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An original sub-surface, high spatial resolution tomographic technique based on Scanning Microwave 

Microscopy (SMM) is used to visualize in-depth materials with different chemical composition. A 

significant phase difference in SMM between aluminum and chromium buried patterns has been 

observed. Moreover this technique was used to characterize a solid solution of a light chemical element 10 

(oxygen) in a metal lattice (zirconium). The large solubility of the oxygen into zirconium leads to 

modifications of the properties of the solid solution that can be measured by the phase shift signal in the 

SMM technique. The signal obtained in cross section of an oxidized Zr sample shows excellent 

agreement between phase shift profiles measured at different depths. Such a profile can reveal the length 

of diffusion of the oxygen in zirconium under the surface. The comparison with the oxygen concentration 15 

measured by nuclear reaction analysis shows excellent agreement in terms of length of diffusion and 

spatial distribution of the oxygen. A rapid calibration shows a linear dependence between the phase shift 

and the oxygen concentration. The SMM method opens up new possibilities for indirect measurements of 

oxygen concentration dissolved in the metal lattice. 

 20 

Introduction 

A general challenge for research into metallic components is to 

optimize the service lifetime of parts subjected to harsh 

environments (temperature, pressure, electric and magnetic fields, 

gas). Major problems include protection against corrosion, 25 

embrittlement, the formation of bubbles of the lightest chemical 

elements, and different chemical associations, which can have a 

significant impact on the mechanical integrity, structural stability 

and properties of the materials. The presence and migration of 

light chemical elements (helium, hydrogen, nitrogen, oxygen) in 30 

solids can induce strong modifications in materials with 

macroscopic effects such as lattice swelling, creep, work 

hardening and high residual stress, leading to irreversible changes 

in the mechanical properties, like loss of ductility or strength, 

ultimately causing the loss of material functionality. The 35 

measurement of light chemical elements is difficult to achieve 

with the most common local techniques.  

Measuring their spatial distribution is useful for understanding 

the mechanisms governing the diffusion or for model verification 

and parameter determination. The accurate measurement of light 40 

elements is not easy and often requires large experimental 

facilities like the nuclear reaction analysis technique (NRA or 

nuclear microanalysis) 1. Moreover, most common techniques 

proceed to surface measurements (Energy dispersive 

spectrometry - EDS, Wavelength dispersive spectroscopy - WDS, 45 

X-ray photoelectron spectroscopy - XPS, Auger electron 

spectroscopy). These techniques are essentially used for surface 

analysis because the interactions of the electron beam with the 

material are limited to few nanometers under the surface. 2-4 So, 

the precise measurement of the concentration of light elements is 50 

impossible with most common surface especially for very volatile 

species or when the pollution of the surface occurring during 

surface preparation cannot be avoided. The best examples are the 

measurements of hydrogen in metals and respectively oxygen in 

reactive materials. 55 

Generally, the measurement corresponds to an average of the 

information obtained on a small volume (1µm3 for EDS) and 

includes the contaminated surface, a fact that can present a 

substantial downside.   

In this article we will proceed to accurate measurements of the 60 

oxygen concentration by NRA. This method is able to get 

information under the contaminated sub-surface. 1 We will use 

these measurements for with results obtained using the new 

technique proposed here. 

 65 

Since the invention of scanning probe microscopy, the 

characterization of surface properties at the nanoscale has been 

achieved on different types of samples.5-8 Among these 

microscopes, it is certainly the atomic force microscopy (AFM) 

technique that has experienced the greatest development potential 70 
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through various AFM spectroscopy measurement techniques.9-16  

All these scanning probe microscopes (SPM) give surface 

information however many research and applications about the 

behavior of material require investigations in the samples 

volume. Experimental techniques such as acoustic or ultrasonic 5 

microscopy and scanning thermal microscopy (SThM) give 

volume information, but these techniques are not usable for all 

types of samples. 17-20 

 

In this article we present an original tomography method based 10 

on the Scanning Microwave Microscopy (SMM). 21, 22  

To illustrate this original approach, we will first study the case of 

a calibrated sample composed of different buried metallic 

materials, which present very close physical properties. Then, we 

will focus on the complex case of the solid solution of oxygen in 15 

zirconium. 

