
PHS 3210 - Spectroscopie

Chapitre 7

Spectroscopie des solides
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Région du spectre
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Spectroscopie des solides (excitations 
électroniques, vibrationnelles, spins, …)
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Incidente sur un solide, la lumière de longueur d’onde λ est partiellement ou totalement 
réfléchie, réfractée, absorbée, diffusée et transmise.

La réflexion et la réfraction sont déterminées par l’indice de réfraction et l’absorption est 
déterminée par le coefficient du même nom.

La lumière est absorbée par des excitations électroniques, excitoniques, plasmoniques, 
phononiques, ou autres. Ensuite, cette énergie est dissipée sous forme de chaleur ou émise 
sous forme de luminescence. Cette radiation secondaire possède généralement une 
énergie inférieure à l’énergie incidente, mais l’inverse est aussi possible.

La lumière diffusée peut être de même longueur d’onde (Rayleigh) ou d’une longueur 
d’onde différente (diffusion Raman ou Brillouin). La diffusion peut impliquer les phonons, les 
magnons, ou d’autres excitations du solide. 

La spectroscopie des solides s’intéresse à la réflexion, l’absorption, la luminescence et la 
diffusion. 

Mécanismes d’interaction avec un solide
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Conducteurs: Les propriétés sont largement déterminées par le comportement des électrons 
libres dans la bande de conduction.  Dans le visible, la réflexion domine généralement les 
caractéristiques optiques, mais l’absorption peut jouer un rôle important pour certains métaux.

Isolants: Pour les isolants, le gap séparant les bandes de conduction et de valence est 
généralement élevé: il est difficile de briser un lien chimique et de promouvoir un électron à la 
bande de conduction. On s’intéresse aux centres de couleur, i.e., des impuretés actives 
optiquement et formant des états localisés dans le gap.

Semi-conducteurs: Matériaux dont le gap est intermédiaire. La spectroscopie des semi-
conducteurs est riche étant donné qu’on y retrouve un grand nombre des phénomènes 
optiques présents dans les solides. 

Les conducteurs, les semi-cond. et les isolants
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Direct and Indirect absorption
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(a) Direct band gap: 
C.B. minimum at k = 0
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• kphoton = 2S�O ~ 107 m–1 negligible compared to B.Z. size S/a ~ 1011 m–1

• Transitions appear as vertical lines on E – k diagrams
• Phonon needed to conserve momentum for indirect gap materials
• Indirect absorption 2nd order process, therefore low probability

Figure 3.2
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Atomic physics of semiconductors
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Figure 3.3

• Four valence electrons per atom: Group IV (C, Si, Ge),
• III-V compounds (GaAs, InAs, InSb, GaN  ….)
• II-VI compounds (ZnS, ZnSe, CdSe, HgTe, …. )
• V.B. o C.B. is p o s, hence allowed transition

E
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La formation d’une structure de bande.
Voici un exemple.

Si:       [Ne] 3s2 3p2

Ge:     [Ar 3d10] 4s2 4p2

Ga:      [Ar 3d10] 4s2p1

As:      [Ar 3d10] 4s2p3

GaAs:  [Ar 3d10] 4s2p2 (configuration électronique effective similaire à Ge et Si)
On ignore les électrons des couches n complètement remplies, car ceux-ci ont généralement 
une influence mineure sur les propriétés électriques et optiques.  Pour les électrons s et p de 
la dernière couche, 

x

EE

(2 atomes: 8 électrons)

En moyenne, chaque 
atome apporte 2 électrons 
s et 2 électrons p.
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La zone de Brillouin pour les CubiqueFaceCentrée
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GaAs band structure
Figure 3.4

• Direct gap at 1.5 eV

• Very important 
optoelectronic material

• Strong absorption for 
=X > Eg-6
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Fig D.5

Les niveaux d’énergie deviennent des bandes,            , où k est un nombre d’onde. L’énergie 
d’un électron dans un cristal varie selon la magnitude et l’orientation de k. 

En(k)

k est un nombre d’onde et p=ℏk est la quantité de mouvement d’un électron dans le cristal. Il 
ne s’agit pas strictement parlant d’une quantité de mouvement. 21

GaAs band structure
Figure 3.4

• Direct gap at 1.5 eV

• Very important 
optoelectronic material

• Strong absorption for 
=X > Eg-6
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α - Sn
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Transition optique dans une structure de bande
L’absorption et l’émission doivent respecter les lois de conservation. Pour l’absorption, 

Nombre d’onde initial 
de l’excitation du solide Nombre d’onde final

Nombre d’onde du 
photon impliqué

ki,e + kp = kf,e

Le nombre d’onde d’une excitation solide est représentée dans la première zone de Brillouin: 

ke 2 [0, ke,max]

Le nombre d’onde d’un photon:

Excitation: électron, phonon, 
magnon, polariton, polaron

Ainsi, sur l’échelle de la structure de bande, nous avons: ki,e ⇡ kf,e

ke,max =
2⇡

a
⇡ 1010 [ m�1]

kp =
2⇡

�
⇡ 107 [ m�1]

Périodicité du réseau
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Transition optique dans une structure de bande

La conservation de l’énergie impose 

Énergie initiale de 
l’excitation du solide.

Énergie finale de cette 
excitation

Énergie du 
photon impliqué

Ainsi, dans la structure de bandes, l’absorption apparaitra comme une transition verticale, 
d’un état occupé à un état libre. 
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<latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit><latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit>

mso
<latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit><latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit>

k<latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit><latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit>

Eg
<latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit><latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit>

