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ߙ ߙ⃗ ̿ܥߙ̅

𝐒𝐢܌ ܍𝐒𝐢𝐆܌
𝒊⃗⃗⃗⃗ࢋ 𝑬⃗⃗⃗⃗⃗⃗⃗⃗ࢊࢋ

𝒌𝒊⃗⃗ ⃗⃗ 𝒌⃗⃗ࢊ ⃗⃗ ⃗

⃗⃗࢘

⃗⃗⃗࢞ࢋ𝑮࢞ ⃗⃗⃗࢟ ࢠ⃗⃗

⊥ࢿ∥ࢿࢿ̅ࢻ̅
λ
λ

ࢤࢣ𝝈𝝎ࣇ 𝜦 𝜮
𝝎ࢤ





 

 

Introduction générale  



 

 

Introduction générale  



 

 

Introduction générale  



 

 

Introduction générale  



 

 

Enjeux contextuels et objectifs de la thèse  

 

 



 

 

Enjeux contextuels et objectifs de la thèse  

 

 



 

 

Enjeux contextuels et objectifs de la thèse  

 

 

 



 

 

Enjeux contextuels et objectifs de la thèse  



 

Contraintes locales et méthodes de mesure : état de l’art  

 

 



 

Contraintes locales et méthodes de mesure : état de l’art  
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Contraintes locales et méthodes de mesure : état de l’art  

ܸீ ௌሻ்ܸ ்ܸܸீ ௌ < ்்ܸܸ ௗ௦௔௧ܫ  ܸீ ௌ > ்ܸ
ௗ௦௔௧ܫ ைிிܫ  ைேܫ = ௗ௦௔௧ܫ

ௗ௦௔௧ܫ = ߤ ܮ௢௫ܹܥ ሺܸீ ௌ − ்ܸሻ²
 ߤ ௢௫ܥ



 

Contraintes locales et méthodes de mesure : état de l’art  

 

 ℛ௖ = ሺܽ⃗, ܾ⃗⃗, ܿ⃗ሻ ܽ⃗, ܾ⃗⃗, ܿ⃗
 ℛ௖ ܽ⃗, ܾ⃗⃗, ܿ⃗

 ሺℎ݈݇ሻ ሺܽ⃗, ܾ⃗⃗, ܿ⃗ሻ



 

Contraintes locales et méthodes de mesure : état de l’art  

[ͳͳͲ]  [ͳͳͲ][ͳ̅ͳͲ]  [ͲͲͳ]
ݔ⃗ = ͳ√ʹ [ͳͳͲ], ݕ⃗ = ͳ√ʹ [ͳ̅ͳͲ], ݖ⃗ = [ͲͲͳ]

 ℛ = ሺͲ, ,ݔ⃗ ,ݕ⃗ ሻݖ⃗



 

Contraintes locales et méthodes de mesure : état de l’art  

 

ௌ௜−ௌ௜݌   = ሺͳ − ሻ²ݔ  ௌ௜−ீ௘݌ = − ሺͳݔʹ ሻݔ  ௘−ீ௘ீ݌  = ²ܽௌ௜ݔ  = Ͳ,ͷͶ͵ͳ ݊݉ ܽீ௘ = Ͳ,ͷ͸ͷ͹݊݉

ܽௌ௜ீ௘ሺݔሻ = ሺͳ − ሻܽௌ௜଴ݔ + ௘଴ீܽݔ



 

Contraintes locales et méthodes de mesure : état de l’art  

ܽௌ௜ீ௘ሺݔሻ = ܽௌ௜ + Ͳ,ʹͲͷݔ + Ͳ,Ͳʹ͸͵ݔଶሺܣሶሻ

 

𝜎̅
𝜎

ሺ𝜎ሻߤ = ሺ𝜎ሻ∗݉ݍ߬
݉∗ ߬
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ݔ

~ͳͲ−ସ
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Contraintes mécaniques  

 

 

 

ݑ⃗⃗

௜௝ߝ = ͳʹ ቆ߲ݑ௜߲ߙ௝ + ௜ቇߙ௝߲ݑ߲
ℬ = ሺߙଵ⃗⃗⃗⃗⃗, ,ଶ⃗⃗⃗⃗⃗ߙ ଷ⃗⃗⃗⃗⃗ሻߙ



 

Contraintes mécaniques  

̿ߝ

ߝ ̿ = ଵଵߝ) ଵଶߝ ଶଵߝଵଷߝ ଶଶߝ ଷଵߝଶଷߝ ଷଶߝ (ଷଷߝ = ( 
   

ଵߙଵ߲ݑ߲ ͳʹ ଶߙଵ߲ݑ߲) + (ଵߙଶ߲ݑ߲ ͳʹ ଷߙଵ߲ݑ߲) + ʹଵ)ͳߙଷ߲ݑ߲ ଵߙଶ߲ݑ߲) + (ଶߙଵ߲ݑ߲ ଶߙଶ߲ݑ߲ ͳʹ ଷߙଶ߲ݑ߲) + ʹଶ)ͳߙଷ߲ݑ߲ ଵߙଷ߲ݑ߲) + (ଷߙଵ߲ݑ߲ ͳʹ ଶߙଷ߲ݑ߲) + (ଷߙଶ߲ݑ߲ ଷߙଷ߲ݑ߲ ) 
   

 𝜎̿
𝜎̿ = (𝜎ଵଵ 𝜎ଵଶ 𝜎ଵଷ𝜎ଶଵ 𝜎ଶଶ 𝜎ଶଷ𝜎ଷଵ 𝜎ଷଶ 𝜎ଷଷ)

௜௝ߝ = ௝௜ߝ 𝜎௜௝ ݐ݁  = 𝜎௝௜



 

Contraintes mécaniques  

 

𝜎௜௝ = ௟௞ߝ௜௝௞௟ܥ ௜௝ߝ ⟺  = ௜ܵ௝௞௟𝜎௟௞
,

 

 

ܵ௜௝௞௟ = ௝ܵ௜௞௟ = ܵ௜௝௟௞ = ௝ܵ௜௟௞ ௜௝௞௟ܥ ݐ݁  = ௝௜௞௟ܥ = ௜௝௟௞ܥ = ௝௜௟௞ܵ௜௝௞௟ܥ = ܵ௞௟௜௝ ݁ܥ ݐ௜௝௞௟ = ௞௟௜௝ܥ



 

Contraintes mécaniques  

௜௝ܥ = ( 
  
ܿଵଵ ܿଵଶ ܿଵଶ Ͳ Ͳ Ͳܿଵଶ ܿଵଵ ܿଵଶ Ͳ Ͳ Ͳܿଵଶ ܿଵଶ ܿଵଵ Ͳ Ͳ ͲͲ Ͳ Ͳ ܿସସ Ͳ ͲͲ Ͳ Ͳ Ͳ ܿସସ ͲͲ Ͳ Ͳ Ͳ Ͳ ܿସସ

   
) 
  

 ܵ̿̿ = ଵ−̿̿ܥ

{   
   ܿଵଵ = ଵଵݏ + ଵଵݏଵଶሺݏ − ଵଵݏଵଶሻሺݏ + ଵଶሻܿଵଶݏʹ = ଵଵݏଵଶሺݏ− − ଵଵݏଵଶሻሺݏ + ଵଶሻܿସସݏʹ = ͳݏସସ

ܿ௜௝ ௜௝ݏ 

(  
 𝜎ଵଵ𝜎ଶଶ𝜎ଷଷ𝜎ଶଷ𝜎ଵଷ𝜎ଵଶ)  

 =
( 
  
ܿଵଵ ܿଵଶ ܿଵଶ Ͳ Ͳ Ͳܿଵଶ ܿଵଵ ܿଵଶ Ͳ Ͳ Ͳܿଵଶ ܿଵଶ ܿଵଵ Ͳ Ͳ ͲͲ Ͳ Ͳ ܿସସ Ͳ ͲͲ Ͳ Ͳ Ͳ ܿସସ ͲͲ Ͳ Ͳ Ͳ Ͳ ܿସସ) 

  
(  
 (ଵଶߝʹଵଷߝʹଶଷߝʹଷଷߝଶଶߝଵଵߝ 

  

