ions cm22 Mn-implanted silica sample with separation of silicide and
silicate species and (b) in-depth pro®le of O/Si ratio.
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chemical state of the silica substrate. The most evident effect is
the displacement of atoms of the lighter element constituting
the substrate (oxygen) towards greater depths inside the
sample. Such behaviour has been already observed for
chromium and titanium implantation in silica.3,17 The O/Si
ratio [Fig. 2(b)] is v2 in the highly-damaged zone and increases
at greater depths, reaching values around 2.3. Moreover, the
mean value of the O/Si ratio in the whole implanted region is
w2. This indicates a penetration of oxygen atoms inside the
heavily damaged matrix, because of exposure to the atmo-
sphere after implantation.18 The Si a parameter values vary
with the depth: in the region of high Mn concentration the Si a
parameter shows values ca. 0.6 eV higher than characteristic
for unimplanted silica (SiO2: 1711.8¡0.3 eV). This behaviour
is due to a lowering of the oxidation state of Si.19

The oxygen and silicon XPS bands reveal the formation of
other compounds in addition to silica. At depths where the Mn
atomic fraction is w10%, the O 1s peak shows a shoulder at
lower Eb, owing to the presence of a component centred at
531.0¡0.2 eV. This is related to the chemical interaction
between Mn and O atoms forming Mn silicate, not oxide: in
fact, for Mn oxide the O 1s band is centred at values lower than
530 eV.13 Moreover, in the oxygen-poor region, in addition to
the component related to SiO2, the Si 2p spectrum has a clearly
visible second component at Eb~98.9¡0.2 eV (Fig. 3), and the
Si KLL band also shows a second component [Fig. 4(a)]. The
corresponding Si a parameter is 1716.6¡0.3 eV, i.e., different
from that of SiO2 or metallic Si (1715.6¡0.2 eV from a silicon
standard), as already observed.3,5,17 The same value was also
observed in the Mn silicide standard. Therefore these second
components of the Si peaks can be attributed to silicide
formation. In the Mn 2p spectra [Fig. 4(b)] a second compo-
nent appears at the same depths. After the ®tting procedure,
two different doublets were distinguished in the Mn 2p
spectrum. The ®rst has a Mn 2p3/2 component centred at
Eb~643.0¡0.2, the same value as found in the 161016 sample,
thus indicating the presence of a Mn silicate. The Eb of the
Mn 2p3/2 peak of the second doublet is ca. 638.6 eV. By
comparing this value with both literature data13±15 and our
standards and by observing that at these depths the Mn LMV
band broadens and shifts towards values characteristic of
silicide species, it is deduced that the second component of the
Mn 2p3/2 signal is mainly due to the formation of Mn silicide.
From a quantitative analysis of the lower Eb of Mn and Si
components, the average silicide composition is Mn3Si.

XPS analyses indicate that no metallic Si is present in the
sample. However, it is not possible to completely exclude the
presence of metallic Mn because of the very similar position of
Mn 2p3/2 and LMV bands for metallic and silicide species.13 As

already described, the detection of SIMS II signals related to
MnSiOx

z (1¡x¡3) ion clusters is in accord with the
formation of Mn silicates inside the matrix. However, it is
not possible to obtain by SIMS II any evidence of the presence
of silicide compounds, since sputtering effects are unpredict-
able for these species. UPS analyses reveal small modi®cations
in the valence band of this sample when compared to
unimplanted silica.20 Particularly, changes in the structure of
non-bonding O 2p signals between 7 and 14 eV are observed.
These variations can be attributed to the presence of the Mn
silicate species and/or to a modi®cation of the silica structure
by ion irradiation. The appearance of a small component close
to 0 eV can be ascribed to the Mn 3d band of silicide species.21

3.3 1061016 Mnz cm22 irradiated silica sample

The chemical and physical investigations performed on
samples implanted with a ¯uence of 1061016 suggest a
situation very similar to the 561016 cm22 irradiation. The
very high ¯uence irradiation produces a remarkable surface

Fig. 3 (a) XPS Si 2p signal recorded for the 561016 ions cm22 Mn-
implanted silica sample at the depth where the Mn concentration is
maximum and (b) Si 2p signal recorded at the end of the Mn depth
pro®le.