Eso<latexit sha1_base64="HbtG5vcJbEiX6YVSlxfCLPDANlw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB4rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCPWJ5FJ1Q6wpZ4L6hhlOu4miOA457YSTm7nfeaJKMykezDShQYxHgkWMYGOl9u0g03I2qNbcupsDrRKvIDUo0BpUv/pDSdKYCkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUCx1QHWX7tDJ1ZZYgiqWwJg3L190SGY62ncWg7Y2zGetmbi/95vdRE10HGRJIaKshiUZRyZCSav46GTFFi+NQSTBSztyIyxgoTYwOq2BC85ZdXid+oX9bd+4tas1GkUYYTOIVz8OAKmnAHLfCBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fG+2O9A==</latexit><latexit sha1_base64="HbtG5vcJbEiX6YVSlxfCLPDANlw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB4rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCPWJ5FJ1Q6wpZ4L6hhlOu4miOA457YSTm7nfeaJKMykezDShQYxHgkWMYGOl9u0g03I2qNbcupsDrRKvIDUo0BpUv/pDSdKYCkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUCx1QHWX7tDJ1ZZYgiqWwJg3L190SGY62ncWg7Y2zGetmbi/95vdRE10HGRJIaKshiUZRyZCSav46GTFFi+NQSTBSztyIyxgoTYwOq2BC85ZdXid+oX9bd+4tas1GkUYYTOIVz8OAKmnAHLfCBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fG+2O9A==</latexit>

Ei,e(ki,e) + Ep = Ef,e(kf,e)
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Transition optique dans une structure de bande

Pour l’émission, nous avons

E<latexit sha1_base64="ilLXX2o66NjhpjWEiqtPVkxxBp0=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB5bMLbQhrLZTtq1m03Y3Qil9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHj0oJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/NbT6g0T+S9GacYxHQgecQZNVZq3vbKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL68Sv1a9rLrNi0q9lqdRhBM4hXPw4ArqcAcN8IEBwjO8wpvz6Lw4787HorXg5DPH8AfO5w8BaIyJ</latexit><latexit sha1_base64="ilLXX2o66NjhpjWEiqtPVkxxBp0=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB5bMLbQhrLZTtq1m03Y3Qil9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHj0oJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/NbT6g0T+S9GacYxHQgecQZNVZq3vbKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL68Sv1a9rLrNi0q9lqdRhBM4hXPw4ArqcAcN8IEBwjO8wpvz6Lw4787HorXg5DPH8AfO5w8BaIyJ</latexit>

me
<latexit sha1_base64="TT1Sq3M3cBUZHE4mt3qdulk9lf0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRF1GPBi8eKxhbaUDbbSbt0dxN2N0IJ/QlePKh49R9589+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh496iRTFAOa8ER1IqKRM4mBYYZjJ1VIRMSxHY1vZn77CZVmiXwwkxRDQYaSxYwSY6V70cd+tebVvTncVeIXpAYFWv3qV2+Q0EygNJQTrbu+l5owJ8owynFa6WUaU0LHZIhdSyURqMN8furUPbPKwI0TZUsad67+nsiJ0HoiItspiBnpZW8m/ud1MxNfhzmTaWZQ0sWiOOOuSdzZ3+6AKaSGTywhVDF7q0tHRBFqbDoVG4K//PIqCRr1y7p3d1FrNoo0ynACp3AOPlxBE26hBQFQGMIzvMKbw50X5935WLSWnGLmGP7A+fwBsTyNiQ==</latexit><latexit sha1_base64="TT1Sq3M3cBUZHE4mt3qdulk9lf0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRF1GPBi8eKxhbaUDbbSbt0dxN2N0IJ/QlePKh49R9589+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh496iRTFAOa8ER1IqKRM4mBYYZjJ1VIRMSxHY1vZn77CZVmiXwwkxRDQYaSxYwSY6V70cd+tebVvTncVeIXpAYFWv3qV2+Q0EygNJQTrbu+l5owJ8owynFa6WUaU0LHZIhdSyURqMN8furUPbPKwI0TZUsad67+nsiJ0HoiItspiBnpZW8m/ud1MxNfhzmTaWZQ0sWiOOOuSdzZ3+6AKaSGTywhVDF7q0tHRBFqbDoVG4K//PIqCRr1y7p3d1FrNoo0ynACp3AOPlxBE26hBQFQGMIzvMKbw50X5935WLSWnGLmGP7A+fwBsTyNiQ==</latexit>

mhh
<latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="KBet0gCnjjeHoNqWcqCFkvXlYrc=">AAAB43icbVBNS8NAEJ34WeNX9eplsQieSuJBPQpePFYwttCGstls2qWb3bA7EUroH/DgRfHqf/Lmv3H7AWrrg4HHezPMzEsKKSwGwZe3tr6xubVd2/F39/z9g8P60aPVpWE8Ylpq00mo5VIoHqFAyTuF4TRPJG8no9up337ixgqtHnBc8DinAyUywSg6qdWvN4JmMANZJeGCNGCBfv2zl2pW5lwhk9TabhgUGFfUoGCST/xeaXlB2YgOeNdRRXNu42p25oScOSUlmTauFJKZ+nuiorm14zxxnTnFoV32puJ/XrfE7DquhCpK5IrNF2WlJKjJ9GeSCsMZyrEjlBnhbiVsSA1l6JLxXQbh8serJLpoXjaD+58soAYncArnEMIV3MAdtCACBik8w6s39F68N+993rjmLSaO4Q+8j2+GborS</latexit><latexit sha1_base64="yzyOLhJzarnRZY7UO8HS8/mPSfE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKex6MB4FLx4juEkgWcLsZDY7Zh7LzKwQlvyDFw8qXv0gb/6NkweoiQUNRVU33V1xxpmxvv/lldbWNza3ytuVnd29/YPq4VHLqFwTGhLFle7E2FDOJA0ts5x2Mk2xiDltx6Obqd9+pNowJe/tOKORwEPJEkawdVJL9Is0nfSrNb/uz4BWSbAgNVig2a9+9gaK5IJKSzg2phv4mY0KrC0jnE4qvdzQDJMRHtKuoxILaqJidu0EnTllgBKlXUmLZurviQILY8Yidp0C29Qse1PxP6+b2+QqKpjMckslmS9Kco6sQtPX0YBpSiwfO4KJZu5WRFKsMbEuoIoLIVh+eZWEF/XLun/3EwaU4QRO4RwCaMA13EITQiDwAE/wAq+e8p69N+993lryFjPH8AfexzcaEI6U</latexit><latexit sha1_base64="yzyOLhJzarnRZY7UO8HS8/mPSfE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKex6MB4FLx4juEkgWcLsZDY7Zh7LzKwQlvyDFw8qXv0gb/6NkweoiQUNRVU33V1xxpmxvv/lldbWNza3ytuVnd29/YPq4VHLqFwTGhLFle7E2FDOJA0ts5x2Mk2xiDltx6Obqd9+pNowJe/tOKORwEPJEkawdVJL9Is0nfSrNb/uz4BWSbAgNVig2a9+9gaK5IJKSzg2phv4mY0KrC0jnE4qvdzQDJMRHtKuoxILaqJidu0EnTllgBKlXUmLZurviQILY8Yidp0C29Qse1PxP6+b2+QqKpjMckslmS9Kco6sQtPX0YBpSiwfO4KJZu5WRFKsMbEuoIoLIVh+eZWEF/XLun/3EwaU4QRO4RwCaMA13EITQiDwAE/wAq+e8p69N+993lryFjPH8AfexzcaEI6U</latexit><latexit sha1_base64="t2KcNGTB5ckXp1RMR6VIYNlal6Y=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmIzGxIgeFWpLYWGLiAQlcyN6yx63sx2V3z4Rc+A82Fmps/UF2/hsXuELBl0zy8t5MZuZFKWfG+v63V9rY3NreKe9W9vYPDo+qxycdozJNaEAUV7oXYUM5kzSwzHLaSzXFIuK0G01u5373iWrDlHyw05SGAo8lixnB1kkdMcyTZDas1vy6vwBaJ42C1KBAe1j9GowUyQSVlnBsTL/hpzbMsbaMcDqrDDJDU0wmeEz7jkosqAnzxbUzdOGUEYqVdiUtWqi/J3IsjJmKyHUKbBOz6s3F/7x+ZuObMGcyzSyVZLkozjiyCs1fRyOmKbF86ggmmrlbEUmwxsS6gCouhMbqy+skaNav6v69X2s1izTKcAbncAkNuIYW3EEbAiDwCM/wCm+e8l68d+9j2VryiplT+APv8wc8mo8G</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit>