The oxygen dissolved in zirconium produces detectable 

modifications of the physical and chemical properties of the 

metal.23 

The choice of zirconium is driven by the significant solubility of 20 

oxygen in this metal, which is about 29 atomic percent. 

Exposition to a high temperature (>450°C) leads to an anionic 

oxidation process and the rate-determining process is the 

diffusion of O2- ions into the metal crystallographic lattice. At 

high temperatures, the length of diffusion can be up to hundreds 25 

of µm. 23 

 

Experimental Section  

SMM experimental devices 

The Scanning Microwave Microscope used for the study is an 30 

AFM 5600LS from Agilent Technology. The SMM typically 

operates at microwave frequencies from 300 MHz to 13 GHz, 

which is substantially higher than the frequencies used in 

traditional SCM (around 900 MHz.). 

The most important parameter lies in the choice of the conductive 35 

probe. The tips used for experiments are SCM-PIT) tips of silicon 

nitride covered with a conductive layer of Pt/Ir mixture. The scan 

rate used is 1 Hz with a scan range of 80 µm. The choice of the 

cantilever determines the number of frequencies used in the 

experiments and is related to the coupling between the cantilever 40 

and the resonant circuit. 

EDS measurements  

The EDS measurements have been realized on a Jeol JSM 7600F 

SEM at 10keV with an SDD X-MAX 80 mm2 EDS device. 

 45 

Nuclear Reaction Analysis (NRA) 

The Nuclear Reaction Analysis was made at the Institut 

Rayonnement Matière de Saclay, France, and used a Van De 

Graaff linear accelerator (maximum 3.7 MeV). The nuclear 

microanalysis is based on the interactions of light energetic ions 50 

(1H, 2H, 3He or 4He in the MeV domain) with the material to be 

characterized. Concentrations of the constituent elements are 

determined from the spectroscopy of the emitted particles, 

elastically scattered (RBS, Rutherford BackScattering) or induced 

by nuclear reactions (NRA, Nuclear reaction analysis) or the 55 

induced photons X and Gamma (Particle Induced X-ray Emission 

PIXE, or Particle Induced Gamma ray Emission PIGE), NRA is 

especially devoted to the analysis of light elements and their 

isotopes, such as for oxygen-16 which may be analyzed from the 

spectroscopy of proton produced by the interaction of a deuteron 60 

beam (reaction 16O(d,p1)
17O).1 The main advantage of NRA is 

that the information given is independent of the chemical 

environment so that the accuracy of the determined 

concentrations is high. In addition, the intrinsic depth resolution 

of particle spectroscopies enables to get rid of bias induced by the 65 

contribution of oxygen surface contamination (native oxides for 

instance). For the experiments reported in this paper we used a 

1.45 MeV deuteron beam and analyzed the reaction 16O(d,p1)
17O. 

Lateral resolution is directly related to beam size, which is 3x3 

µm2 in this case. The size of the scanned area was 80 x 120 µm2.  70 

 

Fabrication of the calibrated sample with buried metal 
patterns 

The nanofabricated-calibrated sample was elaborate starting from 

a silicon substrate on which matrices of patterns (30 nm depth) 75 

were filled of two different materials of 20 nm thickness 

(aluminum and chromium), before being entirely covered with a 

500 nm silicon layer (Figure.1a) 

To avoid any confusion between two materials, the Al patterns 

are laid out in a reversed position compared to those of Cr. Traces 80 

of PMMA, partially dissolved by the solvents, remain present 

after evaporation of the silicon layer over. It is very difficult to 

obtain samples without topographical effects on surface. These 

residual traces will be used to us later as reference mark for the 

investigation in the volume of the sample. 85 

A first characterization (Figure.1b), at this stage of fabrication, 

made it possible to measure a difference of 12 nm between the 

structures (Al or Cr) and the real height of the patterns.  