Fig. 4 (a) Si KLL signals recorded at different depths for the
561016 ions cm22 Mn-implanted silica sample (sputtering time is
indicated) and (b) Mn 2p signals recorded at the same depths
(corresponding Mn atom% is indicated).

Fig. 5 (a) In-depth pro®le of Mn atomic fraction for the 1061016

ions cm22 Mn-implanted silica sample, with separation of silicide and
silicate species and (b) in-depth pro®le of O/Si ratio.
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erosion by ion sputtering, clearly evident in the XPS depth
pro®le shown in Fig. 5(a). Moreover, now there are more
marked variations of the O/Si ratio than in the previous sample
[Fig. 5(b)]. XPS and XE-AES measurements show the presence
of compounds already observed in the 561016 sample, with a
higher relative concentration of the silicide species. Silicides are
already present at the sample surface. The silicide species has
the same mean stoichiometry as previously (Mn3Si).

The presence of silicide species is related to the oxygen
de®ciency and to the high Mn concentration. The oxygen
de®ciency can be attributed to irradiation-induced damage, as
suggested by the damage depth pro®le evaluation obtained by
TRIM code (Fig. 6).

The UPS valence bands show substantial differences when
compared to that of the unimplanted silica (Fig. 7) and of the
561016 sample. In the ®rst part of the implanted region
[Fig. 7(a)], where the silicide compounds have a high
concentration, the valence band is very different from that of
unimplanted silica and its shape resembles that of Mn silicide.21

UPS valence bands of silica containing metallic nanoparticles
exhibit characteristic features at the Fermi edge, in particular a
marked rise of the photoelectron signal around 0 eV, as
observed in Ni-22 and Pd-implanted silica samples:4 the spectra
shown in Fig. 7 do not exhibit this peculiarity. At depths where
the concentration of Mn is still high but the silicide compounds
have a low concentration [Fig. 7(b)], the valence band shape is
closer to that of silica.

We propose that the lack of metallic species is due to the high
reactivity of Mn with the silica substrate. For Mn ion
implantation in silica, Hosono23 predicts the formation of
Mn metallic colloids. In terms of implantation defects,
Hosono24 predicted the formation of Si±Si bonds to be the
predominant defect induced by Mn irradiation of silica. These
predictions are, however, in disagreement with our experi-
mental evidence. Using the two-step model we predict the
chemical products of the implantation process simply from the
chemical reactivity of Mn. Since the temperature of our
samples during irradiation was only slightly higher than room
temperature, we assume a temperature T~298 K for our
considerations. If we calculate, starting from tabulated Gibbs
free energy (DGT

0) values,25 the actual value for chemical
reactions involving Mn and the silica substrate, we observe that
among all the thermodynamically allowed processes, the most
favoured lead to the formation of Mn silicides and MnSiO3.
Some allowed chemical reactions are listed below.

2MnzSiO2?MnzSizMnO2 DG298 K
0~{93 kJ mol{1

2MnzSiO2?MnSizMnO2 DG298 K
0~{157 kJ mol{1

2Mnz3SiO2?Siz2MnSiO3 DG298 K
0~{397 kJ mol{1

3Mnz3SiO2?MnzSiz2MnSiO3 DG298 K
0~{638 kJ mol{1

3MnzSiO2?MnSiz2MnO DG298 K
0~{651 kJ mol{1

3Mnz3SiO2?MnSiz2MnSiO3 DG298 K
0~{702 kJ mol{1

5Mnz3SiO2?Mn3Siz2MnSiO3 DG298 K
0~{1228 kJ mol{1

The prediction of the two-step model is in very good
agreement with what is experimentally observed: moreover,
chemical kinetic aspects do not appear to play an important
role in determining the ®nal compounds obtained. However, in
such a prediction of the products of ion implantation simply
from calculations of the DGT

0 values of the possible reactions,
the damage effects induced by ion irradiation in the matrix
have been neglected. To determine more fully the chemical
reactions that genuinely describe the ion implantation process,
we must analyse the chemical species and the stoichiometric
coef®cients as obtained by quantitative XPS analysis.
Obviously, different depths of the sample are characterized
by different species and different quantitative coef®cients. At
the depth of the maximum Mn concentration, we estimate the
following approximate reaction:

25Mnz27SiO1:8?5:5Mn3Siz8:5MnSiO3z13SiO1:7

At the depth of the maximum Mn silicate concentration, where
the O/Si ratio reaches its maximum value, we estimate:

19Mnz8:5Oz14:8SiO2?2:1Mn3Siz12:7MnSiO3

Here, the accumulation of oxygen atoms in a low-damaged
region (Fig. 6) should be via peroxide radicals,26 rather than a
real modi®cation of the silica stoichiometry. A correct
evaluation of DG298 K

0 for these reactions is however very
complicated to obtain, mainly because of the dif®culty
in estimating the Gibbs energy data for non-stoichiometric
species.

To evaluate the paramagnetic properties of this sample, an
X-band EPR spectrum was recorded at two different
temperatures. At 260 K (Fig. 8) the spectrum consists of a
broad Lorentzian line centred at 340 mT (g~2.000) with a
peak-to-peak linewidth of 15.6 mT. The spectrum recorded at
145 K does not show a signi®cant difference, except for a
slightly higher linewidth (16.9 mT). These spectra are very
similar to those observed for a 160 keV Mn-implanted silica7

and indicate Mn2z ions interacting by spin±spin interactions,
similarly to Mn implantation in CdTe.27 Signals due to E'
defects, i.e. oxygen vacancies, and to peroxide radicals28 were
too weak to be detected in our samples. No resolved hyper®ne

Fig. 6 Irradiation damage and Mn atom depth pro®les as calculated
by the TRIM code.

Fig. 7 (a) UPS valence bands for the 1061016 ions cm22 Mn-
implanted silica sample recorded at different depths: from the surface
to the depth for which the Mn atomic percentage is maximum and (b)
beyond the depth for which the Mn atomic percentage is maximum.
Sputtering times and corresponding Mn atomic fractions are reported.
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structure is evident which indicates that Mn2z ions are not
isolated or that their concentration is too small to detect.
Therefore, the presence of Mn silicide nanoparticles appears
likely, similarly to the behavior of Cr- and Ti-implanted
silica.3,5,17 The magnetic properties are characteristic of a
spin-glass.

4 Conclusions

Ion implantation of manganese in silica glass leads to the
formation of a variety of compounds. High implantation
¯uences give rise to a considerable in-depth diffusion of oxygen
atoms. As a consequence, different Mn compounds are formed
in the samples at different depths. In the sample irradiated with
161016 Mnz ions cm22, the in-depth deviation of the O/Si
ratio from the stoichiometric value of silica is almost negligible:
Mn implanted atoms react with silica to form manganese
silicate, MnSiO3. It is likely that they form bridging links
between two oxygen atoms. In the samples irradiated with
561016 and 1061016 Mnz ions cm22, the oxygen diffusion is
more marked. At depths where the O/Si ratio is low, the
manganese reacts also with silicon to give manganese silicide, in
addition to the silicate. The depth pro®le of Mn atoms does not
have a Gaussian shape and accumulation of manganese takes
place in the most-damaged region. In all the three samples,
there is no evidence for the presence of metallic manganese. In
the 1061016 sample, EPR measurements suggest the presence
of nanoclusters of Mn silicide.

Ion implantation can be used as a thin ®lm synthesis
technique. Possible applications of composite materials
obtained by metal ion implantation in silica are, for example,
in non-linear and magneto-optical devices. Thus, it is
important to formulate theoretical models which are able to
describe in a simple way the ion irradiation process. Among
them, the two-step model is the only one able to predict the
formation of silicide species as a consequence of Mn
implantation in silica. Moreover, it also predicts the formation
of manganese silicate. In conclusion, this thermodynamic
approach supplies satisfactory predictions concerning chemical
modi®cations of the solid target: nevertheless, we are well
aware that ion irradiation is a process that does not occur
under thermodynamic equilibrium conditions.

Work is in progress to test the correctness of the two-step
model for different ions implanted in silica and, more generally,
for different ion±substrate pairs.
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Fig. 8 Experimental (Ð) and simulated (---) EPR spectra of the
1061016 ions cm22 Mn-implanted silica sample. Temperature: 260 K;
microwave resonant ®eld B1~0.45 mT.
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