ܿସସ = ͳʹ ሺܿଵଵ − ܿଵଶሻ



 

Contraintes mécaniques  

 

ଶ⃗⃗⃗⃗⃗ߙ ,ଶଶߝ ଵଶߝ ଶ⃗⃗⃗⃗⃗ߙଶଷߝ
ߝ ̿ = ଵଵߝ) Ͳ ଵଷͲߝ Ͳ Ͳߝଷଵ Ͳ (ଷଷߝ

 

ଶ⃗⃗⃗⃗⃗ߙ
𝜎̿ = (𝜎ଵଵ Ͳ 𝜎ଵଷͲ Ͳ Ͳ𝜎ଷଵ Ͳ 𝜎ଷଷ)

 

ଶଶߝ = ଵଶߝ  = ଶଷߝ  = Ͳ𝜎ଵଶ = 𝜎ଶଷ = 𝜎ଶଶ = Ͳ
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ݔ⃗ ݕ⃗

′ݔ⃗} = ሺͳ + ݔ௫௫ሻ⃗ߝ + ݕ௫௬⃗ߝ + ′ݕ⃗ݖ௫௭⃗ߝ = ݔ௬௫⃗ߝ + ሺͳ + ݕ௬௬ሻ⃗ߝ + ݖ௫௭⃗ߝ
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∥ߝ = ܽௌ௜ − ܽௌ௜ீ௘ܽௌ௜ீ௘ܽௌ௜ ܽௌ௜ீ௘

௫௫ߝ} = ௬௬ߝ = ௫௬ߝ∥ߝ = ௬௫ߝ = Ͳ



 

Contraintes mécaniques  

௭௭ߝ ⊥ߝ
⊥ߝ = ଵଵݏଵଶݏʹ + ଵଶݏ ∥ߝ = −ʹܿଵଶܿଵଵ ∥ߝ

̿ߝ = ቌߝ∥ Ͳ ͲͲ ∥ߝ ͲͲ Ͳ ቍ⊥ߝ
 

𝜎

{ 
 𝜎 = ∥ߝ ͳݏଵଵ + ଵଶݏ = ∥ߝ ሺܿଵଵ − ܿଵଶሻሺܿଵଵ + ʹܿଵଶሻܿଵଵ𝜎 = ⊥ߝ ͳʹݏଵଶ = ⊥ߝ ሺܿଵଵ − ܿଵଶሻሺܿଵଵ + ʹܿଵଶሻ−ʹܿଵଶ

૚૚࢙ ૚૛࢙ ૝૝࢙ ૚૚ࢉ ૚૛ࢉ ૝૝ࢉ

𝜎 = 𝜎∥ = 𝜎௫ = 𝜎௬𝜎௭ = 𝜎⊥ = Ͳ  𝜎௫௬ = 𝜎௬௭ = 𝜎௫௭ = Ͳ



 

Contraintes mécaniques  

{ܿଵଵሺݔሻ = ܿଵଵௌ௜ − ͵͹,͵ܿݔଵଶሺݔሻ = ܿଵଶௌ௜ − ͳͷ,͸ܿݔସସሺݔሻ = ܿସସௌ௜ − ͳʹ,ͺݔ

ℛ௖
ℛ

௜௝[ଵଵ଴]ܥ =
( 
   
  
ܿଵଵ + ܿଵଶʹ + ܿସସ ܿଵଵ + ܿଵଶʹ − ܿସସ ܿଵଶ Ͳ Ͳ Ͳܿଵଵ + ܿଵଶʹ − ܿସସ ܿଵଵ + ܿଵଶʹ + ܿସସ ܿଵଶ Ͳ Ͳ Ͳܿଵଶ ܿଵଶ ܿଵଵ Ͳ Ͳ ͲͲ Ͳ Ͳ ܿସସ Ͳ ͲͲ Ͳ Ͳ Ͳ ܿସସ ͲͲ Ͳ Ͳ Ͳ Ͳ ܿଵଵ − ܿଵଶʹ ) 
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ܴ = ܽ∥ௌ௜ீ௘ − ܽௌ௜ܽௌ௜ீ௘ − ܽௌ௜ܽ∥ௌ௜ீ௘

 



 

Contraintes mécaniques  

௜ߜ = ܽ௜ௌ௜ீ௘ − ܽ଴ௌ௜ܽ଴ௌ௜ , 𝑖 = ,ݔ ,ݕ ݖ

௜ߝ = ܽ௜ௌ௜ீ௘ − ܽ଴ௌ௜ீ௘ܽ଴ௌ௜ீ௘ = ܽ଴ௌ௜ܽ଴ௌ௜ீ௘ ௜ߜ − ܽ଴ௌ௜ܽ଴ௌ௜ீ௘ ܽ଴ௌ௜ீ௘ − ܽ଴ௌ௜ܽ଴ௌ௜ , 𝑖 = ,ݔ ,ݕ ݖ
ܽ଴ௌ௜ீ௘

 

 



 

Contraintes mécaniques  

 

,ݔሺߝ̅ ,ݕ ሻݖ = ,ݔሺߝ̅ ሻݖ ,ݔ௬௬ሺߝ ,ݕ ሻݖ = ௬௬଴ߝ



 

Contraintes mécaniques  

𝝈૙

𝜎ሺݔ, ,ݕ ሻݖ = 𝜎଴ሺݔሻ√݂ଶሺݔሻ + ݂ଶሺݕሻ − ݂ሺݔሻ. ݂ሺݕሻ𝜎଴ ݂

݂ሺߙሻ = ͳ − ݁−√ଶ௄ఈ𝜋ℎ − ݁−√ଶ௄ሺ஽−ఈሻ𝜋ℎ
α
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.׏ ሺܥ௜௝௞௟ߝ௜௝ሻ + ߩ ௜݂ = Ͳ
௜݂ ߩ



 

Contraintes mécaniques  

ℛ஼ݖ⃗ = ሺͲ, [ͳͲͲ], [ͲͳͲ], [ͲͲͳ]ሻ ℛ = ሺͲ, [ͳͳͲ], [ͳͳ̅Ͳ], [ͲͲͳ]ሻ⃗ݔ ݕ⃗ ݖ⃗

 

௜ݑ = Ͳ

ݔ௜ሺݑ = Ͳሻ = ݔ௜ሺݑ = ሻ݌

ሻݔ௫ሺݑ = ݇ሺݔ − ሻܮʹ



 

Contraintes mécaniques  

𝜎௜௝ ௝݊ = Ͳ
 

૙|૛ࢿ૙|૚̅ࢿ̅ ૙࢞࢞ࢿ |૛ = ૙, ૚࢞࢞ࢿ૙ |૚
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ࣇ
 

𝒌⃗⃗⃗𝒊 𝒌⃗⃗⃗ࢊ
݇𝑖⃗⃗⃗⃗݇ௗ⃗⃗ ⃗⃗⃗

‖݇𝑖⃗⃗⃗⃗ ‖ = ‖݇ௗ⃗⃗ ⃗⃗⃗‖ = ͳߣ
λ
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𝒌⃗⃗⃗࡭ 𝒌⃗⃗⃗࡮

 

𝜽
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𝑖݊𝜃ݏ݀ʹ 
λ𝜃஻

ߣ = ʹ݀ℎ௞௟ sin 𝜃஻
݀ℎ௞௟ 

݀ℎ௞௟ = ܽ√ℎଶ + ݇ଶ + ݈²
 

𝜃 ߱

𝒌⃗⃗⃗𝒊 𝒌⃗⃗⃗ࢊ
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ܣ = ∫ .ሻݎሺ⃗ߩ ݁௜𝛿𝜙݀ଷݎ+∞
−∞

ሻݎሺ⃗ߩ 𝜙ߜ

𝒌⃗⃗⃗𝒊 𝒌⃗⃗⃗ࢊ

𝜙ߜ = ߙሺsin‖ݎ⃗‖ߣ + sinߚሻ = )‖ݎ⃗‖ߣ ݇ௗ⃗⃗ ⃗⃗⃗. ௗ⃗⃗݇‖‖ݎ⃗‖ݎ⃗ ⃗⃗⃗‖ − ݇𝑖⃗⃗⃗⃗ . 𝑖⃗⃗⃗⃗݇‖‖ݎ⃗‖ݎ⃗ ‖)