 

Preparation of the oxidized zirconium 90 

For the study of zirconium oxidation, commercial pure zirconium 

plates (99.2 % Zr from Goodfellow) were used. They were first 

annealed at 750 °C under a secondary vacuum for 2 hours and 

then oxidized in air under atmospheric pressure at 650 °C for 72 

hours. After oxidation the samples were transversely cut and 95 

mirror-polished, then analyzed by SEM/EDS, NRA and SMM 

technique. Two successive layers cover the pure original metal: a 

ZrO2 exterior region and an intermediate oxygen-enriched metal 

(Zr-O). The oxygen concentration in the enriched zone goes 

progressively from 29 % to 0 % at. 100 

 
 

Scanning Microwave Microscopy theory  

The Scanning Microwave Microscope (SMM) combines the 

electromagnetic measurement capabilities of a microwave Vector 105 

Network Analyzer (VNA N5230A, Agilent Technology) and the 

nanometer resolution capabilities of an atomic force microscope 

(AFM). 21, 22 Like all SPM techniques, the SMM gives a 
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nanometer resolution by coupling the local probe effect with the 

electromagnetic field. Indeed, as the near-field scanning optical 

microscopy (NSOM/SNOM), this resolution is induced by the 

electromagnetic near field detection to the microwave 

frequencies.24, 25 Recently, this non-destructive technique was 5 

used to characterize the buried defects buried into a metal sample. 

It has been possible to observe the electromagnetic wave 

absorption properties in the metallic material and to obtain a 3D 

tomography of the metallic sample showing these buried 

inhomogeneities with a nanoscale resolution. 21 10 

 

A microwave signal is sent directly from the network analyzer 

and transmitted through a resonant circuit to a conductive AFM 

probe that is in contact with the sample being scanned. The 

cantilever and the probe act as a local radiant antenna for 15 

emission and reception of the electromagnetic field. The 

transmitter-receiver system is limited to interaction between the 

tip and the surface sample and makes it possible to capture the 

reflected microwave signal from the contact point. By directly 

measuring the complex reflection coefficient from the network 20 

analyzer, the impedance representing the probe-sample 

interaction amplitude and phase at each scanned point can then be 

recorded, simultaneously with the surface topography.  

In the case of metallic sample, the electromagnetic waves in the 

range of microwaves have a power of penetration in the sample 25 

depending on the frequency used: the electromagnetic wave of 

high frequency has a lower penetration than a low-frequency 

wave in a metallic sample. This physical effect corresponds to the 

skin effect: 

� � 	 �
�����	
�     (1) 30 

With �	the skin thickness (in m), �  the magnetic permeability of 

the vacuum	�4�10���, �� the permeability relating to the 

conductor, � the electric conductivity (in Sm-1) and f the 

frequency (in Hz). 

Thus, the potential of the microwave microscope lies in the 35 

possibility of both differentiating the microwave images obtained 

at different frequencies and allowing the establishment of an in-

depth cartography. 21 The microwave images will provide 

information about the differences in phase, directly related to the 

nature of the material, obtained at various frequencies. 40 

The expression of the wave reflected through a conductor is 

written: 

�� � 	����������
� ��

�	   (2) 

With �� 	is the reflected electric field, �� the attenuated reflected 

electric field, ! the pulsation (! � 2�#), t the moment 45 

considered, z the component of the direction of propagation and � 

the skin effect.  

The phase $ of the wave defined by Equation 2 is: 

$ � 	�%&   (3) 

Thus, in a constant observation point z and for a given frequency, 50 

the phase will be modified if the skin effect varies. Based on 

Equation 1, the skin effect is dependent, constant frequency, on 

two factors: permeability (� decreases with increasing 

permeability) and conductivity (� increases with decreasing 

conductivity) of metal materials. 55 

 

Study of a calibrated sample 

 

Figure 1.  Calibrated sample with buried metal patterns. (a) 

Schematic of the buried patterns of Al and Cr. b) AFM image: 60 

topography. Scan size: 16 by 8 µm. Relative height: 50 nm. c) 

SMM phase image (f = 1.971 GHz) Scan size: 16 by 8 µm. d) 

Cross-section of the phase image revealing the phase difference 

between the structures of Al and Cr. (e) Profile of a section 

carried out on the phase image. Estimation of the lateral 65 

resolution (Scan size: 8 µm). 

