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The great interest of mixed metal–silicon oxides lies in their suitability, among other applications, as

optical coatings with an adjustable refractive index. In this paper we investigate a newmethod to obtain

chromium and silicon mixed oxides. Using as starting point a metallic chromium film deposited on

a silicon substrate by magnetron sputtering, we induce the formation of mixed oxides using reactive ion

beam mixing by bombarding the Cr/Si interface with oxygen. We have varied the ion fluence (between

5 � 1016 and 1 � 1018 ions cm�2) at a fixed implantation energy of 80 keV in order to modify the final

composition of the coating. The composition profiles have been obtained with Rutherford

backscattering spectroscopy (RBS), by changing the He energy from 3.035 up to 3.105 MeV, and with

elastic recoil detection analysis using a time of flight configuration (ERDA-ToF). Results have been

compared with those obtained from secondary ion mass spectrometry (SIMS) depth profiles andMonte

Carlo TRIDYN simulations. Concentration depth profiles (CDP) have been also measured using X-ray

photoelectron spectroscopy (XPS) and simultaneous Ar+ bombardment, as well as angle-resolved

X-ray photoelectron spectroscopy (ARXPS). All the obtained depth profiles agree remarkably well

with cross-section transmission electron microscopy (TEM) observations made on the sample

implanted at the highest fluence.

Introduction

The use of mixed oxides to improve the performance of simple

binary oxides has been extensively applied in different techno-

logical niches. In photocatalytic applications, titanium dioxide

films have been doped with other metals (Zr, W, and Mo) in

order to prevent the anatase-to-rutile phase transformation and,

therefore, shift the absorption threshold towards the visible

range.1–5 In electronics, ternary oxides like Zr–Si–O or Hf–Zr–O

have been suggested as high-k gate oxides to substitute silicon

dioxide in complementary metal–oxide-semiconductors (CMOS)

as they can work at lower equivalent oxide thicknesses (EOT)

and smaller interface state densities than the binary oxide.6,7

Al–Ti–O, Ti–Si–O and Cr–Si–O mixed oxides have also been

proposed for applications in optics as materials with a variable

refractive index.8,9 Other applications of the mixed oxides can be

found in the catalysis and the electrochromic sectors.10–12 On top

of these specific properties, the use of mixed oxides can also

improve the corrosion and wear resistance at high temperatures

of the final device. It is evident that the optimization of these

properties can only be obtained through a severe control of the

synthesis process, including a proper choice of materials, depo-

sition technique, composition, morphology, thermal stability or

interface reactivity, to name just a few.

Chemical vapour deposition (CVD) based techniques, mainly

plasma enhanced and ion beam induced CVD (PECVD and

IBICVD, respectively), are commonly used to produce mixed

oxides.8However, the use of metalorganics as gas precursors may

provoke the incorporation of chlorine, hydrogen or carboxyl

groups into the deposited films and a subsequent deterioration of

the optical and electronic properties, as well as the occurrence of

corrosion at high temperature conditions. Moreover, it is quite

difficult to synthesize ternary oxides by CVD because of the need

of precursor mixtures or complex bimetallic precursors that

hinder the control of the film stoichiometry. Therefore, alterna-

tive synthesis processes should be addressed. Reactive magnetron

sputtering is a promising candidate, since mixed oxides can be

obtained by controlling the deposition parameters (cathode

composition, applied power, energy of the ions present in the

plasma, etc.) and since it is an easily industrially scalable tech-

nique that allows the deposition of films with thickness above

1000 nm within reasonable process times. Moreover,
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Vergara et al.13 and Benito et al.14 have recently shown the

viability of reactive magnetron sputtering to the control of the

optical properties of silicon and chromium mixed oxides. A

second alternative synthesis is ion beam mixing (IBM), where

compounds are formed by bilayer mixing using ion beams.15

IBM is a feasible technique to form new phases otherwise

impossible to be produced using the above-mentioned conven-

tional techniques.16 One of the advantages of IBM is that it

allows a fundamental study on the interface reaction at different

thickness scales by changing the ion beam energy. Fig. 1 depicts

a schematic representation of the IBM process. During the

irradiation of the bilayer structure, ions provide locally high

energy, which induces a strong atomic diffusion leading to

interface mixing and chemical reactions. IBM has been success-

fully applied to the formation of metal silicides using inert argon

bombardment at the Cr/Si and Ti/Si interfaces,16,17 and of mixed

nitride systems using nitrogen ion beams.18–20 Although the

implantation of oxygen has been applied to the study of the

formation of MeOx binary systems,21,22 IBM has never been

employed as a route to obtain mixed oxides, to our knowledge.23

The main objective of this work is to assess the potential use of

IBM to obtain mixed Cr–Si oxide thin films whose properties can

be tuned between those of each of the constituent binary oxides

so as to use them as films with a variable refractive index for

functional and/or structural applications. In particular, we have

performed an extensive multi-technique depth profile charac-

terisation of the implanted films by means of Rutherford back-

scattering spectroscopy (RBS), elastic recoil detection analysis

using a time of flight configuration (ERDA-ToF), secondary ion

mass spectrometry (SIMS), X-ray photoelectron spectroscopy

(XPS) and transmission electron microscopy (TEM), and

compared the results with Monte Carlo TRIDYN simulations.