mlh
<latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit><latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit>

mso
<latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit><latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit>

k<latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit><latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit>

Eg
<latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit><latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit>

Eso<latexit sha1_base64="HbtG5vcJbEiX6YVSlxfCLPDANlw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB4rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCPWJ5FJ1Q6wpZ4L6hhlOu4miOA457YSTm7nfeaJKMykezDShQYxHgkWMYGOl9u0g03I2qNbcupsDrRKvIDUo0BpUv/pDSdKYCkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUCx1QHWX7tDJ1ZZYgiqWwJg3L190SGY62ncWg7Y2zGetmbi/95vdRE10HGRJIaKshiUZRyZCSav46GTFFi+NQSTBSztyIyxgoTYwOq2BC85ZdXid+oX9bd+4tas1GkUYYTOIVz8OAKmnAHLfCBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fG+2O9A==</latexit><latexit sha1_base64="HbtG5vcJbEiX6YVSlxfCLPDANlw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB4rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCPWJ5FJ1Q6wpZ4L6hhlOu4miOA457YSTm7nfeaJKMykezDShQYxHgkWMYGOl9u0g03I2qNbcupsDrRKvIDUo0BpUv/pDSdKYCkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUCx1QHWX7tDJ1ZZYgiqWwJg3L190SGY62ncWg7Y2zGetmbi/95vdRE10HGRJIaKshiUZRyZCSav46GTFFi+NQSTBSztyIyxgoTYwOq2BC85ZdXid+oX9bd+4tas1GkUYYTOIVz8OAKmnAHLfCBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fG+2O9A==</latexit>

ki,e ⇡ kf,e

Ei,e(ki,e) = Ef,e(kf,e) + Ep
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Métaux: Modèle de Drude-Lorentz
Un métal peut être considéré comme un plasma, c’est-à-dire un gaz d’électrons de valence 
très faiblement lié aux “ions” positifs et se déplaçant librement sous l’effet d’une onde 
électromagnétique. 

Modèle de Drude-Lorentz
Modèle de Lorentz: 
Loi de Hooke 

Note: Modèle de Lorentz: l’électron est lié à son atome. La force de cette liaison 
est exprimée par ω0. Pour un métal nous allons poser ω0~0, car l’électron est 
libre. 

Force externe produite par le champ 
EM oscillant à la fréquence ω

Masse de l’électron
Taux de dissipation : γ (s-1)

En posant comme solution, x(t) = x0e
�i!t C’est-à-dire que le déplacement oscille à la même fréquence 

que l’onde EM

Position de l’électron 
p/r à son ion

On trouve,

m0
d2x

dt2
+m0�

dx

dt
+m0!

2
0x = �eE0e

�i!t

<latexit sha1_base64="NvgKue9kU1tTqInxl4scO/F85sM="></latexit><latexit sha1_base64="NvgKue9kU1tTqInxl4scO/F85sM="></latexit><latexit sha1_base64="NvgKue9kU1tTqInxl4scO/F85sM="></latexit><latexit sha1_base64="NvgKue9kU1tTqInxl4scO/F85sM="></latexit>

x(t) =
�eE(t)

m0(!2
0 � !2 � i!�)

<latexit sha1_base64="tjWEhicPkpyRam3rkaD8L484roU="></latexit><latexit sha1_base64="tjWEhicPkpyRam3rkaD8L484roU="></latexit><latexit sha1_base64="tjWEhicPkpyRam3rkaD8L484roU="></latexit><latexit sha1_base64="tjWEhicPkpyRam3rkaD8L484roU="></latexit>
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Métaux: Modèle de Drude Lorentz
Ce déplacement génère une polarisation,

P (t) = �Nex(t) =
�Ne2

m0(!2 + i!�)
E(t)

qui, via le champ de déplacement, définit la permittivité.

