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Abstract 

 
In this work, we investigated the chemical composition of yttrium oxy-hydride thin films by 

different ion beam analysis techniques: Rutherford Backscattering Spectrometry, Elastic 

Backscattering Spectrometry, Elastic Recoil Detection Analysis, Particle Induced X-ray 

Emission and Nuclear Reaction Analysis.  

By analyzing the set of spectra from these different techniques, accurate chemical composition 

and depth-profile of the sample could be achieved, leading us to determinate the chemical 

concentration of, O and H in every layers of the film before and after illumination (i.e., before 

and after triggering the photochromic effect).  

Additionally, to understand the photochromic process in the film, in-situ illumination was 

performed in a high vacuum setup in order to measure possible changes in the chemical 

composition of the photochromic film. For comparison to the in-situ sample (i.e., in high-

vaccumm environment), another YHXOY sample was exposed to the same illumination in air in 

order to get a qualitative result of the effect by doing a time-resolved set of picture comparison 

between air and high-vacuum condition.  
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I. Motivation 

 
Yttrium oxy-hydride (YHxOy) thin films have been recently discovered to exhibit 

reversible photochromic properties [1], i.e., the films undergo from an initial 

transparent/yellowish state to a darkened regime under light illumination in ambient 

conditions. This reversible optical property makes this material very attractive for 

applications in, e.g., smart windows and sensors [1,2]. Even though recent efforts have been 

done trying to understand the mechanisms of photochromism in YHO films [3], a complete 

model describing this physical process is still unknown. Recently, M. V. Moro, D. Moldarev 

et al [4] studied the chemical composition of reactively sputtered photochromic YHxOy thin 

films employing different non-destructive ion-beam analysis techniques, such as Rutherford 

Backscattering Spectrometry (RBS), Particle-Induced X-Ray Emission (PIXE), Time-of-

Flight Elastic Recoil Detection Analysis (ToF-E ERDA) and Elastic Backscattering 

Spectrometry (EBS), yielding unequivocal high-resolution depth profiles for all the 

constituents of the sample. Specifically, their multi-method approach revealed a thin 

oxygen-rich-layer on the surface sample (≈ 30 nm), which apparently does not act as a self-

passivation layer [4]. Additionally, they also found that in the film, the Y concentration 

remains practically constant, whereas O seems to replace H during oxidation process when 

the samples are exposed to air. Some trace amounts of light and heavy elements were also 

found in the film (Ar≈ 0.2 at.% and Fe ≈ 0.05 at.%). They have performed in-situ 

illumination of the samples during the compositional analysis in a high vacuum 

environment (base pressure ≈ 1x10-8 mbar), and the results demonstrate that the induced 

reversible photochromism is not linked to any detectable change in the composition of the 

film (≥ 1.1 at. %), and can thus it can take place even in a high-vacuum environment. 

However, given the limitation of the stoichiometric quantification by ToF-E ERDA, there 

is a need to try to verify correlation of even minor possible changes in composition of H 

and O (≤ 1.1 at.%) while triggering photochromism in the films. 
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II. Project plan  

 
As a major goal, photochromic YHO thin films will be studied before and after 

illumination with two main ion-based analytical techniques: Elastic Recoil Detection 

Analysis (EBS – for oxygen quantification) and Nuclear Reaction Analysis (NRA – for 

hydrogen investigation) with the advantage over ToF-E ERDA to have a higher isotope-

sensitive quantification limit. 

Moreover, photochromic YHO film will be characterized also by Rutherford Backscattering 

Spectrometry (RBS) using 2.0 MeV He+ beam aiming to know the total areal thickness of 

the film.  

The next part will be to depth-profile with high-resolution the oxygen and hydrogen from 

the surface until the bulk of the sample. To do so, EBS using the 16O(a,a0)16O elastic 

resonance at 3.037 MeV will be selected as the analytical ion-beam based method for 

oxygen-profiling [5], whereas NRA using the 1H(15N,αγ)12C nuclear reaction at 6.385 MeV 

will be selected for hydrogen depth-profiling [6]. These measurements will be carried out 

at the beam-line T-1 of the Tandem accelerator. All the detection electronics of beam-line 

T-1 will be tested as well. 