Experimental

Prior to the physical deposition and implantation of the samples

and to get further insight, the reactive IBM of Cr/Si interfaces

has been simulated using the dynamic Monte Carlo TRIDYN

code (version 4.0).24,25 TRIDYN treats the atomic interactions as

a sequence of binary collisions between atoms using a screened

Coulomb potential with theWHB (Kr–C) screening function.26,27

For the electronic energy loss, an equipartition of the Lindhard

and Scharff and the Oen and Robinson models is used.26,28,29 The

heat of sublimation has been used for the chromium and silicon

surface binding energies (4.1 and 4.7 eV, respectively), whereas

for oxygen, it has been estimated to be �6.9 eV.30 The bulk

binding energies have been set to zero,30 while the maximum

oxygen concentration has been limited to 66 at.%. With the

TRIDYN routine, not only the dynamic change of the thickness

and composition of the target substrate during reactive IBM is

accounted for, but so are the changes in the chromium, silicon

and oxygen sputtering yields, preferential sputtering, and pure

ballistic atomic mixing mechanisms.

Metallic chromium layers were deposited on a 3-inch silicon

(100) wafer by DC magnetron sputtering in a high-purity

(99.999%) argon atmosphere. The sputtering chamber was

pumped down to a base pressure below 8.6 � 10�6 mbar before

letting in the gas (11 sccm Ar). Prior to the deposition, the 3-inch

chromium target was sputtered for 10 minutes in order to clean

its surface, while covering the substrates with a shutter. The

substrate holder, placed at a distance of 12 cm from the target,

was electrically isolated, with no bias voltage applied externally.

Likewise, no intentional heating of the substrates was performed

during deposition. A sputtering time of 7 minutes for a DC

power of 100 W led to a film thickness of 95 � 3 nm, determined

both with a Veeco Dektak 150 stylus surface profiler by

measuring the height of a step left by a mechanical mask, and by

cross-sectional scanning electron microscopy (SEM) observation

by means of an INCAx-sight FE-SEM with a resolution of

136 eV when operating at 5.9 keV. X-Ray diffraction on the as-

deposited samples (not shown in this paper) assessed that the

films were polycrystalline metallic chromium with (110) and

(200) orientations. The silicon wafer with the chromium layer

deposited on top was afterwards cut in 2 � 2 cm2 pieces to be

used in the different implantation procedures.

Oxygen implantation was performed in a Whickham Ion

Beam System 200 high-current implanter.31 The setup is equip-

ped with a Freeman ion source able to produce ion beams of

most of elements, and a mass analyser magnet to separate all

isotopes from hydrogen to lead. The maximum implantation

energy is 200 keV for singly charged ions, while the maximum ion

currents are up to 0.1–0.3 mA cm�2 for O+. The size of the ion

beam is 2–3 cm2. Stopping and range of ions in matter (SRIM)

simulations were performed in order to adjust the oxygen

implantation range to the thickness of the metallic chromium

layer.32 In this paper we have performed a series of implantations

at a fixed implantation energy of 80 keV, varying the implanta-

tion fluence from 5 � 1016 to 1 � 1018 ions cm�2 (see Table 1).

RBS experiments were performed with the 5 MV HVEE

Tandetron accelerator of the Centro de Micro-an�alisis de

Materiales (CMAM) of the Universidad Aut�onoma de Madrid

(UAM).33 Spectra were collected using a 3.035 MeV He+ beam,

to improve the sensitivity to oxygen at the non-Rutherford cross-

section resonance 16O(a,a)16O. In order to obtain a detailed depth

profile of the oxygen content in the samples, spectra were also

collected using He+ beam with higher energies ranging from

3.045 MeV to 3.105 MeV. Data were acquired simultaneously

with two silicon surface barrier detectors located at scattering

angles of 170� with an energy resolution of 16 keV and an ion

dose of 10 mC per detector. The experimental spectra were fitted

using the program RBX.34

Complementary to RBS, elastic recoil detection analysis

(ERDA) with a time of flight (ToF) setup was performed.

ERDA-ToF measurements allow a multi-element analysis, sinceFig. 1 Schematic representation of the ion beam mixing process.
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from an energy–time of flight spectrum it is possible to extract

a single element spectrum. The ERDA-ToF setup is placed at the

exit of the 10� beamline at the CMAM accelerator.33 This angle

has been chosen because the use of heavy ion beams at high

energies requires relatively high currents in the switching magnet.

The total ion current reaching the sample is measured by means

of a transmission Faraday cup. The recoiled particles pass

through two ToF stations,35 and finally they impinge on a planar

Si detector used for particle energy measurements. Spectra were

collected using 35 MeV Au+ incident ions up to a total dose of

20 mC.

Secondary ion mass spectrometry (SIMS) analyses have been

carried out on a CAMECA Sc-Ultra instrument, employing

a Cs+ primary ion beam with an intensity of 8 nA, an impact

energy of 1 keV and an incidence angle of around 60�. The

secondary molecular ions MCs+ (where M stands for O, Cr and

Si) are collected from a circle area restricted to a diameter of

60 mm in the centre of a raster size of 250 mm � 250 mm. The

MCs+ mode presents reduced matrix effects, which allows ana-

lysing oxygen through the Cr/Si interface by minimising analyt-

ical artefacts.36,37 The mass resolution M/DM is about 300. With

these analytical conditions, the sputtering rate for Cr–Si mixed

oxides is around 6 � 10�2 nm s�1.