 

Evaluation de la diffraction de rayons-X haute résolution pour la caractérisation des 

déformations 
 

ݍ⃗ 
ݍ⃗ = ݇ௗ⃗⃗ ⃗⃗⃗ − ݇𝑖⃗⃗⃗⃗

𝜙ߜ = .ݍ⃗ ݎ⃗
ݍ⃗
ሻݍሺ⃗ܣ = ∫ .ሻݎሺ⃗ߩ ݁௜௤⃗⃗.௥⃗݀ଷݎ+∞

−∞ = ሻሻݎሺ⃗ߩሺܨܶ
 

ሻݎሺ⃗ߩ ሻݎ௝ሺ⃗ߩ∑= ∗ ݎሺ⃗ߜ − ௝ሻேݎ⃗
௝

ሻݍሺ⃗ܣ = (ሻݎሺ⃗ߩ)ܨܶ = ܨܶ ቀߩ௝ሺ⃗ݎሻቁ .∑݁௜௤⃗⃗.௥𝑗⃗⃗⃗⃗ே
௝ =∑ ௝݂ሺ⃗ݍሻ݁௜௤⃗⃗.௥𝑗⃗⃗⃗⃗ே

௝
௝݂ሺ⃗ݍሻ
‖݇݀⃗⃗⃗ ⃗‖ = ‖݇𝑖⃗⃗⃗‖



 

Evaluation de la diffraction de rayons-X haute résolution pour la caractérisation des 

déformations 
 

ሻݍሺ⃗ܫ ∝ ሻ|ଶݍ଴ሺ⃗ܣ| |∑ ௝݂ሺ⃗ݍሻ݁௜௤⃗⃗.௥𝑗⃗⃗⃗⃗ே
௝ |ଶ = ଴ሺܴሻܫ |∑ ௝݂ሺ⃗ݍሻ݁௜௤⃗⃗.௥𝑗⃗⃗⃗⃗ே

௝ |ଶ
 

ሻݍሺ⃗ܫ ∝ ଴ሺܴሻܫ |∑∑ ௝݂ሺ⃗ݍሻ݁௜௤⃗⃗.ሺ௥𝑗⃗⃗⃗⃗ +௥೘⃗⃗ ⃗⃗ ⃗⃗ ሻ௡
௝

ெ
௠ |ଶ ∝ ଴ሺܴሻܫ |∑݁௜௤⃗⃗.௥೘⃗⃗ ⃗⃗ ⃗⃗ெ

௠ |ଶ |∑ ௝݂ሺ⃗ݍሻ݁௜௤⃗⃗.௥𝑗⃗⃗⃗⃗௡
௝ |ଶ

ሺܴሻܫ ∝ ሻ|ଶݍሺ⃗ܮ|ሻ|ଶݍሺ⃗ܨ|଴ሺܴሻܫ
ଵܯ ଶܯ⃗ܽ ܾ⃗⃗ ଷܯ ܿ⃗݁௜௤ೣ⃗⃗ ⃗⃗ ⃗.௔⃗⃗ ݁௜௤೤⃗⃗⃗⃗⃗⃗ .௕⃗⃗ ݁௜௤೥⃗⃗ ⃗⃗ ⃗.௖⃗

ሻݍሺ⃗ܫ ∝ sin²ሺܯߨଵݍ௫ܽሻsin²ሺݍߨ௫ܽሻ sin²ሺܯߨଶݍ௬ܾሻsin²ሺݍߨ௬ܾሻ sin²ሺܯߨଷݍ௭ܿሻsin²ሺݍߨ௭ܿሻ
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𝑖⃗⃗⃗⃗ݍ
,ܣሺܫ ,௜ݍ ܰሻ ∝ ܣ sin²ሺݍܰߨ௜ሻsin²ሺݍߨ௜ሻ

 

  ℛ௖ = ሺܽ⃗, ܾ⃗⃗, ܿ⃗ሻℛ௖∗ = ሺܽ⃗∗, ܾ⃗⃗∗, ܿ⃗∗ሻ
ܽ⃗. ܽ⃗∗ = ܾ⃗⃗. ܾ⃗⃗∗ = ܿ⃗. ܿ⃗∗ = ͳ

ℎ⃗⃗ℎ௞௟  
ℎ⃗⃗ℎ௞௟ = ℎܽ⃗∗ + ܾ݇⃗⃗∗ + ݈ܿ⃗∗

 ℎ⃗⃗ℎ௞௟
݀ℎ௞௟

‖ℎ⃗⃗ℎ௞௟‖ = ͳ݀ℎ௞௟



 

Evaluation de la diffraction de rayons-X haute résolution pour la caractérisation des 

déformations 
 

 ℎߥ ݍ⃗
ݍ⃗

ߣ 
ݍ⃗ 

ℎ⃗⃗
ℎ⃗⃗ℎ௞௟ = ݇ௗ⃗⃗ ⃗⃗⃗ − ݇𝑖⃗⃗⃗⃗ = ݍ⃗
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 ሺℎ, ݇, ݈ሻሺݍ௫, ,௬ݍ ௭ሻݍ
 ℛ௖ ℛ

ሺℎ, ݇, ݈ሻ ℛ𝑐 = ሺݍ௫ܽௌ௜, ,௬ܽௌ௜ݍ ,௭ܽௌ௜ሻ ሺℎݍ ݇, ݈ሻℛ = ሺʹ√ʹ ݍ௫ܽௌ௜, ,௬ܽௌ௜ݍ ʹ√ʹ  ௭ܽௌ௜ሻݍ
 ሺݍ௫, ,௬ݍ ௭ሻݍ

 

ሺͲͲ݈ሻ  ݍ௭⃗⃗⃗⃗⃗⃗ ௫⃗⃗ݍ  ⃗⃗⃗⃗  ሺͲͲ݈ሻ̅ ሺℎ݈݇ሻݍ௫ ௫⃗⃗⃗⃗⃗ݍ ௭⃗⃗⃗⃗⃗ ሺℎ݈݇̅ሻݍ ሺℎ݈̅݇ሻ  ሺℎ݈̅݇̅ሻ
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ߣ 
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∆݀݀ = ߣߣ∆ + Δ𝜃݊ܽݐ𝜃஻
∆λ

∆θ

 

 

,ఈଵܭ  ఉܭ  ఈଶܭ
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,૚ࢻࡷ  ࢼࡷ ૛ࢻࡷ

ݔ 
 

ఈܭ 

 

ࢻࡷ
 ૚૙−૛/૚૙−૜

 

,૚ࢻࡷ ૚ࢻࡷ૛ࢻࡷ ૚ࢻࡷ૛𝝀ࢻࡷ , 𝝀ࢻࡷ૛
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 

 

 ߱ 

 ʹ𝜃 

 ߮
 ߯ ߮

߱ ʹ𝜃
߱ ʹ𝜃

 

ߝ߂ ͳͲ−ହ
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 

ߣ
ߨ ௧ܮ 

࢚ࡸ 𝝀
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௧ܮ = ܴܵߣ

 

 Δߣ/ߣ
௟ܮ = ߣଶΔߣ

 

. 