Additionally, as we will depth-profile O and H before, during and after light-illumination 

in order to in-situ investigate possible changes in their concentrations, a blue-lamp 

(wavelength ≈ 400 nm) close to the scattering chamber view-port will be installed. 

As final results, we should be able to compare the data from the first and second EBS and 

NRA scans in order to understand whether there is or not any exchange of small amounts 

of either O or H during the photochromic process. 
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III. Ion Beam Analysis 

 
Commonly referred by IBA, it includes many modern analytical techniques using 

energetic ion beams to probe different characteristics and properties on a thin layer sample. 

It provides a quantitative analysis which are iterative and self-consistent with the family of 

different techniques (RBS, EBS, ERDA, PIXIE and NRA) and each one of them features 

advantages and limitations describes in the Fig. 2 and their experimental setup on Fig. 1. 

 

 
 

 
 
 
 

 
 
 
 

 
Technique 

 

 
Pros 

 
Cons 

 
RBS 

 

Film composition in thickness, 

porosity and roughness 

Limited to heavy element in 

light matrix 

 
EBS 

 

High sensitivity for some isotope and 

highly accurate deep profile 

Limited for one light 

element in a heavy matrix 

 
ERDA 

 

Depth-profile for almost all elements 

including the light ones 

Limited depth-resolution 

and range 

 
PIXIE 

 

Good sensitivity for trace-element and 

good separation for nearby elements 

Limited by poor depth 

resolution 

 
NRA 

 

Very good isotopes sensitivity and 

highly accurate depth profile 

Limited to one element 

 

Fig. 1 Experimental figures for RBS (same for EBS) (a), ERDA (b), NRA (c) and PIXIE (d). 
[7] 

Fig. 2 IBA Advantages and limitations table 
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During the project, RBS, EBS and NRA will be focused on, with RBS as introduction and 

initiation on how to operate different IBA measurement on Tandem’s particle accelerator. 

Thereafter only EBS and NRA will be used in order to get the characterization needed for 

the project. 

 

IV. Experimental method and work 

 
1) Rutherford Backscattering and Elastic Backscattering Spectroscopy 

 

Rutherford backscattering spectrometry named after Lord Rutherford, who was 

among the father of nuclear physics, was first discovered back in the early 20th when he 

supervised a series of experiments studying the scattering of α-particle on metal foils 

carried out by 2 of his physicists, Hans Geiger and Ernest Marsden.The actual 

backscattering properties was indeed the result of the experience of Marsden. Suggested 

by Rutherford, he moved the detector onto the same side as the α-particle, and detected 

a backscattering signal from the foil. 

Later on, Rutherford said: “It was quite the most incredible event that has ever happened 

to me in my life. It was almost as incredible as if you fired a 15-inch shell at a piece of 

tissue paper and it came back and hit you.” [8] 

Since then, backscattering spectroscopy using ion beams with energies in the MeV range 

has been used for different accurate characterization in material science, such as 

stoichiometry determination, elemental areal density and impurities distribution in thin 

films. By measuring the number and energies of the backscattering ions from the sample, 

it allows us to identify the atomic mass of the sample and its distribution of target 

elements as a function of depth below the surface. 

  

 
 

 
 
 
 
 

Fig. 3 Basic backscattering spectrometry with the experimental 
geometry on the top and the backscattering spectrum on the 
bottom for the two elements compound (AmBn) thin film. 
(illustration from the Handbook of modern ion beam material 
analysis) [9]. 
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An illustration of this technique of analysis used on ideal case of a two elements thin 

film is shown in the Fig. 3. In this example we have uniform composition on a low mass 

substrate. 