XPS spectra were measured in an ultrahigh vacuum system at

a base pressure below 8 � 10�8 Pa using a hemispherical analyser

(SPECS Phoibos 100 MCD-5). The pass energy was 9 eV,

yielding a constant resolution of 0.9 eV. The Au 4f7/2, Ag 3d5/2
and Cu 2p3/2 lines of reference, at 84.0, 368.3 and 932.7 eV,

respectively, were used to calibrate the binding energies. A twin

anode (Mg and Al) X-ray source was operated at a constant

power of 300 W using Mg Ka radiation. For depth profiling

measurements, the ion bombardment was carried out with an

angle of 45� between the normal to the sample and the ion gun

using a penning ion source (SPECS IQP 10/63) with an ion beam

energy of 3 keV, raising the pressure of Ar+ to 4 � 10�2 Pa. The

ion beam current density, measured with a Faraday cup that can

be placed in the same position as the sample holder, was 4.6 mA

cm�2. The experimental conditions lead to an ion beamwith a flat

profile covering an area wider than 10 � 10 mm2.

Transmission electron microscopy (TEM) studies were per-

formed using a JEOL 3000F TEM/STEM microscope with

a field-emission gun (FEG), 300 kV acceleration voltage and

0.17 nm of structural resolution. The microscope is equipped

with an energy dispersive X-ray analyser unit (XEDS) and

a high-angle annular dark field detector (HAADF). HAADF-

STEM electrons that undergo Rutherford scattering are

collected by the HAADF detector; the intensity of such images is

approximately proportional to Z2 (where Z is the atomic number

of the scattering atom). The image processing of the high-reso-

lution images was carried out using a Gatan Digital Micrograph

software package. We also obtained cross-section TEM images

of the sample implanted at the highest dose (1 � 1018 ions cm�2).

This was achieved by ion milling with a Fischione 1010 model

until an electron-transparent area was obtained. The procedure

is fully described in ref. 38.

Results and discussion

As stated above, prior to the experimental oxygen IBM of the

Cr/Si interface, TRIDYN simulations were performed to esti-

mate the concentration depth profiles of the elements for an

implantation energy of 80 keV and ion fluences in the range of 0–

1 � 1018 ions cm�2. Fig. 2 shows the Cr, Si and O TRIDYN

concentration depth profiles for the 80 keV oxygen IBM of

a Cr(100 nm)/Si interface. It should be pointed out that the z ¼
0 coordinate in Fig. 2 indicates the instantaneous surface posi-

tion, since sputtering and thin film deposition effects are included

in the TRIDYN code.25 Although fifty profiles have been

calculated during each simulation for ion fluences up to 1 � 1018

ions cm�2, the simulated profiles are only displayed every 1 �
1017 ions cm�2 for clarity purposes. The simulated profiles of

Fig. 2 show that, in addition to chromium sputtering and oxygen

implantation, a strong intermixing between Cr and Si is taking

Table 1 Description of the coating systems studied

Sample
Implantation
energy/keV

Implantation
fluence/ion cm�2 Thickness/nm

1 No implantation 0 95 � 3
2 80 5 � 1016 99 � 3
3 1 � 1017 109 � 6
4 5 � 1017 125 � 3
5 1 � 1018 141 � 3

Fig. 2 Concentration depth profiles for (a) Cr, (b) Si and (c) O obtained

using TRIDYN simulations for the 80 keV oxygen IBM at a Cr(100 nm)/

Si interface up to ion fluences of 1� 1018 ions cm�2. Simulated profiles are

displayed every 1 � 1017 ions cm�2.
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place at the interface, even for low ion fluences, in such a way

that the Cr/Si concentration ratio at the interface can be tailored

by varying the ion dose and ion beam energy. Similar simulations

were carried out for implantation energies of 40, 60 and 100 keV.

It is worth to mention that the range of the oxygen implantation

decreases with the ion beam energy (not shown in Fig. 2), while

the apparent thickness increases with the implantation dose,

therefore leading to a variation in the film thickness during IBM.

We have corroborated this increase in the film thickness by

means of SEM cross-sectional measurements of the implanted

samples (see Table 1). Fig. 3 shows the evolution of the layer

thickness with the implantation fluence. It is evident that there is

an increase in the layer thickness from the initial 95 nm up to

140 nm for the highest fluence (note that in this last result we

have subtracted a 15 nm carbon contamination layer). These

results follow a power law y ¼ a + bxc with an exponent c ¼ 0.49

very close to a square-root dependence typical of diffusion

processes.