D(t) = ✏0✏rE(t) = ✏0E(t) + P (t)

Fréquence plasma!p =

s
Ne2

✏0m0

✏r = 1� P (t)

✏0E(t)

= 1� Ne2

✏0m0

1

(!2 + i!�)

= 1�
!2
p

(!2 + i!�)

La fréquence plasma est la fréquence de résonance naturelle du gaz d’électron. 
Il s’agit de la fréquence où la permittivité change de signe.
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Métaux: Modèle de Drude Lorentz
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Métaux: Modèle de Drude Lorentz
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Métaux: Modèle de Drude Lorentz
Ces résultats s’expriment en fonction de la conductivité DC du matériau.

v(t) =
dx

dt
=

�i!eE(t)

m0(!2 + i!�)

=
eE(t)

m0(i! � �)

Nous avons ainsi que j(t) = �Nev(t) = �E(t)

Nous trouvons �0 =
Ne2

m0�
où

Conductivité AC 

Conductivité DC 

Ainsi, la constante diélectrique et la conductivité AC sont reliées

� =
�0

1� i!⌧

⌧ = ��1 Temps de dissipation

✏r = 1 +
i�(!)

✏0!

Un bon conducteur est un bon réflecteur.
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Réflectance des métaux

Réflectance de l’aluminium

Effet de la structure de bande
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Réflectance des métaux

Metal Énergie plasma [eV] Énergie “damping” [meV] source

Ag 9.6 22.8 Blaber

Al 15.3 598.4 Blaber

Au 8.55 18.4 Blaber

Cu 7.389 9.075 Ordal

K 3.72 18.4 Blaber

Na 5.71 27.6 Blaber

Pt 5.145 69.2 Ordal
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Structure de bande: métal

Al: [Ne] 3s2 3p

Cette structure de bandes 
est calculée à partir des états 
3s  et 3p. Il y a un Al par 
cellule élémentaire. Il y aura 
donc 2 bandes s et 6 bandes 
p. En l’absence de champ 
magnétique, les états de 
spins sont dégénérés (x2), 
c’est pourquoi il n’y a que 4 
bandes.

Il y a 3 électrons par atome 
d’Al à distribuer dans cette 
structure de bande.

Énergie de Fermi

Ne pas tenir compte des lignes pointillées.
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Structure de bande: métal

Al: [Ne] 3s2 3p
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Structure de bande: métal

Cu: [Ar] 3d10 4s
P H YSI CAL REVIEW VOLUME 129, NUMBER 1 1 JANUAR Y 1963

Energy Band Structure of Copper*
GLENN A. BURDICK/f.

Messuchusetts Institlte of Technology Cambridge, M cssechlsetts
(Received 28 June 1962)

The E(k) values were computed for the equivalent of 2048 points in the Brillouin zone and forenergies
ranging from the bottom of the 4s-band to approximately 2 Ry above the Fermi energy. From these calcula-
tions the Fermi energy, Fermi surface, and density of states were determined. Comparison of results with
experiment shows not only qualitative but in most cases quantitative agreement. Agreement with recent
independent theoretical work by Segall suggests an accurate solution of Schrodinger's equation for the
potential used has been obtained.

INTRODUCTION

'HE energy bands, Fermi surface, and density of
states for copper have been determined by the

augmented plane wave (APW) method. Since early 1954
the Solid-State and Molecular Theory Group (SSMTG)
at the Massachusetts Institute of Technology has been
engaged in programming the APW method for the
digital computer. ' This method was first proposed by
Slater in 1937' 4 and the results of the work described
herein together with that of Chodorow on copper, '
Saffren on sodium, ' Wood on iron,"and Allen on
potassium' give strong support to its being a very
practical and accurate way of determining energy bands.
The results for copper, in particular, demonstrate that
energy-band calculations can agree quantitatively with
experiment. .
Copper has been the subject of considerable theo-

retical as well as experimental investigations. However,
until quite recently there did not exist sufficient
facilities, such as the APK digital computer program
used in this work, to allow calculations to be made
except at points of high symmetry in the Brillouin zone.
As far as the author knows this work represents the
most complete energy-band calculation made to date.
One of the first, calculations for copper was made by
Krutter in 1935. He used an extension of the Wigner-
Seitz cellular method and concluded that the bands were
quite free electron-like and obtained no overlapping
of the "s" and "d" bands. Others using the cellular
method with somewhat different potentials were
Fuchs ~ Tibbs, "and Howarth. " Chodorow's work in

1939' "was the first application of the APW method.
Fukuchi" used the orthogonalized plane wave method
for copper in 1956. More recently Segall' " has em-
ployed the Green's function method on copper. In the
past, theoretical works on solids have been primarily
restricted to intercomparisons of energy eigenvalues,
their separations, their ordering, and similar general
features of band structure; the reasons being that the
E(k) could be determined for only a few k of high
symmetry. Furthermore, results obtained from theory
could be compared to experiment in only the most
general way (e.g. , comparing d bandwidths with widths
of x-ray emission spectra). In 1939,Rudberg and Slater"
extended existing cellular method calculations to obtain
an approximate density of states curve for copper.
Beeman and Friedman" used this curve to make a
qualitative comparison with their x-ray emission and
absorption data for the E shell. They found quite good
comparisons considering the necessarily sketchy data
which could be used in determining the density of states.
This will be discussed in greater detail later. The pri-
mary concern over past energy-band calculations (not
only copper) was their inability to agree amongst them-
selves and the fact there had been only the most
moderate success in being able to agree with experiment.
Recent work in the SSMTG together with the work
recently reported by Segall" and the work reported here
seem to indicate that past difficulties lie in faulty
potentials and/or computational errors and not in the
energy-band theory itself. '8
In the past, when E(k) obtained in different studies

have disagreed, it was not known whether the dis-
*This paper is a condensed version of the author's doctorate

thesis submitted to the Massachusetts Institute of Technology in
August 1961.
f Work performed while a National Science Foundation Fellow
)Present Address: Sperry Microwave Electronics Company

Clearwater, Florida.
~ Quarterly Progress Reports, Solid-State and Molecular Theor

Group, April 15, 1954 to date (unpublished), contributions fro
D. J.Howarth, M. M. Siren, J.H. Wood, and others; see: M. M
Sa6ren beginning with QPR, July, 1955 for work on sodium j L
Allen beginning with QPR, July, 1957 for work on potassium.' J. C. Slater, Phys. Rev. 51, 846 (1937).' J. C. Slater, Phys. Rev. 92, 603 (1953).' M. M. Saffren and J. C. Sister, Phys. Rev. 92, 1126 (1953).