Ions coming from the particle accelerator will elastically scatter from the target sample 

with specific energy characteristic of the mass of the hit particle with a light loss of 

energy by passing into and out of the film material. The different energies of the 

backscattered ions appear on the spectrum as channel number which is normally linearly 

related to the backscattered ion energy E1. On the spectrum will also appears nearly flat-

topped peaks for each element present in the film with their width linked to the energy 

loss of the ion in the thin film. 

The film element can be identified by inserting the measured energies (Ea1,Eb1) of the 

high energy side edge of the peaks into : 

 Ki = Eia / E0                                                     (1) 

Leading to the kinematic factor K for the ith element with E0 the incident ion initial 

kinetic energy. K will be given by:  

K = [ ( ( M22  – M21 sin2q )1/2 + M1 cos q ) / ( M1 + M2 ) ]2               (2) 

Where q  is the experimental angle through which the incident angle is being scattered 

and M1 and M2 the respective masses of the incident and target particles with M2 being 

the only unknown valor of our equation since E0,q  and M1 are usually known. By 

determining M2 the target element is identified. 

 
One thing that is important to determine is the areal density (Nt) of the target, in atom 

per unit area, it can be determined for each ith element with: 

(Nt)I = ( Ai cos q1 ) / ( Q W si(E,q) )                             (3) 

Being known values the detector solid angle W, the integrated peak count Ai for Q 

incident ions and the calculated cross section si(E,q).   

The cross section that can be measured by knowing how many scatterings occurs during 

the collision of two beams of particles, is a very important factor that play a main role 

in differencing the 2 different type of IBA that are RBS and EBS. Indeed, both are 

elastic back scattering but for RBS the cross section is explained by Coulomb interaction 

forces that are making the incident ion hitting more or less the target following the 

energy of the ion and only within a certain range of energy (≈2MeV). Experimental 

measurement shown that at both low and high energy, the cross section cannot be 

explained by Coulomb interaction forces anymore for all targets.  
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The low energy deviates from Rutherford’s cross section is caused by a partial screening 

of the nuclear charges by the electron shells surrounding both nuclei and several studies 

have been made to investigate it. [L’Ecuyer et al. (1979), Wenzel and Whaling (1952)]. 

The high energy deviates from Rutherford’s cross section is caused by the presence of 

short-range nuclear forces on which recent studies have been made and these energies 

departures from Rutherford behavior can be seen in the Fig.  4.   

  

 
 
 
 

The straight lines represent the limits separating Rutherford’s behavior region below 

and non-Rutherford above. 

In this case, the IBA is referred as EBS and the term is used when the incident particle 

is going so fast that it exceeds the “Coulomb barrier “of the target nucleus. Given the 

Rutherford’s point of charge approximation being not exact anymore, Schrödinger’s 

equation will have to be solved to obtain the scattering cross section. 

 

Fig. 4 Energy at which the cross-section deviates by >4% from Rutherford at 160° £ q £ 180° 
(from Bozoian 1991)[10] 
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In this non-Rutherford scenario, another phenomenon called resonance is considered. It 

is in particle physics, an extremely short-lived phenomenon associated with subatomic 

particles called hadrons decaying via the strong nuclear force. Involving the scattering 

cross-section of a particle that can be measured by knowing how many scatterings 

occurs during the collision of two beams of particle, it can be understood as the excited 

level or bound state of two colliding particles. If there is not such state, the particles 

bounce from each other indifferently and the cross-section graph as a function of energy 

will have no peaks. But if this state exists, then the particles stay stuck to each other 

leading to an increased cross-section value. The two particles stay in such state for some 

time before separating leading to a typical Gaussian like shape of peak, with the width 

given by the rate of decay Γ=1/𝜏.	This scenario is happening for different systems: two 

atoms chemical bonding temporary (to fix it forever, they have to lose energy somehow), 

an atom and a photon, in the elastic scattering and a particle and another particle, whose 

energy is enough to make some third intermediate particle and so on. 

 

	

By plotting the cross-section as a function of the particle total energy, peaks and valleys 

can be observed on the graph Fig. 5. The resonance energy can here be observed around 

3.037MeV for 16O scattered by α-particle at 170°. The phenomenon is dependent of the 

two incident particles. 