 ૚̅૚̅૞ ૚૚૞

tanߙ ≅ 𝜆ଶ௅𝑡 ≅ ௌ/ଶோ
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݇𝑖⃗⃗⃗⃗݇ௗ⃗⃗ ݍ⃗⃗⃗⃗
߱ 𝜃 ݍ௫⃗⃗⃗⃗⃗ ݔ௭⃗⃗⃗⃗⃗⃗ݍ ௭߱ݍ ௫ݍ௬⃗⃗⃗⃗⃗ݍ 𝜃

௫ݍ} = ߣʹ sinሺ𝜃ሻ sinሺ𝜃 − ߱ሻݍ௭ = ߣʹ sinሺ𝜃ሻ cosሺ𝜃 − ߱ሻ
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 𝝎 ૛𝜽 ૛𝜽 − 𝝎 ࢠࢗ ࢞ࢗ
 𝝎− ࢔𝒂ࢉ࢙ 𝝎
 ૛𝜽 − ࢔𝒂ࢉ࢙ ʹ𝜃
 ૛𝜽 −𝝎− ࢔𝒂ࢉ࢙ ߙ∆ = ߱ − ͳ⁄ʹ ∗ ʹ𝜃
 ࢗ − ࢔𝒂ࢉ࢙
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ߙ∆

⃗⃗࢟ࢗ ⃗⃗⃗
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 

 

 
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 

 

 
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ሻݍሺ⃗ܣ =∑∑ ௡݂ሺ⃗ݍሻ݁௜௤⃗⃗.ሺ௥೙⃗⃗⃗⃗⃗+௠௣ሻே
௡

ெ
௠ ேெܣ∑=

௠ ሺ⃗ݍሻ݁௜௤ೣ௠௣ = ሻ∑݁௜௤ೣ௠௣ெݍேሺ⃗ܣ
௠
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 ݁௜௤ೣ௠௣
ሻݍሺ⃗ܫ = ሻ|²ݍሺ⃗ܣ| = ሻ|²ݍேሺ⃗ܣ| ቆsinሺଵଶݍܯ௫݌ሻsinሺଵଶݍ௫݌ሻ ቇଶ

௫ݍ = ݇݌ , ݇ א ℤ



 

Evaluation de la diffraction de rayons-X haute résolution pour la caractérisation des 

déformations 
 

ࢠࢗ = ૠ, ૛૝ ࢓࢔−૚

௠௜௡݌
௠௔௫݌ 

்ܮ ≫ ݌
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݌ = ͳ∆ݍ௜௦௔௧௘௟௟௜௧௘௦

 

ℎ⃗⃗ߜ = ℎ′⃗⃗⃗⃗ − ℎ⃗⃗ = ߘ− ቀℎ⃗⃗. ሻ⃗⃗ݎሺݑ ⃗⃗ ⃗⃗ ⃗⃗ ⃗ቁ
ሻ⃗⃗ݎሺݑ  ⃗⃗ ⃗⃗ ⃗⃗ ߝ⃗ ̿  ߱̿

ℎ⃗⃗ߜ = −ℎ⃗⃗(ߝ௝௜ + ௝߱௜) = ሺ−ߝ௜௝ +߱௜௝ሻℎ⃗⃗

ℎ⃗⃗ߜ = ℎ⃗⃗ௗé௙௢௥௠௔௧௜௢௡ߜ + ℎ⃗⃗௥௢௧௔௧௜௢௡ߜ
߱௜௝ = −߱௜௝
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ℎ⃗⃗ௗé௙௢௥௠௔௧௜௢௡ߜ = ̿.ߝ− ℎ⃗⃗

ℎ⃗⃗ௗé௙௢௥௠௔௧௜௢௡ߜ = −ቌߝ௫௫ℎ௫ + ௫௬ℎ௬ߝ + ௫௬ℎ௫ߝ௫௭ℎ௭ߝ + ௬௬ℎ௬ߝ + ௫௭ℎ௫ߝ௬௭ℎ௭ߝ + ௬௭ℎ௬ߝ + ௭௭ℎ௭ቍߝ

௭⃗⃗⃗⃗⃗ݍ ௫⃗⃗⃗⃗⃗ݍ௭⃗⃗⃗⃗⃗ݍ 
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//ߝ ௭௭ℎ௫ߝ   ℎ௬  ℎ௭
ሺߜℎ⃗⃗⃗⃗⃗ሻௗé௙௢௥௠é = −ቌߝ//ℎ௫ߝ//ℎ௬ߝ௭௭ℎ௭ቍ

ℎ௫ ≅ Ͳ
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⃗⃗࢟ࢗ ⃗⃗⃗⃗⃗ࢠࢗ⃗⃗⃗
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 

 
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déformations 
 

௭௭ߝ௭௥௘௙ݍ௭௭ߝ ௫௥௘௙ݍ௫௭ߝ ≫ ௫௭ߝ ௫௥௘௙ݍ ≅ Ͳ
௭௭ߝ = ௭ௌ௜ீ௘"ݍ − ௭ௌ௜ீ௘ݍ௭ௌ௜ீ௘ݍ = ݁ܩ𝑖ݖܵ"ݍ௭ௌ௜ீ௘ݍ௭ௌ௜ீ௘ݍߜ ݁ܩ𝑖ݖܵݍ

ࢠࢗ ≅ ૠ, ૛૞ ࢓࢔−૚ ࢞ࢗ ≅ ૙ ࢓࢔−૚

ℎ⃗⃗

௜ߜ = ௭ௌ௜ீ௘"ݍ − ௜ௌ௜ݍ௜ௌ௜ݍ = Δݍ௜ௌ௜ீ௘ݍ௜ௌ௜ , 𝑖 = ,ݔ ,ݕ ݖ
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ݎ⃗ ݑ⃗⃗
′⃗⃗࢘ ′⃗⃗࢘ = ݎ⃗ + ݑ⃗⃗

ሻݍሺ⃗ܣ = ∫ .ሻݎሺ⃗ߩ ݁௜௤⃗⃗.⃗⃗࢘′݀ଷݎ+∞
−∞ = ∫ .ሻݎሺ⃗ߩ ݁௜௤⃗⃗.ሺ௥⃗+௨⃗⃗⃗ ሻ݀ଷݎ+∞

−∞ܳ⃗⃗ℎ௞௟(⃗ݍ − ܳ⃗⃗ℎ௞௟). ݑ⃗⃗ → Ͳ
݁௜௤⃗⃗.ሺ௥⃗+௨⃗⃗⃗ሻ~݁௜௤⃗⃗.௥⃗݁௜ொ⃗⃗ℎೖ೗.௨⃗⃗⃗ 

ሻݍሺ⃗ܣ = ∫ ሺߩሺ⃗ݎሻ݁௜ொ⃗⃗ℎೖ೗.௥⃗ሻ݁௜௤⃗⃗.௥⃗݀ଷݎ+∞
−∞ ∝ ܨܶ [ሻ݁௜ொ⃗⃗ℎೖ೗.௨⃗⃗⃗ݎሺ⃗ߩ]

௜݈ߜ௜ܮ ௜ݍ∆ ௜ݍߜ



 

Evaluation de la diffraction de rayons-X haute résolution pour la caractérisation des 

déformations 
 

௜ݍ∆ = ଵ𝛿௟೔ ௜ݍߜ = ଵ௅೔

 

 

ݑ⃗⃗ݎ⃗
 

′⃗⃗࢘
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 

 

 
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૚̅૚̅૞
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 

 
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 

 
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≅ =≅

૚̅૚̅૞

௫ݍ ≠ Ͳ
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ͳ̅ͳ̅ͷ ͳ̅ͳ̅ͷ≫
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૚̅૚̅૞૚̅૚̅૞
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஻|ۄ௫௫ߝۃ = −Ͳ,͵ͻ % ஺|ۄ௫௫ߝۃ = Ͳ,͵ͳ %ߝۃ௭௭ۄ|஺ = ʹ,ͳͲ %ߝۃ௭௭ۄ|஻ = ʹ,͵ͳ %
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 ͳ̅ͳ̅
 

 
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±

 
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 
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ͲͲͶ ͳ̅ͳ̅૞
ͳ̅ͳ̅૞

௭଴଴ସݍ ≅ ͹,͵͸ ݊݉−ଵ ௭ଵଵହݍ  ≅ ͻ,ʹͳ ݊݉−ଵͳ̅ͳ̅ ௭଴଴ସݍ ≅ ͹,ʹͶͷ ݊݉−ଵ ݍ௭ଵଵହ ≅ ͻ,Ͳͷ ݊݉−ଵ
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𝜎௬ = Ͳ; ߝ௬௬ ≠ Ͳ𝜎௬ ≠ Ͳ; ߝ௬ = Ͳ
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૚̅૚̅૞
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૙૙૝ ૚̅૚̅૞ࢠࢠࢿࢾ ࢞࢞ࢿࢾ ࢠࢠࢿࢾ
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Evaluation de la diffraction de rayons-X haute résolution pour la caractérisation des 

déformations 
 



 

Enjeux de la caractérisation par spectroscopie Raman  

 

 

 