 

 

The objectives of this first study are to investigate the potentiality 

of the scanning microwave microscopy to probe in the depth of 70 

samples and also the capability to differentiate two types or more 

of materials present in the sample. 

To control the capability of SMM to differentiate two types of 

materials, with close electromagnetic properties a nanofabricated-

calibrated sample with buried metal patterns (Aluminum and 75 

Chromium) has been developed.  

Knowing electric conductivities and magnetic permeabilities of 

two materials (Al and Cr) and considering that those remain 

constant in the frequency range used (1-6 GHz), it is possible to 

express, for a frequency f and a same component z, the depth 80 

penetration and the phase relative to each material. 

For the Al structures: $� �	� %
&'  

where: �� � 	 �
�����'
'�  (4) 

 with the relative permeability �� � 1 and the electric 

conductivity �� � 3.5. 10�	Ω-1m-1. 85 

 

 

 

For the Cr structures: $+ � 	� %
&, 	 
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where: �+ � 	 �
�����,
,�  (4) 

with the relative permeability �+ � 1 and the electric 

conductivity �+ � 3.8. 10�	Ω-1m-1. 

 

By comparing the penetration depth through the two materials (4) 5 

and (5) we obtain: 

&'
&, � 	.
,


'  (6) 

 

Therefore, we can write: 

/'
/,

�	 &,&' 0 1  (7) 10 

 

Then, we realized SMM phase measurement for a frequency of 

1.971 GHz. According to the theory (Equation (7) we perfectly 

check on the SMM phase image (Fig.1.c) that the dephasing 

introduced by chromium is higher than that for aluminum, 15 

presenting a phase image with a greater contrast. From the cross-

section (red dashed line, fig.1.d), we can estimate that this 

dephasing introduced by chromium is about two times higher 

than for aluminium. Thus, it is possible to identify, using the 

microwave image phase signal given by SMM, the nature of 20 

materials present in the patterns. We can notice that the buried 

materials used present only a 0.3 difference of conductivity, 

which permit us to underline the good sensitivity of this 

technique.  

Another important parameter of the scanning microwave 25 

microscope lies in its resolution, lateral and in depth. The 

resolution of the microscope could be estimated while measuring, 

directly on the SMM images, the width of the outline on buried 

Al pattern. On phase image (figure 1.c), a profile (black dashed 

line) was carried out while placing the two cursors with middle 30 

height of the peak representing the outline of the patterns (figure 

1.e). The result shows a resolution close to 35 nm, knowing that it 

can be still improved for recorded images with smaller buried 

calibrated patterns. In depth, the result shows that SMM is 

sensitive to a buried defect whose thickness is about 20 nm. 35 

A complex case: diffusion of a light element in a 
metal 

 

Now let’s consider the complex case of the zirconium oxidation. 

The driven process in the oxidation of the zirconium at high 40 

temperature is the diffusion of the oxygen atoms in the metal 

lattice up to 29 atomic percent and then transformation into ZrO2. 

According to the theory of diffusion, in the Zr-O zone the oxygen 

concentration given by the diffusion processes has a 

complementary error function (erfc) shape. This variation will 45 

then be the same at several depths under the scanned cross-

section surface (which is perpendicular to the oxidized face) 

except on the first few hundreds of nm, where the the 

atmospheric oxygen contaminates the sub-surface during the 

preparation of the cross section. Zirconium is well known for its 50 

high reactivity with the oxygen, which produces inevitable 

pollution during sample preparation. This implies weak precision 

for the measurement of the diffusion length with surface analysis 

techniques and makes impossible to measure low values of 

oxygen concentration. 55 

 

Figure 2. Analysis and composition of the zirconium sample enriched in 

oxide. a) Schematic of the analyzed sample. b) EDS and NRA 

measurement of oxygen level. c) Electronic microscope image of the 

analyzed area.  60 

 

The EDS/SEM and NRA analyses were first made on the sample 

used to measure the oxygen quantity in the samples and after 

compared to the SMM results.  