Fig. 5 Example of 16O scattered by α-particle at 170° . Data retrieved from the IBANDL database, 
IAEA, 2019 at http://www-nds.iaea.org/ibandl/.  
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The underlying physics below the resonance follows the quantum mechanical nature of 

nuclear scattering and reaction with the particle wave function. Given the Schrodinger 

equation:  

Hψ = Eψ                                                          (4) 

Where H is the Hamiltonian of the system given by: 

H = - ħ
$

%&
 + V(r,θ,φ)                                                                           (5) 

H will be a function of three parameters (r,θ,φ) :  

ψ(r,θ,φ) = I(r) . W(θ) . Q(φ)                                                                    (6) 

 Considering an angular distribution expanded in a Legendre polynomial W series:                             

W(θ) + ∑ 𝐴)𝑃)) (𝑐𝑜𝑠	θ)                                              (7) 

And knowing that the detector subtends a finite solid angle, reaction products emitted 

at a range of angle will be detected and gives an angular distribution:  

W(θ) = ∑ 𝑄)𝐴)𝑃)) (𝑐𝑜𝑠	θ)                                            (8) 

with 𝑄) dependent on the detector geometry only. 

It makes the resonance also dependent of the angle parameters. 

 

2) Nuclear Reaction Analysis 

  

Nuclear reaction analysis is a nuclear method able to give quantitative determination 

and depth profiling for one element and its isotopes. Similar to RBS in the energy loss 

process of charged particles in solids, it is mainly used in the depth profiling of light 

elements such as hydrogen whereas RBS is used for heavier elements only due to his 

disability while targeting low mass elements. Hydrogen is often invisible in most 

modern analytical probes. 

Identifying the hydrogen is important because it can have dramatic effects on the 

electrical, mechanical and chemical properties of some materials. 

 

 

 

 

 

 Fig. 6. Principle of NRA, the intensity of gamma 
radiation for a known kinetic energy of 15N above the 
threshold energy of 6.385MeV is correlated with the 
depth of Hydrogen [11]. 
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The nuclear reaction happens under resonance conditions when the target is hit by a 

selected nucleus at higher kinetic energy than this specific resonance energy. It results 

a target nucleus at an excited state which will immediately decay with an emission of 

ionizing radiation Fig. 6.  

 

 
 
 
 
 

With the kinetic energy of the projected nucleus and the stopping power in the film 

known, we can obtain the depth information of the sample. For the nuclear reaction to 

happen, the incident nucleus energy needs to be higher than the resonance energy of the 

target due to the slowing down during the penetration of the sample, thus each different 

kinetical energy will correspond to a depth where the reaction occurs shown on Fig. 7. 

To profile hydrogen with an energetic 15N ion beam with a resonance of 6.385MeV 

written 1H(15N, αγ)12C is  
15N + 1H → 12C + α + γ                                         (9) 

The reaction is inelastic because the Q-value is not null, it equals 4.965MeV. In 

comparison, RBS reactions have a Q-value equals to zero, so are called elastic.  

In this NRA, the γ-ray that is emitted is characteristic of the reaction and the number 

detected at any incident energy will be proportional to the hydrogen concentration at 

each depth of the sample. So, the Hydrogen depth profile is measured by scanning the 

incident beam energy. 

The overall close to the surface content ρ of a thin layer of isotope is determined in an 

approximation of surface energy from:  

N = ( N0 W  s(E0) ρ ) / ( cos α )                               (10) 

Fig. 7. Schematic representation of resonant NRA depth profiling showing that 
increase of beam energy moves the resonant region deeper into the material [12]     
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With N being the number of counts in the reaction product peak, N0 the number of 

incident particles, W the detector solid angle, s(E0) the reaction cross section at incident 

energy E0, ρ the number of nuclei per cm2 and α the angle incidence. However, this 

approximation is valid under the condition that the energy loss in the layer is small 

enough that it is making the cross section staying constant. 