5 M, I. Chodorow, Ph.D. Thesis, M.I.T., 1939 (unpublished).
s J. H. Wood, Phys. Rev. 117, 714 (1960); 126, 517 (1962).
7 H. M. Krutter, Phys. Rev. 48, 664 (1935)' K. Fuchs, Proc. Roy. Soc. (London) A151, 585 (1935).

K. Fuchs, Proc. Roy. Soc. (London) A153, 622 (1936)."S.R. Tibbs, Proc. Cambridge Phil. Soc. 34, 89 (1938)."D.J. Howarth, Proc. Roy. Soc. (London) A220& 513 (1953)."M. I. Chodorow, Phys. Rev. 55, 675 (1939).
y "M. Fukuchi, Progr. Theoret. Phys. (Kyoto) 16, 222 (1956).

'4 B. Segall, American Physical Society, annual meeting, New
York, February 1—4, 1961 and meeting held in Washington, D. C.,
April 24—27, 1961;B. Segall and E. O. Kreiger, Bull. Am. Phys.
Soc. 6, 10 (1961).B. Sega, ll, Phys. Rev. 125, 109 (1962)."B.Segall, General Electric Research Laboratory, Report No.
61-RL-(2785G), July, 1961 (unpublished)."E. Rudberg and J. C. Slater, Phys. Rev. 50, 150 (1936).'r W. W. Beeman and H. Friedman, Phys. Rev. 56, 392 (1939).' A joint paper by J. H. Wood, Jean Hanus, and the author
discussing the dependence of energy bands on potential is presently
being prepared for publication.
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Cette structure de bande est 
calculée à partir des états 3d  
et 4s de l’atome de cuivre. Il 
y a un Cu par cellule 
élémentaire. Il y aura donc 2 
bandes s et 10 bandes d. En 
l’absence de champ 
magnétique, les états de 
spins sont dégénérés (x2) et 
on obtient 6 bandes

Il y a 11 électrons par atome 
de Cu à distribuer dans cette 
structure de bande.

Énergie de Fermi
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Structure de bande: métal
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Energy Band Structure of Copper*
GLENN A. BURDICK/f.

Messuchusetts Institlte of Technology Cambridge, M cssechlsetts
(Received 28 June 1962)

The E(k) values were computed for the equivalent of 2048 points in the Brillouin zone and forenergies
ranging from the bottom of the 4s-band to approximately 2 Ry above the Fermi energy. From these calcula-
tions the Fermi energy, Fermi surface, and density of states were determined. Comparison of results with
experiment shows not only qualitative but in most cases quantitative agreement. Agreement with recent
independent theoretical work by Segall suggests an accurate solution of Schrodinger's equation for the
potential used has been obtained.

INTRODUCTION

'HE energy bands, Fermi surface, and density of
states for copper have been determined by the

augmented plane wave (APW) method. Since early 1954
the Solid-State and Molecular Theory Group (SSMTG)
at the Massachusetts Institute of Technology has been
engaged in programming the APW method for the
digital computer. ' This method was first proposed by
Slater in 1937' 4 and the results of the work described
herein together with that of Chodorow on copper, '
Saffren on sodium, ' Wood on iron,"and Allen on
potassium' give strong support to its being a very
practical and accurate way of determining energy bands.
The results for copper, in particular, demonstrate that
energy-band calculations can agree quantitatively with
experiment. .
Copper has been the subject of considerable theo-

retical as well as experimental investigations. However,
until quite recently there did not exist sufficient
facilities, such as the APK digital computer program
used in this work, to allow calculations to be made
except at points of high symmetry in the Brillouin zone.
As far as the author knows this work represents the
most complete energy-band calculation made to date.
One of the first, calculations for copper was made by
Krutter in 1935. He used an extension of the Wigner-
Seitz cellular method and concluded that the bands were
quite free electron-like and obtained no overlapping
of the "s" and "d" bands. Others using the cellular
method with somewhat different potentials were
Fuchs ~ Tibbs, "and Howarth. " Chodorow's work in

1939' "was the first application of the APW method.
Fukuchi" used the orthogonalized plane wave method
for copper in 1956. More recently Segall' " has em-
ployed the Green's function method on copper. In the
past, theoretical works on solids have been primarily
restricted to intercomparisons of energy eigenvalues,
their separations, their ordering, and similar general
features of band structure; the reasons being that the
E(k) could be determined for only a few k of high
symmetry. Furthermore, results obtained from theory
could be compared to experiment in only the most
general way (e.g. , comparing d bandwidths with widths
of x-ray emission spectra). In 1939,Rudberg and Slater"
extended existing cellular method calculations to obtain
an approximate density of states curve for copper.
Beeman and Friedman" used this curve to make a
qualitative comparison with their x-ray emission and
absorption data for the E shell. They found quite good
comparisons considering the necessarily sketchy data
which could be used in determining the density of states.
This will be discussed in greater detail later. The pri-
mary concern over past energy-band calculations (not
only copper) was their inability to agree amongst them-
selves and the fact there had been only the most
moderate success in being able to agree with experiment.
Recent work in the SSMTG together with the work
recently reported by Segall" and the work reported here
seem to indicate that past difficulties lie in faulty
potentials and/or computational errors and not in the
energy-band theory itself. '8
In the past, when E(k) obtained in different studies

have disagreed, it was not known whether the dis-
*This paper is a condensed version of the author's doctorate

thesis submitted to the Massachusetts Institute of Technology in
August 1961.
f Work performed while a National Science Foundation Fellow
)Present Address: Sperry Microwave Electronics Company

Clearwater, Florida.
~ Quarterly Progress Reports, Solid-State and Molecular Theor

Group, April 15, 1954 to date (unpublished), contributions fro
D. J.Howarth, M. M. Siren, J.H. Wood, and others; see: M. M
Sa6ren beginning with QPR, July, 1955 for work on sodium j L
Allen beginning with QPR, July, 1957 for work on potassium.' J. C. Slater, Phys. Rev. 51, 846 (1937).' J. C. Slater, Phys. Rev. 92, 603 (1953).' M. M. Saffren and J. C. Sister, Phys. Rev. 92, 1126 (1953).