 65 

Figure 3. Principle of SMM measurement on cross section of an oxidized 

zirconium sample for different frequencies. 

 

Figure 2a presents a schematic of the sample and the cross 

section used for analysis. Figure 2b shows the concentration of 70 

the oxygen in the sample in atomic percent, obtained by EDS and 

NRA along a line on the cross section, perpendicular to the 

oxide/metal interface. For EDS, the analyzed volume is about 1 

µm3 and contains the sample surface, including the contaminated 

sub-surface. Due to the high affinity of the zirconium to the 75 

oxygen, the surface has been inevitably enriched with 

atmospheric oxygen during the cross section preparation. This 

results in a large quantity of oxygen content in the first hundreds 

of nm under the scanned surface and can mask the original 

quantity present in the sample before the polishing process. The 80 

contamination of the surface with atmospheric oxygen and the 

over evaluation of the light chemical elements by EDS technique 

explains the apparent 12 % oxygen concentration obtained in the 
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pure metal zone. The residual apparent quantity of oxygen on the 

pure Zr can affect the measure of oxygen-enriched area and 

cannot reveal regions with low oxygen content. Given the oxygen 

pollution of the surface we can expect that the length of diffusion 

measure by EDS can be under-evaluated. The NRA 5 

measurements of the oxygen concentration (see Experimental 

section for measurement details) presented Figure 2b are much 

accurate because with this technique one can eliminate the 

response of the very superficial layers. The oxygen content in the 

pure Zr region is correctly measured and is near to zero. As 10 

expected, a longer diffusion region is found, compared to EDS 

measurements. The spot size in NRA is about 3 µm and close to 

the interface it covers the both Zr-O and ZrO2 zones. It explains 

the apparent 45% at. oxygen content at the interface location. We 

will use the NRA measurements to compare with the SMM 15 

results. 

To perform the SMM measurements, we chose a frequency range 

so as to make a profile investigation inside the sample to lie 

below the surface layer of pollution. Taking as reference the deep 

layer of pure Zr, with the conductivity parameter σ = 2.36.106 Ω-
20 

1m-1, the frequencies 11.83 GHz, 6.87 GHz and 2.21 GHz allow a 

depth investigation between 3 and 7 microns under the sample 

surface. Then we avoid the influence of the contaminated surface 

as shown in scheme of Figure 3. We focus in this study mainly 

on the oxygen-enriched metal zone. 25 

The SMM analysis of the same sample gives simultaneously the 

topographical surface of the sample (in its conventional mode 

AFM) and the variations of material properties by the 

measurement of the microwave signal phase shifts (in its SMM 

mode). The topographical surface image and the SMM images 30 

(phase shifts) for several frequencies can be seen Figure 4.  
Figure 4. Topography and phase shift cartography for several frequencies. 

(Scan area 80 µm). a) Topographical image of the sample and a cross-

section. b) Phase shift image at f = 11.83 GHz. c) Phase shift image at f = 
6.87 GHz. d) Phase shift image at f = 2.21 GHz. e) Topographical image 35 

of pure Zr. f) Phase shift image of pure Zr at f = 6.87 GHz. 

Figure 4a presents the topographic cartography obtained from 

the amplitude signal, and the profile along the dashed horizontal 

line. The cartography clearly reveals the grains of the metal. The 

profile shows the roughness of the sample along a line. One can 40 

see that the ZrO2 region shows a different roughness from the Zr-

O and Zr zones. The amplitude of the roughness is about 20 nm, 

which is very low compared to the size of the scanned zone 80 

µm. One can affirm that the surface is flat.    