 

3) Detector and electronic tests 

 

The T1 beam line being has the main purpose to perform NRA analysis for H depth-

profiles with γ-detection. Therefore, the solid-state detector (SSD) used for RBS/EBS is 

not frequently used, thus some logistic tests had to be made to verify if all its electronics 

were working fine and most importantly if the SSD detector used during EBS to detect 

the back scattered ions was fully efficient, accurate and with a good resolution. The 

setup is shown in Fig. 8. 

 

 
  

 

An Americium 241 radioactive source was used as testing sample to check the pre-

amplifier, the amplifier and SSD resolution and efficiency. Alongside with this, all the 

manipulation command of opening/closing the shuttle and sample moving/rotating 

machine was also checked. 

Fig. 8. Pictures of the T1 beam line setup with in (a) the left of the chamber with from the top to the 
bottom the SSD + PreAmplifier, the incident ion beam tube and the camera. In (b) the Amplifier and 
screen giving visual feedback from the inside of the chamber.     

(a) 

(b) 
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The data acquisition Fig. 9 showed very positive results with everything working fine. 

  
 

Indeed, all the machines were working fine and with different bias tested, it turned out 

the best bias is +40V (with a leakage current of 0.75µA) and a full width at half 

maximum @40V of 3.4 channels corresponding to ≈ 20KeV. 

On the spectrum, different peaks are identifiable and their precision give us information 

on the good resolution of the detector. These peaks correspond to the radioactive decay 

of this source, that are mainly α-decays with energies of 5.486MeV for 85% of the time, 

5.443MeV for 13% of the time and 5.389MeV for the last 2% of the time. These % 

probability correspond to the areal density under the peaks. There is also emission of   a 

weak gamma ray byproduct of 59.5409KeV. This reaction is written:  

                       (11) 

 

4) Time resolved photochromic bleaching 

 

Alongside with the quantitative analysis with EBS and NRA, a qualitative analysis 

will be realized through the realization of a time resolved series of pictures showing the 

bleaching process of two YHO thin films after being photo darkened. One sample 

named sample 1 #Air (a) will be exposed in ambient conditions of pressure and 

temperature while another sample from the same origin named sample 2 #High-vacuum 

(b) will be put inside of the beam line chamber at 10-8 mbar. Both, represented on Fig. 

10, will be darkened by our blue UV lamp for 3 days before cutting the illumination and 

Fig. 9. 241Am spectrum with the α-decay emission peaks      
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process into taking photos every two hours for both samples to be able to study and 

compare the bleaching time between these two different conditions. 

The sample 2 #High-vacuum will also be used for NRA and EBS before and after 

illumination. 

 
 
 

V. Results 

 
1) Time resolved photochromic bleaching 

 
 

      The time resolved series of pictures gives us the qualitative result that something is 

definitively happening since the bleaching process is much slower in high vacuum, it 

shows a reaction in the film faster in air and it is correlated to our study of compositional 

exchange of oxygen in the film. One can clearly see that 28hours after stopping the 

illumination, the sample in air fully bleached already whereas in high vacuum the 

sample still shows bleached dark color. 

Fig. 10. Photos of the two samples used during the project      

Fig. 11. Time resolved photos of YOH in air vs in high-vacuum      

(a) (b) 
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The very interesting discovery from these pics it that in high vacuum, the sample that is 

also used for EBS had some very dark beam spot damage observable on the second pic 

but throughout the bleaching process, these beam spots are disappearing. It seems that 

the sample is somehow recovering from the ion induced damage. 

Previous study with sample damaged from RBS/EBS that were pulled out from the 

chamber for the bleaching process still show the dark beam spot damage, indicating that 

this recovery happens only if the damaged sample stay in high vacuum. 

 

2) Oxygen exchange quantification 

 

Different steps of energy where chosen to perform the EBS measurement on our 

YHO sample. Given our chamber setup geometry and our scattering situation which are 
16O scattered by α-particle at 170°, IBANDL was used with SigmaCalc to determine the 

resonance energy of the oxygen which is found to be around 3.037MeV. 