ݍ⃗ ν ν

݉஺ ݉஻ ߤ = ௠ಲ௠ಳ௠ಲ+௠ಳ



 

Enjeux de la caractérisation par spectroscopie Raman  

 −ߥ
λ π/ ߥ+ +ߥ  = ଵ√ଶ𝜋√௞µ



 

Enjeux de la caractérisation par spectroscopie Raman  

 ሺߥ, ሻݍ

૙ < ࢗ < 𝝅𝒂 ࢗ = 𝝅𝒂
 

 

 

 

ℎߥ௤ ݍ⃗
߭ௗ  = ௤߭ ± ߥ  ݇⃗⃗ௗ  =  ݇⃗⃗௜  ± νݍ⃗ ≫ ߭௤ሺ‖݇⃗⃗௜‖ ≅ ‖݇⃗⃗ௗ‖ሻ‖⃗ݍ‖ ≅ Ͳ
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 

 

ሺ݇ = ሻ߁
λ



 

Enjeux de la caractérisation par spectroscopie Raman  

ௌ௜ீ௘𝛤మܧ

ௌ௜ீ௘𝛤మܧ  ሺݔሻ = Ͷ,ʹ − Ͷ,͸ݔ + ʹ,Ͷݔଶܸ݁ ሺʹͻͷܭሻ

ௌ௜ீ௘𝛤భܧ

ௌ௜ைమ𝛤మܧ



 

Enjeux de la caractérisation par spectroscopie Raman  

𝑬ࡿ𝒊𝑮ࢣࢋ૚ 𝑬ࡿ𝒊𝑮ࢣࢋ૛𝑬ࡿ𝒊𝑮ࢣࢋ૚
𝑬ࡿ𝒊𝑮ࢣࢋ૛

ߙ̅  ℛ⃗⃗ܲܧ⃗⃗ = ሺͲ, ,ݔ⃗ ,ݕ⃗ ሻݖ⃗ α

ܲ⃗⃗ = ܧ⃗⃗ߙ̿ = ௫௫ߙ) ௫௬ߙ ௬௫ߙ௫௭ߙ ௬௬ߙ ௭௫ߙ௬௭ߙ ௭௬ߙ (௭௭ߙ ܧ⃗⃗
௜ߥ ܧ⃗⃗ ଴⃗⃗⃗⃗⃗ܧ=  cosሺ݇𝑖⃗⃗⃗⃗ . ݎ⃗  − ሻܳ⃗⃗ݐ௜߭ߨʹ   =  ܳ଴⃗⃗ ⃗⃗ ⃗ cosሺ݇𝑖⃗⃗⃗⃗ . ݎ⃗  − ሻݐ௜߭ߨʹ 

௜௝ߙ = ௜௝଴ߙ + ܳߜ௜௝ߙߜ |଴ܳ



 

Enjeux de la caractérisation par spectroscopie Raman  

ܲ⃗⃗ = ଴⃗⃗⃗⃗⃗ܧ௜௝଴ߙ cos(݇𝑖⃗⃗⃗⃗ . ݎ⃗ − +(ݐߥߨʹ ͳʹ ܳߜ௜௝ߙߜ |଴ܳ଴⃗⃗ܧ଴[cosሺ(݇⃗⃗௜ + .(ݍ⃗ ݎ⃗ − ߥ)ߨʹ − +ݐ(௤ߥ cosሺ(݇⃗⃗௜ − .(ݍ⃗ ݎ⃗ − ߥ)ߨʹ − [ݐ(௤ߥ

𝛿ఈ೔ೕ𝛿ொ |଴

ߙ̅

 ܴ௞ ݇ א [ͳ ∶ ͵]
ℛ = ሺͲ, [ͳͲͲ], [ͲͳͲ], [ͲͲͳ]ሻ

ܴ௫̿̿̿̿ = (Ͳ Ͳ ͲͲ Ͳ ݀Ͳ ݀ Ͳ) , ܴ௬̿̿̿̿ = (Ͳ Ͳ ݀Ͳ Ͳ Ͳ݀ Ͳ Ͳ) , ܴ௭̿̿ ̿ = (Ͳ ݀ Ͳ݀ Ͳ ͲͲ Ͳ Ͳ) ℛ′ =ሺͲ, ݔ⃗ = [ͳͳͲ], ݕ⃗ = [ͳͳ̅Ͳ], ݖ⃗ = [ͲͲͳ]ሻ
ܴ௫̿̿̿̿ = ͳ√ʹ(Ͳ Ͳ ݀Ͳ Ͳ ݀݀ ݀ Ͳ) , ܴ௬̿̿̿̿ = ͳ√ʹ( Ͳ Ͳ −݀Ͳ Ͳ ݀−݀ ݀ Ͳ ) , ܴ௭̿̿ ̿ = (Ͳ ݀ Ͳ݀ Ͳ ͲͲ Ͳ Ͳ)



 

Enjeux de la caractérisation par spectroscopie Raman  

݀ = 𝛿ఈ೔ೕ𝛿ொ

௞ோ ሺ݇ܫ א [ͳ: ͵]ሻ
௞ோܫ = .଴|݁ௗ⃗⃗⃗⃗⃗ܫ ܴ௞̿̿̿̿ . ݁𝑖⃗⃗⃗ ⃗|ଶܥ

 ݁ௗ⃗⃗⃗⃗⃗ ݁𝑖⃗⃗⃗ ⃗

݁𝑖⃗⃗ ⃗ ݁ௗ⃗⃗⃗⃗⃗ ଵܫ ଶܫ ଷሺͳͲͲሻܫ ሺͳͲͲሻሺͳͲͲሻ ሺͲͳͲሻሺͲͳͲሻ ሺͲͳͲሻሺͳͳ̅Ͳሻ ሺͳͳ̅ͲሻሺͳͳͲሻ ሺͳͳ̅ͲሻሺͳͳͲሻ ሺͳͳͲሻ

 ܴ௭
 

ω𝜎 ߣ
ω ߨ ߣ 

ω 𝜎
ω
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߱଴
ω ω

૛𝒈ࢀ ω
ω ω

𝛚𝐒𝐢−𝐒𝐢 ≅ ૞૙૙ ܋𝐦−૚ሻ 𝛚𝐒𝐢−𝐆܍ ≅ ૝૙૙ ܋𝐦−૚ሻ 𝛚𝐆܍−𝐆܍ ≅૜૙૙ ܋𝐦−૚ሻ
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ௌ௜−ௌ௜݌ = ሺͳ − ሻ²ݔ  ௌ௜−ீ௘݌ = − ሺͳݔʹ ሻݔ  ௘−ீ௘ீ݌  = ²ݔ 

{ 
ௌ௜−ீ௘ௌ௜−ௌ௜ߛ  = ௌ௜−ீ௘ܫௌ௜−ௌ௜ܫ = ܣ ሺͳ − ௌ௜−ீ௘ீ௘−ீ௘ߛݔʹሻݔ = ௌ௜−ீ௘ܫ௘−ீ௘ீܫ = ܤ ሺͳʹݔ − ሻݔ

 

 

.ߤ ሷݑ ௜ = −ቌܭ௜௜ ݑ௜ ௝௝,௞,௟ݑ௞௟ߝ௜௝௞௟ܭ∑+ ቍ
௜௜ܭ௜ݑ ௜௝௞௟ܭ  = ௞௟ߝ ௞௟ߝߜ/௜௝ܭߜ

݌ = ߤ௜௜௜௜ܭ , ݍ = ߤ௜௜௝௝ܭ ݎ ݐ݁  = ߤ௜௝௜௝ܭ
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−૚, ૡ૞ ± ૙, ૙૟𝝎૙૛ −૙, ૝ૠ ± ૙, ૙૟𝝎૙૛−૛, ૜૚ ± ૙, ૙૟𝝎૙૛ −૙, ૟૛ ± ૙, ૙૟𝝎૙૛−૙, ૠ૚ ± ૙, ૙૛𝝎૙૛ −૙, ૡૠ ± ૙, ૙૛𝝎૙૛
߱௞

|∆݇ሺߝሻ̅ − |ܫߣ = Ͳ
∆݇ሺߝሻ̅̿̿ܭ

∆݇ሺߝሻ̿ = ቌ߳݌ଵଵ + ଶଶߝሺݍ + ଷଷሻߝ ଵଶߝݎʹ ଶଵߝݎʹଵଷߝݎʹ ଶଶ߳݌ + ଷଷߝሺݍ + ଵଵሻߝ ଷଵߝݎʹଶଷߝݎʹ ଷଶߝݎʹ ଷଷ߳݌ + ଵଵߝሺݍ + ଶଶሻቍߝ