The phase shift for several frequencies can be seen in Figure 4 b-45 

c-d. The phase shift images clearly show a change in the phase 

signal. This variation, for the material used here is introduced 

solely by a conductivity variation of the material, as the relative 

permeability is equal to 1 for Zr. Only the oxygen dissolution in 

the zirconium lattice produces variations of the conductivity. It is 50 

well known that the mean free path of electrons is influenced by 

crystal lattice imperfections such as structural defects, foreign 

atoms or thermal agitation of the ions. Also the electron mobility 

µ, proportional to the mean free path of electrons, and thus the 

conductivity defined by: � � 12�	with �	the conductivity (S/m), 55 

n the number density of electrons and q the elementary charge. 

Consequently, the electron mobility decreases when the 

temperature or the number of faults increases. Then, this phase 

shift is necessarily linked to a change in composition of the 

material and highlighted by SMM technique. This change is the 60 

fact that the wave propagates deeper into the oxygen-enriched 

zone (proportionally to this enrichment) in comparison with the 

area of pure Zr (Figure 3)   

The position of the oxide/metal interface is materialized by the 

sudden change in the phase signal within a spatial range less than 65 

one micrometer. For a better localization, we used a white dashed 

line to indicate the position of the oxide/metal interface found on 

the topographic AFM image (Figure 4 a) on all the phase shift 

cartographies. The phase shift starts to change close to the 

interface (3 µm, Figure 4 b). The interface location can change 70 

for different depths as the interface is not perfectly planar. We 

can observe on the figures 4 b, c, d these changes. The transition 

zone between the oxide and the oxygen-enriched metal can be 

topographically perturbed by the strong difference of hardness in 

the ZrO2 and Zr-O zone, giving rise to differences in the way that 75 

the polishing/etching technique affects each zone. In this 

particular case the phase shift signal can also be affected. In our 

case, a careful polishing allowed us to avoid these effects. 

 

The variations of the phase shift signal in the Zr-O zones are very 80 

similar for each frequency. In the oxygen-enriched zirconium 

region, the concentration of the oxygen produces gradual 

modifications in the metal properties and implicitly in the SMM 

phase response. The size of the perturbed zone is about 18 µm for 

all the depths investigated here. This value is close to the length 85 

of diffusion found on the EDS measurements considering that 

this last is apparently shortened by the surface pollution effect. At 

different depths under the scanned surface the spatial variation of 

the material properties is similar. The changes in the properties 

result only from the quantity of oxygen dissolved in the 90 

zirconium lattice.  

One can also observe that the value of the phase shift increases 

with the frequency. The deeper one looks, the lower the phase 

shift. 

 95 
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Figure 4e-f presents the topography and the phase shift of the 

pure Zr zone. The phase shift signal shows no gradient, as 

expected. This observation confirms that the SMM technique is 

only influenced by the chemical composition of the sample. 

By using several frequencies one can obtain information at 5 

various depths. To compare the information between the signals 

obtained at various frequencies, a procedure of normalization is 

applied. Scale and shift are chosen in order to obtain 0 value for 

the pure Zr and 1 for the ZrO2 zone. As remarked in the Figure 

4a, the topography is flat. The phase shift profile can only be the 10 

effect of changes in the material properties as seen in Equation 3 

and is not influenced by the topography. The only parameter that 

changes along a line is the oxygen concentration. The local 

enrichment of the metal with oxygen is reflected in the phase 

shift measurements obtained by SMM. The location of the 15 

metal/oxide interface is given by the sudden change in the phase 

shift signal. The location given by SMM is very close to the 

location obtained on the topographic picture. This procedure can 

be used in cases where the location of the interface is not possible 

on the topographic image.    20 

In the case of zirconium we know that at the interface 

oxide/metal the oxygen concentration should reach the solubility 

value, i.e. 29 % at. The oxygen concentration decreases 

progressively from 29 % at the interface to 0 % at. in the pure 

metal zone.  25 

 

According to Equation 1 the microwave signal penetration 

depends on the frequency used for the investigation: the lower the 

frequency, the deeper the penetration. Figure 5 presents the 

results obtained at three different depths: 6.8 µm, 3.9 µm and 3 30 

µm i.e. respectively 2.21 GHz, 6.87 GHz and 11.83 GHz along a 

straight line that contains ZrO2, the interface oxide/metal and Zr-

O zones. 