The plan is to measure the concentration of oxygen before and after the illumination 

with EBS at energy corresponding to different layers of the film. Starting with 3.037Mev 

which will correspond to the surface of the film and following with steps at 3.047Mev, 

3.067Mev and 3.097Mev.  

These different energies used in the EBS will allow us to get spectra of layers 

composition with a focus on the oxygen that will be shown as a broad peak due to the 

resonance state created at these energies. 

During the measurement of the sample after illumination, some technical problems were 

encountered leading to some primary spectrum being not precise noticeable on Fig. 13 

(a) and (b). 

 

 
 Fig. 13. (a) EBS 3.037MeV primary spectrum then (b) with current correction at 35nA, 15nA and 5nA.    

(a) (b) 
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Indeed, a drift on the Yttrium high energy side edge was observed and was not supposed 

to exist under right condition. This drift needed to be considered because of the impact 

it can have on the precision of the oxygen peak.  

The amplifier and pre-amplifier were double checked and the current was decreased to 

observe if it was related to some electromagnetic loading of the sample and it turned out 

that the sample was not grounded enough to the sample holder to avoid this kind of 

unwanted interaction that can make the sample repulse a little bit away from the sample 

holder creating anomalies in the acquisition. 

Following EBS measurements were run with the correction of grounding the sample 

better to the sample holder with conductive copper tape and better spectrum were 

acquired. Measurement for each energy step was made on the photo-darkened sample 

at T1 beam line, then after the total bleaching of it, new EBS at same energy step were 

run on fully bleached sample at T4-1 another beam line. 

On the Fig. 14, the spectrum analyzed with SimNRA for the two first steps of energies 

before and after illumination. 

 

 
 
 

 
 
 
These spectra were fitted but it was very hard to fine tune “perfect fit” without knowing 

the evolution of the hydrogen within the sample since EBS cannot give good detection 

of Hydrogen due to his light mass, so the study of it has been made utilizing NRA. 

 
3) Hydrogen exchange investigation 

(d) 

(c) 

Fig. 14. EBS fit with SimNRA for the two first energy steps 3037KeV before (a) and 
after illumination (b) and 3047KeV before (c) and after illumination (d).     

(a) 

(b) 
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NRA was needed for an accurate evaluation of the Hydrogen profile throughout the 

film, and it was performed at T1 using the γ-resonance energy of 6.385MeV 15N beam 

with a γ emission of 4.965MeV.  

With the data from the NRA, a table with values of γ, C.I (Current intensity) and energy 

was acquired allowing us to plot the results shown in Fig. 15. The Hydrogen profile of 

the film, as a function of energy corresponding to the depth of the layer in the film, 

could be accurately determined and therefore used self-consistently with another IBA 

techniques (RBS and EBS). 

 

 
 

 

This fit tells us that the evolution of the Hydrogen concentration throughout the film 

stay constant around 0.20[norm. yield].  

This conclusion is an important result and it help us now to fine tune the EBS data better 

by correctly setting the Hydrogen concentration constant in each layer of the sample 

simulated in the SimNRA during the EBS fits. 

 

4) Final fits 

 

With the uncertainties of the Hydrogen concentration throughout the film settled, 

new very precisely fine-tuned spectrum was realized with SimNRA + SigmaCalc Fig. 

16 (a). On the next figure Fig. 16 (b), it is clearly observable that each resonance 

energies correspond to a layer of depth in the film and that the areal density of the peak 

corresponding to the Oxygen concentration is variating.  

Fig. 15. NRA fit of Hydrogen evolution inside of the film showing that the amount of 
Hydrogen stays constant from the surface throughout the depth of the film       
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From the fit of Fig. 17, it is clearly noticeable that the areal density under the peak after 

illumination is reduced compared to the one before illumination, leading us to have 

quantitative result of Oxygen exchange during the photochromic effect in this layer 

since the areal density of the peak represents the Oxygen concentration. 