5 M, I. Chodorow, Ph.D. Thesis, M.I.T., 1939 (unpublished).
s J. H. Wood, Phys. Rev. 117, 714 (1960); 126, 517 (1962).
7 H. M. Krutter, Phys. Rev. 48, 664 (1935)' K. Fuchs, Proc. Roy. Soc. (London) A151, 585 (1935).

K. Fuchs, Proc. Roy. Soc. (London) A153, 622 (1936)."S.R. Tibbs, Proc. Cambridge Phil. Soc. 34, 89 (1938)."D.J. Howarth, Proc. Roy. Soc. (London) A220& 513 (1953)."M. I. Chodorow, Phys. Rev. 55, 675 (1939).
y "M. Fukuchi, Progr. Theoret. Phys. (Kyoto) 16, 222 (1956).

'4 B. Segall, American Physical Society, annual meeting, New
York, February 1—4, 1961 and meeting held in Washington, D. C.,
April 24—27, 1961;B. Segall and E. O. Kreiger, Bull. Am. Phys.
Soc. 6, 10 (1961).B. Sega, ll, Phys. Rev. 125, 109 (1962)."B.Segall, General Electric Research Laboratory, Report No.
61-RL-(2785G), July, 1961 (unpublished)."E. Rudberg and J. C. Slater, Phys. Rev. 50, 150 (1936).'r W. W. Beeman and H. Friedman, Phys. Rev. 56, 392 (1939).' A joint paper by J. H. Wood, Jean Hanus, and the author
discussing the dependence of energy bands on potential is presently
being prepared for publication.
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Structure de bande: métal

Cu: [Ar 3d10] 4s

La couleur du cuivre s’explique par le fait qu’il est possible d’avoir une transition d’absorption 
de la bande 3d (remplie) à la bande 4s (seulement partiellement remplie)
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Structure de bande: métal
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Structure de bande: isolant

VOI.UME 16, NUMBER 9 PHYSICAL REVIEW LETTERS 28 I'"EBRUARY 1966

=d. In this respect, it might be interesting
to see if Al-A10+-Ag/In/Ag diodes (with rela-
tively thin silver films) produce significantly
sharper structure in analogy to multiple-beam
interferometers, i.e. , two silver mirrors rath-
er than one. The present model proposes e-e
(or h-h) composite states into which electrons
(or holes) tunnel preferentially because such
states satisfy a macroscopic quantum condition
of the "beat" or envelope" momentum &P = (2w/
d)qh. This point of view seems to differ sig-
nificantly from the physical picture underlying
the McMillan-Anderson calculation, although
both yield the same energy spectrum. There
appears to be some reason to believe that simul-
taneous solutions of the three-dimensional Gor'kov
equations (lamina of thickness d) may lead to
a regime qualitatively similar to the one dis-
cussed.
The authors are indebted to G. W. Lehman

for valuable discussions, and to R. R. Hargrove
for preparing the diodes studied.

*Work supported by the Division of Research, Metal-
lurgy and Materials Programs, U. S. Atomic Energy
Commission, under Contract No. AT-(11-1)-GEN-8.
~W. J. Tomasch, Phys. Rev. Letters 16, 16 (1966).
2W. J. Tomasch, Phys. Rev. Letters 15, 672 (1965).
W. L. McMillan and P. W. Anderson, Phys. Rev.

Letters 16, 85 (1966).
4The fact that the single atypical structural feature

exhibited by the thinner In films of Ref. 1 could be in-
corporated into the main series by plotting e&(q) was
first pointed out in Ref. 3.
5J. R. Schrieffer, Rev. Mod. Phys. 36, 200 (1964).
J. Bardeen, L. N. Cooper, and J. R. Schrieffer,

Phys. Rev. 108, 1175 (1957).
7P. N. Dheer, Proc. Roy. Soc. (London) A260, 333 (1961).
Although the choice of nodes at the surface has a

certain appeal, this condition is not mandatory. Alter-
native boundary conditions can produce the same spec-
trum.
~T. Wolfram and G. W. Lehman, to be published.

BAND STRUCTURE AND OPTICAL PROPERTIES OF DIAMOND*

W. Saslow, t T. K. Bergstresser, and Marvin I . Cohen)
Department of Physics, University of California, Berkeley, California

(Received 27 January 1966)

Recently several authors' ' have discussed
new measurements of the optical properties
of diamond, and they have raised many ques-
tions about the measurements and about the
theoretical interpretation of the data. To an-
swer a few of these questions, we present in
this Letter a calculation of the electronic band
structure of diamond. The band structure was
calculated by means of the empirical pseudo-
potential method (EPM)'~' which has been used' '
successfully to interpret the optical properties
of a large number of semiconductors and in-
sulators. The analysis of the resulting diamond
band structure yields some new interpretation
of the structure in the optical ref lectivity.
Within the scope of this interpretation, the
calculated band gaps agree with experiment
to within -0.01 Ry near the fundamental band
gap and to within -0.05 Ry over a range of
1.0 Ry.
The EPM involves choosing pseudopotential

form factors which give band structures con-
sistent with the experimental measurements.
These form factors are first constrained to
give a few of the principal band gaps in agree-

ment with experiment and then used to deter-
mine the electronic band structure at many
points in the Brillouin zone. The pseudopo-
tential form factors V~ used for diamond are
(in Rydbergs) V,~, = —0.811, V»o -—0.337, V»,
=0.132, and V„,=0.041. The V„,form fac-
tor, which is identically zero for a linear
superposition of spherical atomic potentials,
is included here to account for the distribu-
tion of valence charge'~" arising from tetra-
hedral bonding. This tetrahedral distribution
of charge accounts for the presence of the
otherwise forbidden (222) reflection in x-ray
data "~"
The band structure of diamond appears in

Fig. 1. The calculation of the energy bands
is convergent to -0.003 Ry. The lattice con-
stant was taken to be 3.57 A." In Table I
we list the principal energy gaps of this band
structure and the corresponding experimen-
tal values. The location of the conduction-
band minimum is also included in Table I.
The error in the experimental energies at which
the peaks occur in the optical constants is large
both because of the inherent broadness of the
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GaAs band structure
Figure 3.4
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Énergie de Fermi= 0 eV

La bande 1s est à 
des énergies 
inférieures à -30 eV.

s (2 bandes)

Cette structure de bande est 
calculée à partir des états 2s  
et 2p de l’atome de carbone. 
Puisqu’il y a deux atomes par 
cellule élémentaire, il y aura 
donc 4 bandes s et 12 
bandes p. En l’absence de 
champs magnétique, les états 
de spins sont dégénérés et 
chaque bande est en fait 
double.