Fig. 4a shows the RBS profiles for the 80 keV implanted

samples upon increasing the implantation fluence. The use of

3.035MeVHe+ as incident ions provides a higher sensitivity to the

oxygen content, in particular at the sample surface (E z
1080 keV). It is evident from the raw RBS profiles that when

increasing the implantation fluence two phenomena take place: (i)

the amount of oxygen both at the surface and within the coatings

increases (Fig. 4b) and (ii) the chromium signal progressively

develops a decreasing content gradient shape together with an

apparent widening of the layer thickness (Fig. 4c). The shift to

lower energies in the Cr surface signal for the 1� 1018 ions cm�2 is

due to the presence of a surface contamination carbon layer, as we

will discuss later. The RBS data can be fitted using RBX software

to obtain quantified depth profiles. We present the fitted compo-

sition depth profile for the 80 keV/5 � 1017 ions cm�2 implanted

sample in Fig. 5a. Note that the units of the depth axis are given in

atoms cm�2, as this is the usual nomenclature in RBS analysis. In

order to convert the depth from atoms cm�2 to nanometre units

(Fig. 5a top axis) we have to assume a density for the deposited

samples. For example, we obtained a thickness of 0.8� 1018 atoms

cm�2 for the as-deposited sample, corresponding to 94 nm after

assuming a density of 7.1 g cm�3 for metallic chromium,39 in very

good agreement with the layer thickness as measured by

Fig. 3 Evolution of the chromium layer thickness with the oxygen

implantation fluence. The solid line represents a fit of the experimental

results (in circles) following a power law y ¼ a + bxc.

Fig. 4 (a) RBS spectra for as-deposited and oxygen implanted chro-

mium layer on silicon performed with He+ ions at the resonant energy of

3.035 MeV (vertical dashed line indicates the position of the surface

oxygen). Solid lines represent the RBX simulation of the spectra for the

as-deposited 5 � 1017 ions cm�2 and 1 � 1018 ions cm�2 samples. In (b)

and (c) oxygen and chromium energy windows are plotted separately for

clarity purposes.
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profilometry and SEM (see Table 1). The thickness of the 5� 1017

ions cm�2 implanted sample, obtained from SEM and profilom-

etry, was 125 � 3 nm. By using this value in the simulation

procedure, we derived a density value of 6.0 g cm�3, which seems

a very reasonable value as it lies in between those of the metallic

chromium and the Cr2O3 phase (d ¼ 5.2 g cm�3).

The composition profile is in very good agreement both

qualitatively and quantitatively with the TRIDYN simulation of

Fig. 5b, although the simulation predicts some silicon migration

to the surface that was not observed by RBS resonant experi-

ments. The differences in the implantation depths observed in the

profiles of Fig. 5 are related to the underestimation of the sput-

tering made by TRIDYN.30

In order to improve the oxygen composition depth profile we

have performed RBS experiments not only at the resonant energy

of 3.035 MeV, but also at slightly higher energies (3.045–

3.105 MeV), as presented in Fig. 6a for the 80 keV/1 �
1018 ions cm�2 implanted sample. By doing so, as incident He ions

with E > 3.035 MeV will lose their energy while being implanted

in the sample the resonance with oxygen atoms located deeper in

the coating can be promoted. Using the stopping power of

3.1MeV helium ions into chromium oxide calculated by SRIM,32

we obtained an energy loss of approximately 0.30 keV per

nanometre. Therefore, ions implanted at such energy will slow

down to reach the resonant energy after penetrating 215 nm in

the material. The selected range of implanted energies, 3.045–

3.105 MeV with variations of 0.1 MeV, provides information of

changes in the oxygen content every 30 nm within the layer.

Furthermore, we end up with eight RBS profiles for each

implantation fluence (one for each different incident energy),

which allow us to have a more detailed picture of the in-depth

composition, as all the data have to be fitted in RBX with the

same layer structure and changing only the incident energy of the

He ions. This detailed profile is shown in Fig. 6b for

the 80 keV/1 � 1018 ions cm�2 implanted sample. We can now

observe how, below the surface carbon contamination layer,

there is a first chromium oxide layer probably due to the

oxidation of the sample when exposed to the air. There is a very

small amount of silicon (<1 at.%) present on the surface of the

Fig. 5 Comparison of the (a) RBX fit and (b) TRIDYN simulation for

the depth profile of chromium layer implanted at 5 � 1017 ions cm�2.

Fig. 6 (a) RBS spectra for the Cr/Si sample implanted at of

1 � 1018 ions cm�2. RBS was performed with He+ ions varying the energy

from the resonant 3.035 MeV up to 3.105 MeV (vertical dashed line

indicates the position of the surface oxygen). Solid lines represent the

RBX simulation of the spectra for all experiments. In (b) the RBX fit of

the depth profile obtained from all the experiments performed in (a).
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oxide. Despite this small concentration the presence of this

element cannot be neglected, as we will prove later by SIMS and

ERDA-ToF. Below this initial surface oxide layer the oxygen

implantation profile is revealed. The peak of the oxygen profile is

located at the chromium/silicon interface with a maximum

concentration of 50 at.%, in good agreement with the TRIDYN

simulations of Fig. 2. Moreover, this result indicates that the

carbon contamination was produced after the oxygen implan-

tation and, therefore, did not affect it.

The chromium profile shows an even more pronounced

gradient profile than for the sample implanted at 5 �
1017 ions cm�2 (Fig. 5a); in this case the layer thickness increases

up to 1.6 � 1018 atoms cm�2, that is, twice the value as for the

as-deposited sample. This change cannot be merely explained by

the increase in thickness of the chromium layer from 94 to

145 nm measured by profilometry and SEM, but it also reflects

a strong reduction of the density of the implanted sample. It is

worth noting that the interface with the silicon substrate

broadens after the highest implantation fluence, suggesting the

formation of a mixed compound.