 

 
 
 
 

From these fits, it is noticeable that the areal density under the peak after illumination is 

reduced compared to the one before illumination, leading us to have strong indications 

of some Oxygen exchange during the photochromic effect in this layer, since the areal 

density of the peak represents the Oxygen concentration. 

With the rest of the spectra from energies corresponding to deeper layers, Oxygen 

exchange was less noticeable leading us to state that most of the exchange is happening 

on the very surface of the film only, and it can be shown in the depth-profiling graph 

presented in Fig 18. 

Fig. 16. Final EBS fit at 3.037MeV before illumination (a) 
and for all energy steps on a common graph (b).     

Fig. 17. EBS fit comparison between before and after illumination for 3.037MeV (very surface layer). 
On (a) we can see that our simulated fit is very close to the experimental one and on (b) the areal 
density difference is calculated with integral of the peaks 

(a) (b) 
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The depth profiling graph include the error bars considered by the accuracy of the 

simulated fit, but many other uncertainties can be discussed ... 

 

5) Discussion of uncertainties  

 

With the fact that the measurements were made within different days and in different 

chambers, there are many uncertainties aspect that need to be considered.  

Also, different parameters from the particle accelerator were checked and showed good 

conclusion: the uncertainties from the tesla meter is very low so the primary ion energy 

is very accurate, and the uncertainties from the deviating magnet are very low as well 

leading to a very good targeting of the sample.  

The uncertainties related to the resonance of the oxygen peak in the EBS analysis, which 

is strongly related to the energy calibration could have been checked with measurements 

on known resonance that can be done better in the future campaigns. 

The last but very important uncertainties come from the statistical counts and fit 

accuracy, that can be also further improved by longer measurement time in the future 

campaigns.  

 

VI. Conclusion and outlook 

 

Fig. 18. Oxygen depth profiling with EBS showing 
the ratio O/Y before and after illumination 



 20 

1) Conclusion  

 

Throughout the project, the main goal was to study possible compositional exchange 

with in situ EBS study of the Oxygen concentration in the film.  

Good qualitative results thanks to time resolved series of pics showed a different 

evolution of the bleaching process in air vs high vacuum (10-8 mbar), as well as 

compositional exchange was evidenced. In addition to this qualitative result, 

quantitative analysis with EBS were run on both before and after illumination samples 

showed a small variation of Oxygen concentration with a decrease mainly happening 

on the very surface layer after illumination of the film (on the order of 2.9 at.%, within 

2650 x 1015 at/cm2).  

During the project, a very interesting properties of our film was also observed. Indeed, 

the YHO film seems to recover from the ion induced damaged in high vacuum (see Fig. 

19. This phenomenon is found to happen only with the sample staying in high vacuum 

and opens doors for many future studies. 

 
 
 

 
2) Outlook 

 

This project being a success in achieving the expected goal, opens doors to many 

further studies of possible oxygen (or other element) exchange responsible for the 

photochromic effect in our YHO films. 

It will be needed to perform more EBS measurements to have better statistically accurate 

result alongside with scans closer to the surface of the film where Oxygen exchange is 

Fig. 19. Ion damage recovery on YHO film in high 
vacuum showed through a picture before (a), one after the 
sample was photo-darkened (b) and one once bleached (c) 

(a) (b) (c) 
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mainly happening, this can be achieved with smaller energy steps to investigate smaller 

layers on the surface.  

A stronger probing light will have to be used to optimize scan before and after 

illumination within one day to be able to have more identical experimental condition at 

the particle accelerator. During our project, three days separated us between the two 

series of EBS measurements because of the time of illumination needed with our blue 

lamp to fully darkened our sample. 

Samples with better and more suitable substrate need also to be considered. Our glass 

substrate was not very appropriate for studying the oxygen on our YHO film due to its 

composed element. 

Further discussion with our partner of the Institute for Energy Technology in Oslo to 

understand the origin of this Oxygen release during the photochromic process. 

And most importantly, further investigation and studies of the lattice properties of ion 

beam radiation damage recovery that can be exploited for many applications like 

radiation room windows. 
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