Étant donné qu’il n’y a que 4 
électrons par atome et deux 
atomes par maille, il y a donc 
8 électrons à distribuer. 

s (2 bandes)

p (6 bandes)

p (6 bandes)
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Structure de bande: Semi-conducteur
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Ici, les effets spin-orbite sont importants. 
Il est impossible alors d’ignorer le spin. 

Il est donc nécessaire de refaire la 
théorie des groupe pour tenir compte 
non seulement de la symétrie spatiale, 
mais aussi de la symétrie du spin. On 
obtient alors des groupes “doubles”.s (2 bandes)

p (6 bandes)

p (6 bandes)

s (2 bandes)
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La forme de la courbe d’absorption en fonction de l’énergie de la radiation est 
déterminée, à une constante près, par la densité d’états,

⇢(E = ~!) =
(

1
2⇡2

� 2µ
~2

�3/2 p
E � Egap si E � Egap

0 si E < Egap
<latexit sha1_base64="Li1HeCk29hr9pxRBw7lvS0Ot3pA="></latexit><latexit sha1_base64="Li1HeCk29hr9pxRBw7lvS0Ot3pA="></latexit>

↵(E = ~!) /
⇢

µ3/2
p

E � Egap si E � Egap

0 si E < Egap
<latexit sha1_base64="gGxBcUqE17onUDtzmZAg0AtwIRU="></latexit><latexit sha1_base64="gGxBcUqE17onUDtzmZAg0AtwIRU="></latexit><latexit sha1_base64="gGxBcUqE17onUDtzmZAg0AtwIRU="></latexit><latexit sha1_base64="KBet0gCnjjeHoNqWcqCFkvXlYrc=">AAAB43icbVBNS8NAEJ34WeNX9eplsQieSuJBPQpePFYwttCGstls2qWb3bA7EUroH/DgRfHqf/Lmv3H7AWrrg4HHezPMzEsKKSwGwZe3tr6xubVd2/F39/z9g8P60aPVpWE8Ylpq00mo5VIoHqFAyTuF4TRPJG8no9up337ixgqtHnBc8DinAyUywSg6qdWvN4JmMANZJeGCNGCBfv2zl2pW5lwhk9TabhgUGFfUoGCST/xeaXlB2YgOeNdRRXNu42p25oScOSUlmTauFJKZ+nuiorm14zxxnTnFoV32puJ/XrfE7DquhCpK5IrNF2WlJKjJ9GeSCsMZyrEjlBnhbiVsSA1l6JLxXQbh8serJLpoXjaD+58soAYncArnEMIV3MAdtCACBik8w6s39F68N+993rjmLSaO4Q+8j2+GborS</latexit><latexit sha1_base64="iPaYncJ9llxrD71zNuA6buZ21A0="></latexit><latexit sha1_base64="iPaYncJ9llxrD71zNuA6buZ21A0="></latexit><latexit sha1_base64="fA6MnEnCtM+hjhtE+RaOIKhQPUs="></latexit><latexit sha1_base64="gGxBcUqE17onUDtzmZAg0AtwIRU="></latexit><latexit sha1_base64="gGxBcUqE17onUDtzmZAg0AtwIRU="></latexit><latexit sha1_base64="gGxBcUqE17onUDtzmZAg0AtwIRU="></latexit><latexit sha1_base64="gGxBcUqE17onUDtzmZAg0AtwIRU="></latexit>

Nous allons débuter par la détermination de la courbe d’absorption d’un semi-conducteur 
à gap direct.

R1
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Semi-conducteur à gap direct
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Semi-conducteur à gap direct
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Dans ce calcul de l’absorption d’un semi-conducteur à gap direct, nous avons 
fait quelques hypothèses qui limitent le régime de validité de ce résultat. 

1) En réalité, l’électron promu à la bande de 
conduction interagit avec le trou laissé dans 
la bande de valence via l’interaction 
coulombienne pour former un exciton. Les 
excitons jouent un rôle important à basse 
température et pour les semi-conducteurs 
dont les masses effectives sont élevées.

InAs

Exciton
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Semi-conducteur à gap direct
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2) Les impuretés créent des états 
électroniques partout dans la structure de 
bande, incluant dans la bande interdite.  
Ainsi, l’absorption n’est pas tout à fait nulle 
lorsque E<Egap. 

E 0

E 0
 +

 Δ
0

E 1
E 1

 +
 Δ

1

E 1
 +

 Δ
2

3) La dispersion des bandes de conduction et de valence n’est rigoureusement 
quadratique qu’en proximité de k=0. Lorsqu’on s’éloigne de k=0, la non-parabolicité des 
bandes modifie le profil d’absorption.  Loin de k=0, l’évolution des bandes est complexe.
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Semi-conducteur à gap indirect

Germanium Silicium 

21

GaAs band structure
Figure 3.4
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Semi-conducteur à gap indirect

Pour satisfaire la conservation de la quantité 
de mouvement, l’absorption (+) ou 
l’émission (-) d’un phonon est nécessaire. 

L’absorption est peu efficace, car deux ‘particules’ 
doivent être présentes au même moment dans la 
même région de l’espace. Il s’agit d’un processus de 
deuxième ordre.