 

The phase shift profiles obtained for three different frequencies, 35 

i.e. at three different depths, are almost superposed, as it can be 

seen in Figure 5. This shows that the phase curves are only 

influenced by the chemical composition of the solid solution. We 

recall here that the normalization is made using only information 

on the pure Zr (which is set to zero) and ZrO2 (which is set to 1) 40 

and do not use the Zr-O zone. The phase shift profile can be used 

to reveal the presence of the oxygen and to measure its diffusion 

length.  

 

 45 

Figure 5. Superimposed phase shift profiles for several depths with 

location of the interface and compared with NRA results for the oxygen 

concentration. 

 

 50 

Figure 5 shows also the superposition of the SMM curves with 

the NRA measurements of the oxygen concentration in the Zr. 

One can remark that the SMM response shows that the size of the 

zone where the material has different properties compared to the 

original metal is sensibly the same as the oxygen-enriched zone 55 

revealed by NRA.  

The NRA results are obtained with a lateral resolution imposed 

by accelerator beam size (about 3 x 3 µm2 and a depth of 3 µm) 

for a step scan size of 2 µm between each measure point. Also 

this measurement represents an average value. By SMM, the 60 

lateral resolution is superior, since between two measure points 

the step scan size is 100 nm for a 20 nm contact radius. This 

difference can explain the variations between the SMM curves 

and the NRA curve. 

Moreover, on the SMM curves, we observe small change in the 65 

interface location for different investigation depths, as previously 

remarked in Figure 4. 

 In addition, the phase shift ϕ in SMM seems to be proportional 

to the oxygen concentration c as follow: 

$ � 3�4�	4	   (8) 70 

With K(c) the proportionality factor which can be function of the 

concentration. One can also propose the inverse form of the 

previous relation: 

4 � 	5�$�	$    (9) 

with 5�$�	 the proportionality factor to be found by calibration. 75 

After calibration, the equation (9) can allow the measure of the 

oxygen concentration by SMM. This assumption of 

proportionality relationship between the shift phase of SMM and 

the concentration of oxygen is confirmed when comparing the 

NRA measure with SMM measures. This rapid calibration, with 80 

the present measurements, shows a linear trend (Figure 5, top 

right side vignette). 

Consequently, under the ZrO2 layer, the SMM technique reveals a 

gradient of the metal properties. This gradient is related to the 

quantity of oxygen dissolved in the metal lattice. This method 85 

shows very encouraging results for the chemical characterization 

of oxygen solid solutions by permitting the visualization of the 

interface oxide/metal, the measure of the diffusion length of the 

oxygen in the zirconium lattice with a spatial resolution of about 

150 nm. 90 

 

Conclusion 

In conclusion, the present work shows that SMM technique not 

only allows the detection of sub-surface defects but also permits 

the detection of a gradient of properties produced by the presence 95 

of dissolved oxygen in the material. The possibility to 

characterize the in-depth distribution of the light chemical 

Page 6 of 7Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  7 

elements like oxygen dissolved in the metal represents the most 

important feature of the SMM technique presented here. 

The great advantage of this technique compared to those 

currently used is that measurements can be realized under the 

contaminated surface without any specific sample preparation. 5 

The oxygen-enriched zone can be clearly identified.  

The SMM phase shift profile can also show the location of the 

oxide/metal interface. The use of this technique as a tool for in-

depth interface location is then possible. One can also notice that 

the characterization can be made using different frequencies and 10 

realizing cartography of the oxygen dissolved in the metal lattice 

at different depths under the scanned surface. 

Thus, the SMM technique is a good candidate for in-depth 

measurements of local chemical enrichment. Moreover, we 

noticed that the phase shift response seems to be proportional to 15 

the oxygen concentration measured by NRA. The calibration of 

the SMM phase signal with respect to the concentration of the 

chemical element dissolved in the metal lattice could lead to a 

quantitative technique with sub-micronic spatial resolution. The 

authors are presently working on the calibration of the SMM 20 

method by comparing several oxygen concentration profiles 

measured by NRA with the corresponding SMM phase shift 

response. 
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