௞ߣ  =  ߱௞ଶ − ߱଴ଶ
௞߱߂  =  ߱௞  − ߱଴ ௞ߣ

Δ߱௞ = ௞ʹ߱଴ߣ
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{ 
 Δ߱ଵ = Δ߱ଶ = ଶʹ߱଴ߣ = ͳʹ߱଴ ݌ሺ∥ߝ] + ሻݍ + Δ߱ଷ[⊥ߝݍ = ଷʹ߱଴ߣ = ͳʹ߱଴ ∥ߝݍʹ] + [⊥ߝ݌ ߱ଷ

 

߱ௌ௜−ௌ௜ௌ௜ீ௘ ሺݔ, ሻ∥ߝ = ߱ௌ௜−ௌ௜ௌ௜ீ௘ ሺݔሻ + Δ߱ௌ௜−ௌ௜ௌ௜ீ௘ ሺߝ∥ሻ

Δ߱ሺݔ, ሻ∥ߝ = ߱ௌ௜−ௌ௜ௌ௜ீ௘ ሺݔ, ሻ∥ߝ − ߱଴ௌ௜ = −ܽௌ௜−ௌ௜ௌ௜ீ௘ ݔ + ௌܾ௜−ௌ௜ௌ௜ீ௘ ∥ߝ
ௌܾ௜−ௌ௜ௌ௜ீ௘ܽௌ௜−ௌ௜ௌ௜ீ௘

ௌܾ௜−ௌ௜ௌ௜ீ௘
ௌܾ௜−ௌ௜ௌ௜ீ௘ = ͳʹ߱଴ ଵଵܥଵଶܥʹ−) ݌ + (ݍʹ
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ܽௌ௜−ௌ௜ௌ௜ீ௘
 

 

 

 

 

 
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 

ܺ⃗ ܻ⃗⃗ ܼ⃗
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ߜ߂
Δߜ = ͳ,ʹʹܱܰߣ

λ

 

ሻݖሺܫ = ଴݁− ସ𝜋௞𝜆ܫ ௭
ܫ ଴ܫ ߣ

λ ( ). 

݀ = ߙ͵,ʹ = ݇ߨͶߣ͵,ʹ
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ߙ

[145] 
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 

 
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߱ߜ = Ͳ ܿ݉−ଵ
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ܵ𝑖 మ்𝑔 Δ߱ௌ௜−ௌ௜ܵ𝑖 మ்𝑔 ௌ௜−ௌ௜ௌ௜𝑇మ𝑔Δ߱ௌ௜−ௌ௜ߛ

݃ʹ𝑖−ܵ𝑖ܵ𝑖ܶܵߛ = 𝑖−ܵ𝑖ܵܫ݃ʹ𝑖ܶܵܫ
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𝝎ࢾ
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ଶܶ௚

 

 

 

ଶܶ௚
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∥ߝ
{ωSi−Si = ωSi−Si଴ − aSi−Six + bSi−Siɂ∥        ωSi−Ge  = ωSi−Ge଴,x→଴ − aSi−Gex + bSi−Geɂ∥   ωGe−Ge = ωGe−Ge଴ − aGe−Gex + bGe−Geɂ∥

ωଡ଼−ଢ଼ωଡ଼−ଢ଼଴ Tଶg  ωSi−Ge଴,x→଴
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aଡ଼−ଢ଼ ߱ௌ௜−ௌ௜
Δ߱ௌ௜−ௌ௜்௢௧௔௟௘௠௘௡௧ ௥௘௟௔௫éሺݔሻ = −aSi−Siݔ = −͸ʹݔ

∥ߝ

Δ ௌ߱௜−ௌ௜௉௦௘௨ௗ௢௠௢௥௣ℎ௜௤௨௘ሺݔሻ = −aSi−Six + bSi−Siɂ∥ = −͵Ͳݔ
bSi−SibSi−Si

Δ߱ௌ௜−ௌ௜௥௘௟௔௫éሺݔ, ሻ∥ߝ = −aSi−Six + bSi−Siɂ∥ = −͸ʹݔ − ͺͷͲߝ∥
 

∥ߝ = Ͳ
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∆݇ሺߝሻ̅

 

 

~
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 

 
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aSi−Si bSi−Si
{Δ߱ௌ௜−ௌ௜்௢௧௔௟௘௠௘௡௧ ௥௘௟௔௖ℎéሺݔሻ = −asi−Siݔ = −͸͵±ଵ,ଵݔ                      Δ ௌ߱௜−ௌ௜௉௦௘௨ௗ௢௠௢௥௣ℎ௜௤௨௘ሺݔሻ = −ܽSi−Six + bSi−Siɂ∥ = −͵Ͳ±଴,9ݔ   Δ߱ௌ௜−ௌ௜௥௘௟௔௖ℎéሺݔ, ሻ∥ߝ = −aSi−Six + bSi−Siɂ∥ = −͸͵±ଵ,ଵݔ − ͺͷͲߝ∥

±Ͳ,͸ % ±Ͳ,͵ %
 a Plasma Si Si-Si Si-Ge Ge-Ge b %Ge Déformation (%) 

Ecarts de position2 (cm-1) 0,06 0,10 0,06 0,60 1,21 Ecarts 0,3 0,012 𝝈

±
σ
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±
Ɂx < Ͳ,Ͳʹ x଴ x଴ + Ɂx

ௌ௜−ௌ௜ௌ௜−ீ௘ߛ   = ISi−Ge/ ISi−Si ∝ AɁx  
 

ௌ௜−ௌ௜ௌ௜−ீ௘ߛ
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ௌ௜−ௌ௜ௌ௜−ீ௘ߛ

∆𝛚𝐒𝐢−𝐒𝐢܍𝐱𝐩 ࢋ𝒊−𝑮ࡿ𝒊ࡿ−𝒊ࡿࢽ

ۄௌ௜ௌ௜߱∆ۃ = Ͳ,Ͳ͸ܿ݉−ଵ
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ۄௌ௜ௌ௜߱∆ۃ = Ͳ,ͳͺܿ݉−ଵ
ௌ௜−ௌ௜ௌ௜−ீ௘ߛ ∆ωSi−Si

∆𝛚𝐒𝐢−𝐒𝐢܍𝐱𝐩

~͵ ݊݉~ͺ ݊݉
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∆𝛚𝐒𝐢−𝐒𝐢܍𝐱𝐩

~
±Ͳ,ʹ 
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஺/஻|ۄ௫௫ߝ∆ۃ = −Ͳ,͵ͻ % ஺/஻|ۄ௭௭ߝ∆ۃ = −Ͳ,ʹͳ %
஺/஻|ۄௌ௜−ௌ௜߱∆ۃ

஺/஻|ۄௌ௜−ௌ௜߱∆ۃ

஺/஻ଵ଴଴଴௡௠|ۄௌ௜−ௌ௜߱∆ۃ = ͳ,͹ܿ݉−ଵۃ∆߱ௌ௜−ௌ௜ۄ|஺/஻ହ଴଴௡௠ = Ͳ,ʹܿ݉−ଵ
஺/஻ଵ଴଴଴௡௠|ۄௌ௜−ௌ௜߱∆ۃ
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Enjeux de la caractérisation par spectroscopie Raman  

~͵µ݉

∆߱ௌ௜−ௌ௜௠௔௫ = Ͳ,͵±଴,ସଶ ܿ݉−ଵ Ͳ,Ͷʹ ܿ݉−ଵ
ܵ𝑖்ଶ௚ 
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∆߱ௌ௜−ௌ௜௠௔௫ = ʹ±଴,ଷଷ ܿ݉−ଵ