So as to complement the RBS analysis, we have performed

ERDA-ToF measurements on the as-deposited and implanted

samples. Fig. 7 shows the energy vs. time of flight plot of the (a)

as-deposited and (b) 80 keV/1 � 1018 ions cm�2 implanted

samples. The signals of the metallic chromium and the silicon

substrate are clearly distinguished in the as-deposited sample,

with very small oxygen content at the surface. On the other hand,

for the sample implanted at the highest fluence, the most

significant feature is the evident incorporation of oxygen into the

chromium film. The tail of the oxygen signal clearly overlaps with

the silicon signal, indicating the implantation of oxygen also into

the substrate. In turn, the chromium signal extends toward lower

energy and time of flight channels, pointing out the increase in

the thickness of the chromium layer (in concordance with RBS

measurements) and the formation of a ternary mixed oxide at the

interface of the film. Finally, there is a clear surface layer of

carbon contamination (also detected by RBS) that shifts the

chromium signal towards lower energies. ERDA-ToF data

consist of a two-dimensional histogram. From this two-dimen-

sional matrix we can extract a single element contribution by

selecting its corresponding hyperbolical area. The selected area

can be projected in order to obtain a single element profile. Once

we project the ERDA-ToF data to the energy axis we can indi-

vidually compare the depth profiles of each element (Cr, Si, and

O) as a function of the implanted fluence (Fig. 8). This is the main

advantage of ERDA-ToF measurements as compared to RBS,

where the silicon and oxygen contributions are plotted together.

The elemental profiles are normalized to the total number of

counts on each spectrum.

The chromium profiles (Fig. 8a) are very similar to those

obtained by RBS. Hence, there is both a decrease in the signal

intensity and an increase in the layer thickness upon increasing

the dose. Once again, the shift in the highest fluence profile is due

to the presence of a thick carbon contamination layer. This

increase in the chromium layer thickness causes the shift

observed in the silicon profiles (Fig. 8b). Moreover, for the two

highest fluences, 5 � 1017 and 1 � 1018 ions cm�2, the presence of

silicon at the surface of the sample can be observed (see the inset

in Fig. 8b). This result is in agreement with the TRIDYN and

RBX simulations. Finally, the oxygen profiles present a double

peak structure corresponding to the formation of a surface oxide

and the subsequent implantation.

We have made use of the higher sensitivity of SIMS to observe

physical processes that were hard to observe with the other

analysis techniques, in particular for the lowest implantation

fluences (see Fig. 9). If we focus on the oxygen profile evolution

in function of implantation fluence (Fig. 8c), it can be clearly

observed that there is a surface chromium oxide layer for all

samples (first peak at extreme left of the SIMS profile). For the

as-deposited reference sample, it is also possible to identify the

native oxide layer of the Si wafer at a sputtering time of 2000 s.

Then, for the lowest implantation fluence (5 � 1016 ions cm�2),

we can detect the implanted O situated at the same depth as the

native Si oxide, resulting in a slightly higher O peak than for the

as-deposited sample. For a higher fluence of 1 � 1017 ions cm�2,

a more complex O depth profile, made of three peaks, in addition

to the one corresponding to the surface oxide, is observed in

Fig. 9c. It can be assumed that the central peak consists of

a mixed oxide SiCrxOywith the SiO2 native oxide included in this

mixed oxide layer. It is located at longer sputtering times (i.e.

depth) of 2300 s due to the increase in the thickness of the

chromium top layer (as proved previously by RBS and ERDA

experiments), owing to the oxygen insertion (and silicon to

a lower extent because of the Si outward diffusion) during the

implantation process. This increase in the thickness can be

appreciated in the chromium and silicon profiles of Fig. 9a and b,

respectively. The presence of the other two oxygen peaks (at 1800

and 2700 s, respectively) before and after the mixed oxide one

Fig. 7 ToF versus energy plot of the ERDA-ToF measurements for (a)

as-deposited and (b) 1 � 1018 ions cm�2 oxygen implanted chromium

layers obtained using a 35 MeV Au+ beam.
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together with the Cr and Si depth profiles of Fig. 9a and b may

suggest the initial stages of the formation of a multi-layered oxide

CrOx/SiCrxOy/SiOx confirmed by TEM for higher implantation

fluences (see below). The formation of this multilayer can only be

observed with the high depth resolution of SIMS for low

implantation fluences. In this case, the Cr/Si interface becomes

less abrupt as the implantation of oxygen initiates the mixing

mechanism. Then, at 5 � 1017 ions cm�2, a single and intense O

peak at the interface is observed in Fig. 9c, together with a very

gradual variation of the Cr and Si profiles (Fig. 9a and b). This

could be related to the formation of a larger mixed Cr–Si–O

oxide layer between Cr and Si or a mixing of CrOx and SiOx

phases. Moreover, it is possible to detect the presence of

a Si-doped chromium oxide layer at the surface (see Fig. 9b)

owing to outward diffusion of silicon, enhanced by ion implan-

tation, as had already been observed with RBS and ERDA-ToF.