௥ܮ
∆ ௌ߱௜−ௌ௜௫=௅𝑟 = | ௌ߱௜−ௌ௜௫=௅𝑟 −߱ௌ௜−ௌ௜௠௔௫ | = Ͳ,ͳ|߱ௌ௜−ௌ௜௠௜௡ −߱ௌ௜−ௌ௜௠௔௫ | = Ͳ,ͳ∆߱ௌ௜−ௌ௜௠௔௫
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Contrôle industriel des contraintes en microélectronique  
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 

~ͷͲ µ݉ ݔ ͷͲ µ݉
 

 ʹ𝜃
 
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࢔𝒊࢓ࣙ࢔𝒊࢓ࣙ ࢞𝒂࢓ࣙ
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૚૚̅̅̅̅ ૚૚̅̅ ࢞࢞ࢿࢾ૚ሻ−࢓࢔ሺ ࢠࢗࢾ૚ሻ−࢓࢔ሺ ࢞ࢗࢾ̅̅ ࢠࢠࢿࢾ>
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௫⃗⃗⃗⃗⃗ݍ ௭⃗⃗⃗⃗⃗ݍ

૚૚̅̅̅̅ ૚૚̅̅ ̅̅𝝈ሺ࢞ࢗሻ ሺ࢓࢔−૚ሻ𝝈ሺࢠࢗሻ ሺ࢓࢔−૚ሻ𝝈ሺ࢞࢞ࢿሻ𝝈ሺࢠࢠࢿሻ
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૚૚̅̅̅̅
௫⃗⃗⃗⃗⃗ݍ ௭⃗⃗⃗⃗⃗ݍ

૚૚̅̅̅̅ ૚૚̅̅ ̅̅𝝈ሺ𝚫࢞ࢗሻ ሺ࢓࢔−૚ሻ𝝈ሺ𝚫ࢠࢗሻ ሺ࢓࢔−૚ሻ𝝈ሺ𝚫࢞࢞ࢿሻ𝝈ሺ𝚫ࢠࢠࢿሻ૚૚̅̅̅̅
ͳͳ̅̅̅̅ ௭⃗⃗⃗⃗⃗ݍ

ͳ̅ͳ̅ͷͳ̅ͳ̅ͷ
 

௭⃗⃗⃗⃗⃗ͳ̅ͳ̅ͷݍ௫⃗⃗⃗⃗⃗ݍ
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,௫ௌ௜ݍ ௭ௌ௜ݍ ௭଴ݍ௫ሺݍ∆௫⃗⃗⃗⃗⃗ݍ ௭ݍ∆ ௭଴ݍ ௭଴ݍ

࢞𝑸ࢾ ࢠ𝑸ࢾ ࢠ𝑸࢞𝑸ࢾ
௭⃗⃗⃗⃗⃗ݍ௫⃗⃗⃗⃗⃗ݍ

௫⃗⃗⃗⃗⃗ݍ ௭⃗⃗⃗⃗⃗ݍ

௭଴ሻݍ௫ሺܳߜ :°Ͳ,ͲͲ͹ͷ~ߚ = ௭଴ݍ) − (௭ௌ௜ݍ ∗ ߚ = ∆ܳ௭଴ ∗ Ͳ,ͲͲ͹ͷ
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𝜎

𝝈

λ ≈ ≈
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௭⃗⃗⃗⃗⃗ݍ ௫⃗⃗⃗⃗⃗ݍ
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 ग૚

 ग૛

 ग૜
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ℳଵ ℳଶ

ℳଵℳଷ ℳଶ

 

௜݌ 
Υ ௜ܣ 

௜ݔ
,௜ݔ௜ሺߦ ,ଵ݌ … , ெ݌ , ,ଵܣ … , Υሻܣ = ௜ሻݔ௜௠௘௦௨௥௘ሺݕ − ,௜ݔ௜௠௢ௗè௟௘ሺݕ ,ଵ݌ … , ெ݌ , ,ଵܣ … , ௜ߴΥሻܣ
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௜௠௘௦௨௥௘ݕ ௜௠௢ௗè௟௘ݕ ௜ߴ ௜ݔ

ࣈ

௜ߴ
,௜ݔ௜ሺߴ ,ଵ݌ … , ெ݌ , ,ଵܣ … , Υሻ²ܣ = ௜ሻݔ௜௠௘௦௨௥௘ሺݕ ∗ ,௜ݔ௜௠௢ௗè௟௘ሺݕ ,ଵ݌ … , ெ݌ , ,ଵܣ … , Υሻܣ

χ
χ

߯ሺݔ௜, ,ଵ݌ … , ெ݌ , ,ଵܣ … , Υሻଶܣ ,௜ݔ௜ሺߦ∑= ,ଵ݌ … , ெ݌ , ,ଵܣ … , Υሻ²ேܣ
௜=ଵ ௜݌
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௜݌
 ߯ଶ ≼ ߯ଶ௠௜௡
 

 

߯ଶ
߯ଶ߯ଶ ߯ଶ

௜௠௢ௗè௟௘ݕ ௜݌
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௜݌ߜ

𝒊࢖ࢾ𝒊࢖

߯ଶ

ℳଵ ℳଶ
ℳଷ
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𝒊࢖∆𝒊࢖
߯²
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Δ݌௜

 
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ࣈ

 

߯ଶ

߯௡ଶ = ͳͲͲ߯ଶ − ߯௠௜௡ଶ߯௠௔௫ଶ
²߯ߞ ߯௡ଶ
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𝝌࢔૛
 

𝝌² 𝒊࢖ 𝒊+૚࢖

߬
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߬𝛴݌௜ ߬Π
߬𝛴² ௜ଶெ݌∑=

௜ Πெ߬ ݐ݁  ௜ெ݌∏=
௜

𝝉𝜮 𝝉𝚷𝝌࢔૛
 

 

௘ீݔ
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௘ீݔߙ ݁ܩݔ = ͵Ͳ % ߙ = ͻͲ°݁ = ͵Ͳ݊݉ ݈ = ͳͲͲ݊݉

૚̅૚̅૞𝝌࢔૛

௘଴଴ସீݔ = ͵ͳ,Ͷ % ͳ̅ͳ̅ͷ ௘ଵ̅ଵ̅ହீݔ =͵ͳ,ʹ % ௘ଵ̅ଵ̅ହீݔ = ͵ͳ %
௘ீݔ = ͵Ͳ %

௘଴଴ସீݔ = ͵ͳ,ʹ  % ͳ̅ͳ̅ͷீݔ௘ଵ̅ଵ̅ହ = ͵Ͳ,ͺ  % ͳ̅ͳ̅ͷͳ̅ͳ̅ͷ
௘ீݔ = ͵ͳ,ʹ %
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௘ீݔ  = ͵ͳ,ʹ %
௘ீݔ ௘ீݔ = ͵ͳ,ʹ %

௘ீݔ ௘ீݔ = ͶͲ %ீݔ௘߯ଶ 

±Ͳ,͵ °

𝝌² ૚̅૚̅૞ࢻ ߙ = ͷͲ °߯²
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߯²

૚̅૚̅૞

ࢻ ࢻ
ߙ௘߯²ீݔ = ͸ͳ °
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଴݌ ௠݌

 

௘ீݔ ߙ

𝝌²࢔
௘ீݔ = ʹͻ  % ߙ = ͺͳ ° ܪ = ͵Ͷ ݊݉ ℎ = ͻ ݊݉ a =͸͹ nm a = ͸͸ nm
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௘ீݔ

𝝌²࢔ 𝝌²࢔
߯ଶ௡

߯ଶ௡
௘ீݔ

૚̅૚̅૞ ૚̅૚̅૞𝝌૛࢔



 

Contrôle industriel des contraintes en microélectronique  
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 ℳଵ
 ͳ̅ͳ̅ͷ

૚̅૚̅૞
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௭௭ߝߜ

ͳ̅ͳ̅ͷ

૚̅૚̅૞
૚̅૚̅૞
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ℳଷ

௭௭ߝ∆ = Ͳ,Ͷͷ % ௫௫ߝ∆ = Ͳ,ͻͷ %Ͳ,Ͳͷ %

૚̅૚̅૞ ૚̅૚̅૞૚̅૚̅૞
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ℳଵ

ℳଷℳଵ
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ℳଵ

 