Finally, for the highest fluence of 1 � 1018 ions cm�2, the shift in

the chromium, silicon and oxygen profiles due to the presence of

a carbon contamination surface layer produced after the

implantation process can be clearly observed. SIMS has allowed

us to resolve better the thicker chromium oxide formed at the

surface of the coating after the highest implantation fluence. The

outward diffusion of Si is much more visible at this fluence,

suggesting the formation of a Si-doped chromium oxide top layer

richer in Si. Below this surface oxide there is still a layer of

metallic chromium doped with O for this high implantation

fluence (corroborated by XPS, as will be discussed later). This

metallic region becomes thinner when increasing the implanta-

tion fluence. Therefore, it is clear that a much higher dose is

Fig. 8 Energy projections of the ERDA-ToF measurements for the as-

deposited and implanted chromium layers. Energy windows of (a)

chromium, (b) silicon and (c) oxygen are plotted separately for clarity

purposes.

Fig. 9 SIMS elemental depth profiles for (a) chromium, (b) silicon and

(c) oxygen for the as-deposited and implanted chromium layers.
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needed to transform completely the metallic Cr layer into

a homogeneous Cr oxide layer by oxygen implantation. Below

the Cr layer, there is a broad O peak corresponding to a CrOx

layer, followed by a more intense peak sited deeper in the sample,

probably corresponding to a Si-doped CrOx with a higher

content of chromium compared with silicon. This third peak is

accompanied by an increase in the chromium signal (Fig. 9a) and

is related to the formation of small SiCrOx ‘‘bubbles’’ below the

interface as observed by TEM (see below).

More experiments are needed to understand better these

processes. For example, for low implantation fluences, the use of
18O isotopic tracer for implantation would allow an even better

understanding of the implantation process by allowing a sepa-

ration between the native oxide present in silicon and the

implantation induced oxide.

Fig. 10 a–d show the typical XPS concentration depth profiles

(CDP) of the 95 nm thick chromium film after O+ implantation at

80 keV at different ion fluences from 5� 1016 to 1� 1018 ions cm�2

using Ar+ ion bombardment at 3 keV and at an angle of incidence

of 45�. The carbon, chromium, oxygen and silicon concentrations

have beenplotted as a function of depth.To carry out this task, the

C1s, Cr2p, O1s and Si2p intensities (band areas), after back-

ground subtraction using the Shirley method,40 were used to

calculate the concentration using the following eqn (1):

Cx ¼ Ix=SxX

i

Ii=Si

(1)

whereCx is the atomic concentration of element x, assumed to be

uniform on the surface, Ix is the measured intensity for this

element and Sx its sensitivity factor provided by the manufac-

turer (SC ¼ 1, SCr ¼ 11.5, SO ¼ 2.85, SSi ¼ 0.865). Since inten-

sities are measured as a function of the erosion time, the erosion

rate measured on the 95 nm thick chromium film of �0.37 nm

min�1 was used as a reference to calibrate the depth scale. This

approximation seems to be plausible, as the observed increase in

the thickness of the coating with the implantation, from 95 up to

150 nm, is in perfect agreement with the profilometry and SEM

measurements (see Table 1).

As can be observed in the CDP of Fig. 10, the ion fluence is

a critical parameter for the result of the O+ implantation. For the

lowest ion fluence of 5 � 1016 ions cm�2 (Fig. 10a), despite the

surface oxidation of the chromium layer, the small quantity of

oxygen detected in the coating (<3 at.%) was not bonded to the

metals, but was more likely to be dissolved in the film. A similar

resultwas obtained for the samples implanted at 1� 1017 ions cm�2

(Fig. 10b); that is, the chromium layer remains as metallic chro-

mium with some oxygen being dissolved (6 at.%). However, there

is a non-negligible increase in the oxygen content at the Cr/Si

interface that indicates the initial stage of the formation of oxides,

as previously suggested by SIMS. Furthermore, with increasing

oxygen dose (Fig. 10c and d), oxygen incorporates within the film

framework, leading to a strong chemical reaction and IBM at

the Cr/Si interface. In particular, for the highest fluence of

1 � 1018 ions cm�2, the formation of a chromium surface oxide of

approximately 25 nm followed by a metallic chromium layer and

an oxide multilayer structure is evident. At the maximum of the

oxygen profile, the formation of Cr–O bonds was detected, while

Si–O bonds were found at the interface with the silicon substrate.

Since no clear evidence of the formation of a Cr–O–Simixed oxide

has been found, additional experiments have to be carried out to

elucidate this point. For the highest fluence, the presence of silicon

Fig. 10 XPS depth profile for chromium layer oxygen implanted with (a)

5 � 1016, (b) 1 � 1017, (c) 5 � 1017 and (d) 1 � 1018 ions cm�2.
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at the surface of the chromium layer can be detected, in fair

agreement with previously reported experiments by RBS, ERDA

and SIMS. It should be pointed out that the maxima of oxygen

distributions fairly agree with the ion ranges calculated from

SRIM simulations at 80 keV. Finally, as observed in Fig. 10 the C

distribution is not homogeneous along the oxide film. Two layers

are observed; the outer layer is attributed to a graphite-like

contamination layer and is attributed to the sample exposure to the

atmosphere during manipulation from the preparation chamber

to the analysis chamber. The inner one is produced during

implantation (since implantation uses CO2 as precursor gas).

Carbon species related to this layer are associated with a C1s band

at �2.5 eV below the band associated with the graphitic layer as

measured by XPS (not shown here) and is currently explained as

due to carbide species.