ℳଵ ℳଷℳଷℳଵ 

૚̅૚̅૞
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ℳଶ
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ℳଵ
ℳଷ
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ͳ̅ͳ̅ͷ
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𝒊࢖ 𝒊࢖ࢾ
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Annexes  

 

 

 𝕷 𝜎 ω

𝔏ሺ߱,߱଴, ,଴ܫ 𝜎ሻ = ଴ܫ 𝜎ሺ߱ − ߱଴ሻଶ + 𝜎²
 𝓖 𝜎 ω

𝒢ሺ߱,߱଴, ,଴ܫ 𝜎ሻ = ߨʹ√଴𝜎ܫ ݁−ሺ𝜔−𝜔బሻమଶ𝜎²
 𝒱 ߙ

𝒱ሺ߱,߱଴, ,଴ܫ 𝜎, ሻߙ = ,𝔏ሺ߱ߙ ߱଴, ,଴ܫ 𝜎ሻ + ሺͳ − ,ሻ𝒢ሺ߱,߱଴ߙ ,଴ܫ 𝜎ሻ
 ख𝒂 ܰ ω

ℒ௔ሺ߱,߱଴, ,଴ܫ 𝜎ሻ = ଴ܰ²ܫ sinሺܰߨሺ߱ − ߱଴ሻሻsinሺߨሺ߱ −߱଴ሻሻܰ
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 

ሺ݊ሻ݌ = ܰ௡݁−ே݊!
 

𝜴࢞
 

ℛ଴ = ሺͲ, ,ݔ⃗ ,ݕ⃗ ሻℛଵݖ⃗ = ሺͲ, ⃗⃗"ݔ ⃗⃗ , ⃗⃗"ݕ ⃗⃗ , ⃗⃗⃗⃗"ݖ ሻ
ܴ̿ሺ𝜃, 𝜙ሻ = ( 𝜙ݏ݋ܿ 𝜃ݏ݋ܿ 𝑖݊𝜙ݏ 𝜃ݏ݋ܿ− 𝑖݊𝜙ݏ𝑖݊𝜃ݏ 𝜙ݏ݋ܿ Ͳ−ݏ𝑖݊𝜃 ܿݏ݋𝜙 𝑖݊𝜙ݏ 𝑖݊𝜃ݏ (𝜃ݏ݋ܿ

θ ℛ଴ℛଵ
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𝓡૚ = ሺ૙, ,⃗⃗⃗⃗⃗"࢞ ,⃗⃗⃗⃗⃗"࢟ ⃗⃗⃗⃗"ࢠ ሻ 𝓡૙ = ሺ૙, ,⃗⃗⃗࢞ ,⃗⃗⃗࢟ ሻࢠ⃗⃗ 𝜽, ࣘ
θ

ܴ̿ሺ𝜃ሻ = ( 𝜃 Ͳݏ݋ܿ 𝑖݊𝜃Ͳݏ ͳ Ͳ−ݏ𝑖݊𝜃 Ͳ (𝜃ݏ݋ܿ , ܴ̿ሺ𝜙ሻ = 𝜙ݏ݋ܿ) 𝑖݊𝜙ݏ− Ͳݏ𝑖݊𝜙 𝜙ݏ݋ܿ ͲͲ Ͳ ͳ)
,ݔ]  ,ݕ [ݖ

௖̿௥௜௦௧௔௟ߝ = ܴ̿. ̿.ߝ ்ܴ̿

[ଵ଴଴̿]ߝ = ቌߝ௫ Ͳ ͲͲ ௬ߝ ͲͲ Ͳ ௭ቍߝ , [ଵଵ଴̿]ߝ = (ܲ/ʹ ܲ/ʹ Ͳܲ/ʹ ܲ/ʹ ͲͲ Ͳ (௭ߝ

ܴ̿ሺ𝜙ሻ =
( 
   

cos𝜙 ² sin𝜙 ² Ͳ Ͳ Ͳ ʹ sin𝜙 cos𝜙sin𝜙 ² cos𝜙 ² Ͳ Ͳ Ͳ −ʹ sin𝜙 cos𝜙Ͳ Ͳ ͳ Ͳ Ͳ ͲͲ Ͳ Ͳ cos𝜙 sin𝜙 ͲͲ Ͳ Ͳ − sin𝜙 cos𝜙 Ͳ−sin𝜙 cos𝜙 sin𝜙 cos𝜙 Ͳ Ͳ Ͳ cos𝜙ଶ − sin𝜙 ²) 
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ܴ̿ሺ𝜃ሻ = (  
 ͳ Ͳ Ͳ Ͳ Ͳ ͲͲ cos𝜃 ² sin𝜃 ² ʹ cos 𝜃 sin𝜃 Ͳ ͲͲ cos𝜃 ² cos 𝜃 ² −ʹcos 𝜃 sin 𝜃 Ͳ ͲͲ −sin 𝜃 cos 𝜃 sin𝜃 cos𝜃 cos 𝜃 ² − sin𝜃 ² Ͳ ͲͲ Ͳ Ͳ Ͳ cos 𝜃 −sin𝜃Ͳ Ͳ Ͳ Ͳ sin𝜃 cos𝜃 ) 

  

 

ℎ⃗⃗௥௢௧௔௧௜௢௡ߜ = ߱̅. ℎ⃗⃗ = ቌ߱௫௭ℎ௭ −߱௫௬ℎ௬߱௬௫ℎ௫ −߱௬௭ℎ௭߱௭௬ℎ௬ −߱௭௫ℎ௫ቍ
߱௜௝ ߱̅

߱௜௝ = ͳʹ ቆݑߜ௜ݔߜ௝ − ௜ቇݔߜ௝ݑߜ

Ω௫  Ω௬  Ω௭
ሺߜℎ⃗⃗ሻ௥௢௧௔௧௜௢௡ = .௫௬௭ߗ ℎ⃗⃗ − ℎ⃗⃗ = ቌ Ͳ Ω௭ߜ− Ω௭ߜΩ௬ߜ Ͳ Ω௬ߜ−Ω௫ߜ− Ω௫ߜ Ͳ ቍ . ℎ⃗⃗

ሺߜℎ⃗⃗ሻ௥௢௧௔௧௜௢௡ = ℎ′⃗⃗⃗⃗ − ℎ⃗⃗ = Ω௜௝ . ℎ⃗⃗ = ቌߜΩ௫ߜΩ௬ߜΩ௭ቍ ∧ ℎ⃗⃗
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ሺߜℎ⃗⃗ሻ௥௢௧௔௧௜௢௡

𝛀࢞
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௫ݍ௫⃗⃗⃗⃗⃗Δݍ

Ω௫ = tan−ଵ Δݍ௫Δq௫ℎ௞௟ ~ Δݍ௫Δq௫ℎ௞௟
௫⃗⃗⃗⃗⃗ݍ

Ω௫tanΩ௫ ~Ω௫
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ߣ
𝜎ሺݔ, ,ܮ ,ߣ ሻݔ = 𝜎଴ሺݔሻሺͳ − ݁−௫𝜆 − ݁௫−௅𝜆 + ݁−௅𝜆 ሻ
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૚̅૚̅૞

߮଴ߣ௥௢௧
߮ሺݔ, ߮଴, ,௥௢௧ߣ ሻܮ = ߮଴ (݁−௫−௅ ଶ⁄𝜆𝑟೚𝑡 − ݁−௫−௅ ଶ⁄𝜆𝑟೚𝑡 )

{  
௫௥௢௧ݑ   = ∫ ሺcos߮ሺݏ, ߮଴, ௥௢௧ߣ , ሻܮ − ͳሻ݀ݏ௫−௅ ଶ⁄଴ݑ௭௥௢௧ = ∫ sin߮ሺݏ, ߮଴, ,௥௢௧ߣ ሻܮ ௫−௅ݏ݀ ଶ⁄଴

૚̅૚̅૞
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′௫ߝ ሺݔ, ሻݕ = ,ݔ௫ሺߝ ሻݕ + .ߤ ሺݕ − ݁ʹሻ
ߤ

૚̅૚̅૞

Ͳ,ͲͶ±଴,଴଴7 %Ͳ,ͲͶ±଴,଴଴ଵ %
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