It is worth noting that angle-resolved XPS measurements

(ARXPS) carried out at different points of the CDP (not shown)

did not display changes either in the Cr concentration or in the O

concentration, therefore indicating the absence of compositional

changes within the depth probed by ARXPS. These results allow

ruling out oxygen preferential sputtering during depth profiling.

Despite the differences in principles and bases for all the depth

profile techniques used in this work, the comparison among the

results obtained using each of them allows gaining a thorough

knowledge into the characteristics of the mixed oxides. We

have plotted the oxygen depth profiles obtained from RBS,

ERDA-ToF, SIMS and XPS for the sample implanted at 1 �
1018 ions cm�2 in Fig. 11. For RBS and XPS, quantitative profiles

of concentration versus depth can be straightforwardly obtained

as previously described. In order to compare the qualitative

ERDA-ToF and SIMS profiles with the quantitative XPS and

RBS profiles, we have applied conversion factors to the energy

(and time) and the normalized counts so as to match the position

and concentration of the maxima of the oxygen profile. No

further handling of the profiles was performed; therefore, we can

conclude that they are in excellent agreement. The different

degree of sensitivity of the depth profiling techniques used in this

study pointed out the complexity of the diffusion processes and

oxide layer formations induced by the ion implantation as

a function of the dose. Although ion implantation is carried out

at room temperature and the radiation-induced defects have

limited mobility, due to the high ion dose used, their

concentrations can exceed to a great extent the thermodynamic

equilibrium values leading to an increase of the diffusion coef-

ficients.41 Therefore, in our case, the changes in subsurface

composition during ion bombardment should be attributed to

radiation-induced diffusion mechanisms. We have determined

that the more homogeneous mixed oxide layer is formed for

fluences higher than 5 � 1017 ions cm�2. For lower fluences,

thicker CrOx and SiOx layers are formed compared with the

mixed oxide layer. In the light of these results, it is clear that

either higher implantation doses or a post-implantation anneal-

ing treatment would be required to obtain more stoichiometric

and homogeneous oxide films as the ones prepared with reactive

magnetron sputtering.13,14

Finally, we have compared the results obtained for the

different depth profiling analyses with the observations made by

TEM on the sample implanted at 1� 1018 ions cm�2. The inset of

Fig. 12 shows a bright field image of a cross-section of the ana-

lysed sample. From left to right we can observe: (1) a darker zone

of approximately 100 nm, labelled Cr(O) because the main

elements present were chromium and oxygen, according to

XEDS analysis; (2) a lighter zone of �100 nm, named Si(O) and

(3) the crystalline silicon substrate, labelled Si. The Cr(O) layer

has an irregular contrast and is markedly wavy, probably owing

to the O+ implantation. The Si(O) layer has also a thickness of

�100 nm, corresponding to the implantation range of the oxygen

ions, which indicates that this layer has been formed during the

implantation process. In the enlarged corresponding STEM-

HAADF image of Fig. 12 the previously described zones are seen

in more detail. It is worthy to note that in this picture the contrast

is approximately proportional to Z2 (Z being the atomic

number), that is, a brighter contrast corresponds to an element

with a higher Z. In the aforementioned 100 nm Cr(O) zone, we

Fig. 11 Comparative depth profiles obtained by RBS, ERDA-ToF, XPS

and SIMS for chromium sample oxygen implanted at 1 � 1018 ions cm�2.

Fig. 12 Cross-sectional STEM-HAADF image of the 1� 1018 ions cm�2

sample. Labels on the different areas indicate the main elements present

according to STEM-XEDS analysis. The discontinued line marks the

position in which a XEDS line scan has been made. The inset corresponds

to a bright field larger area of the sample.

398 | J. Anal. At. Spectrom., 2012, 27, 390–400 This journal is ª The Royal Society of Chemistry 2012

View Article Online

https://doi.org/10.1039/c2ja10296j


can now distinguish a surface layer with a thickness of 15–20 nm.

This layer has been labelled as Cr(Ox) because its contrast implies

that the amount of oxygen present in the layer is higher than in

the subsequent Cr(O) zone. Therefore, it is related to a more

oxidized phase, as confirmed by XEDS–STEM analysis. The

chromium oxide in this zone corresponds to the amorphous

oxide layer that was observed in all the depth profiles (see

Fig. 11). The following Cr(O) zone has an irregular contrast and

a thickness of about 100 nm, corresponding to the thickness of

the as-deposited chromium layer. Although the Cr oxidation

state cannot be determined by TEM, the contrast suggests

a lower oxidation state as compared to the top oxide layer. The

mean contrast is brighter than for the Cr(Ox) layer, which indi-

cates the predominance of chromium with a lower amount of

oxygen, as corroborated by STEM-XEDS. Contrast variation

along this zone can be attributed to a non-homogeneous distri-

bution of the oxygen leading to crystalline aggregates of chro-

mium oxides. More experiments are in progress in order to

determine structural characteristics of the aggregates.

The next bright contrast observed in Fig. 12 is very interesting.

It is formed by crystalline bubble-like structures composed of

chromium, silicon and oxygen as deduced fromXEDS. This zone

has been labelled SiCr(O) and it continuously extends parallel to

the Cr(O) layer. The presence of both silicon and oxygen (both

with a lower Z than of chromium) in this fringe is responsible for

the darker contrast observed in the bubbles in relation with the

Cr(O) layer. This zone, about 15–30 nm wide, is less wavy than

the previous ones; it corresponds to the increase in the chromium

signal observed in the depth profiles (see, for example, the SIMS

chromium profile of Fig. 9a) for the highest implantation fluence.

After this zone, only silicon and oxygen are observed. The Si(O)

layer has an almost constant thickness of 90 nm and it goes

parallel to the silicon substrate without any waving appearance.

As stated above, the formation of this amorphous silicon–oxygen

layer is attributed to the implantation procedure. The interface of

this amorphous layer with the crystalline silicon is not flat,

showing a certain roughness, and defects such as dislocations can

be seen in the bright field high resolution images (not shown

here).

Fig. 13 shows the elemental depth profile obtained in a STEM-

XEDS linescan across the TEM cross-section (see dashed line in

Fig. 12). In the marked line, the depth measurements are 17 nm

for Cr(Ox), 100 nm for Cr(O), 25 nm for SiCr(O) and about

75 nm for the Si(O) layer. In this depth profile, the surface

contamination carbon layer observed in the RBS, SIMS, ERDA

and XPS profiles cannot be unambiguously distinguished since

a carbon containing glue was used during the preparation of the

cross-section samples for TEM examination. Therefore, in

Fig. 13 we have placed the surface of the sample (depth ¼ 0 nm)

at the position where the chromium signal is first detected. The

chromium line extends approximately up to 140–150 nm, that is,

exactly to where the bubbles end. The small peak at this position

clearly indicates the presence of chromium in these aggregates.

The disappearance of the Cr signal after 150 nm discards the

presence of chromium (either on a binary or a mixed oxide form)

in the darker Si(O) zone of Fig. 12. This line corresponds well

with the depth profile as measured by XPS, SIMS, RBS and

ERDA. The amount of oxygen remains constant within these

150 nm, with a subsequent decrease down to a new constant

value until reaching the silicon substrate. This result allows to

suppose that the zone labelled as Si(O) is either SiO2 or SiOx

(with x < 2). With respect to the silicon, there is a clear

progressive penetration of silicon atoms in the original chro-

mium layer but no evidence of silicon surface segregation was

found. Therefore, the TEM observations do not allow discarding

the formation of a crystalline mixed Cr–Si oxide in the bubbles

zone. Fourier transforms performed in these rounded crystalline

areas will give interesting information about this point, and so

further work is being carried out in this direction.

In summary, it is clear that a complete picture of the implanted

samples depth profiles cannot be obtained without the combined

characterisation approach applied in this work. The oxygen-

resonant RBS experiments provide an unambiguous description

of the oxygen depth profiles together with an estimation of the

density changes upon implantation. The element separation in

the ERDA-ToF profiles allows the observation of subtle

phenomena such as the silicon surface segregation of doses

higher than 5 � 1017 ions cm�2. This effect was confirmed by the

high element sensitivity of SIMS, which equally elucidates the

initial stages of the mixed oxide formation at the chromium/

silicon interface. The XPS depth profiles confirmed all these

results, and provide information regarding the chemical bonding

of the elements (i.e. the formation of Cr–O bonds or the

appearance of carbides species). The depth profile information

obtained by four different spectroscopic techniques has been

corroborated by cross-sectional STEM measurements.

Conclusions

The formation of chromium–silicon mixed oxide thin films by

oxygen ion implantation of metallic Cr thin films deposited by

magnetron sputtering on Si substrates has been studied. We have

performed an extensive depth profiling characterization of the

films as a function of the implantation fluence by means of RBS,

ERDA-ToF, SIMS and XPS. This comparative multi-technique

depth profiling analysis converges to assess an increase in the

chromium layer thickness and a broadening of the chromium/

silicon interface with increasing the implantation fluence. This

behaviour suggests, that for the experimental conditions used,

Fig. 13 Elemental depth profile obtained by the STEM–XEDS line scan

across the yellow discontinued line marked in Fig. 12. In that position

measurements of the different zones are: 17 nm for Cr(Ox), 100 nm for

Cr(O), 25 nm for SiCr(O) and about 75 nm for the Si(O) layer.

This journal is ª The Royal Society of Chemistry 2012 J. Anal. At. Spectrom., 2012, 27, 390–400 | 399

View Article Online

https://doi.org/10.1039/c2ja10296j


the oxygen implantation rate is higher than the Cr and Si sput-

tering removal rates, therefore leading to the thin film deposition

regime, in such a way that the distance between the original Cr/Si

interface and the surface increases with the ion fluence, in

agreement with the TRIDYN results. The results suggest the

formation of a ternary mixed compound at the interface.

However, oxygen fluences higher than 1 � 1018 ions cm�2 are

needed, not only to elucidate this point, but also to transform

completely the metallic chromium layer into chromium oxide

layer by oxygen implantation. There is also evidence of silicon

segregation at the surface of the films for fluences higher than 5�
1017 ions cm�2. The agreement both qualitatively and quantita-

tively (in depth) of the TEM cross-sectional measurements and

the depth profile obtained by the rest of analytical spectroscopies

is highly remarkable. These changes are expected to be reflected

in a controlled variation of the optical properties of the films, in

particular in the refraction index.
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