E = ~! = Egap,I ± Ephonon

Gap indirect

Gap direct

Émission

Absorption
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Semi-conducteur à gap indirect

Deux courbes d’absorption (absorption et émission d’un photon) se superposent:

Absorption d’un phonon

Émission d’un phonon

↵+(E) /
⇢

0 si E < Egap,I � Ep

(E � Egap,I + Ep)2 si E � Egap,I � Ep

↵�(E) /
⇢

0 si E < Egap,I + Ep

(E � Egap,I � Ep)2 si E � Egap,I + Ep
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Semi-conducteur à gap indirect

p
↵(E)

E

p
↵+(E)

p
↵�(E)

p
↵�(E) + ↵+(E)

Émission

Absorption
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Semi-conducteur à gap indirect

L’absorption d’un phonon dépend sensiblement de la température, car sa probabilité 
de présence est donnée par une distribution de Bose-Einstein.

Pour le GaP, plusieurs phonons participent à l’absorption. Ceux-ci peuvent être 
facilement identifiés à basse température. 

fBE(E) =
1

exp(E/kbT )� 1
E: énergie du phonon
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Semiconducteur à gap indirect

L’absorption du gap indirect est faible par rapport au premier gap direct, qui est 
souvent faible par rapport aux gaps de plus grandes énergies. 

Egap,IE1 E2

E2E1

Egap,I
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Les électrons dans une bande (complète)

veve

Électron

ve =
1

~
dE

dk

E

k

Avant de parler des trous, assurons-nous de comprendre le comportement des 
électrons dans une bande.  Voici deux bandes remplies d’électrons.  

Une bande complètement remplie d’électron ne génère aucun courant net. 
X

états

~k = 0

Tous les états k d’une 
même bande

v0ev0e
Vitesse de groupe
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Les électrons dans une bande

Électron

ve =
1

~
dE

dk

E

k

Considérons maintenant une bande de conduction composée de quelques électrons 
provenant de la bande de valence (excitation thermique ou optique, injection électrique…) 

Absence d’électron

Il n’y a aucun courant net, car il y a une symétrie dans les états occupés: si un 
électron se déplace vers les -k, il y a un qui se déplace à la même vitesse vers les 
états +k.
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Les électrons dans une bande sous champ E.

ve =
1

~
dE

dk

E

k

Ajoutons un champ électrique, 

Sous l’effet d’un champ électrique, les distributions d’états occupés et inoccupés se 
déplacent vers les nombres d’onde négatifs. Ils subissent une force et une 
accélération constante, mais les collisions font en sorte que la vitesse moyenne des 
électrons sature (très rapidement) et que le courant généré est constant (aucune 
oscillations). 

E

dk

dt
= � e

~E

ve

ve

ve

ve
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Les trous dans une bande de valence

Plutôt que de considérer de 1022-1023 électrons dans une bande de valence, il 
est plus simple conceptuellement de considérer les états électroniques 
inoccupés, dont la population est plutôt de l’ordre de 107-1014.   Ce qui nous 
amène au concept de trous.

Considérons une bande de valence pleine avec seulement un état inoccupé. 

Attention: L’absence d’un électron n’est pas un trou

Électron

Absence d’électron

Un trou représente par définition le comportement collectif de tous les états 
occupés, 

Tous les états 
électroniques 
occupés

Tous les états 
électroniques de la 
bande

État électronique inoccupé 
(absence d’électron)

k

k = 0

~kh =
X

é.

~ke =
X

états

~ke � ~ka.e. = �~ka.e.

<latexit sha1_base64="voFe4HRM14hR15ih4YWs/i+fQ30="></latexit><latexit sha1_base64="voFe4HRM14hR15ih4YWs/i+fQ30="></latexit><latexit sha1_base64="voFe4HRM14hR15ih4YWs/i+fQ30="></latexit><latexit sha1_base64="voFe4HRM14hR15ih4YWs/i+fQ30="></latexit>
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Les trous dans une bande de valence

Ainsi, nous avons deux représentations pour une bande de valence, 

Trou

Absence d’un trou

Ces deux représentations sont équivalentes. On peut utiliser l’une ou l’autre, mais il ne 
faut pas utiliser les deux. Attention: l’absence d’un électron n’est pas un trou. Voici 
pourquoi?

Électron

Absence d’un électron

Électrons Trous
Ee Eh

!!

k

k = 0

k

k = 0

Propriété Absence d’électron Trou
Charge �e e
Nombre d’onde ka.e. �kh
Spin �a.e. ��h

Masse m = ma.e. < 0 m = �ma.e. > 0
<latexit sha1_base64="Z6Hy3UlgkLaOl6sq/ynAAHMbkJA="></latexit><latexit sha1_base64="wysnf0S4Uz6bwIs7pLJRjN8P9fc="></latexit><latexit sha1_base64="wysnf0S4Uz6bwIs7pLJRjN8P9fc="></latexit><latexit sha1_base64="LVGwf7A1pXbRzq2yQ5LnB69txHU="></latexit>
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Les trous dans une bande de valence

Sous l’effet d’un champ électrique,

Trou
Absence d’un trou

Électron

Absence d’un électron

Électrons Trous

E E

vh

dka.e
dt

=
�e

~ E

ve = va.e. =
1

~
@Ev(k)

@k

dkh
dt

=
e

~E

k

k = 0

k

k = 0

vh =
1

~
@Eh(k)

@k
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Les trous dans une bande de valence

Sommaire

• Un trou représente le comportement collectif d’une bande complète où un 
électron est absent. De façon similaire, deux trous représentent…

• Si un électron (q=-e) de masse me<0 est manquant dans l’état -Eae(kae), le 
trou correspondant à cette bande aura une masse mh=-me et une énergie -Eh 

et un nombre d’onde -kh.

• La vitesse d’un trou est égale à la vitesse de l’électron manquant. 

• Pour une bande donnée, il est possible d’utiliser le concept d’électron ou de 
trou, mais jamais les deux.
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Excitons

Un électron et un trou dans une même région de l’espace interagissent pour former 
un exciton. Un exciton est une excitation ayant un temps de vie limité, mais dont les 
effets sur les propriétés optiques sont importants

Il existe deux types d’excitons:
-Exciton de Wannier-Mott: exciton pouvant facilement se déplacer. On retrouve 
cet exciton dans les semi-conducteurs.  
-Exciton de Frenkel: exciton fortement lié, dont la mobilité est faible.  On 
retrouve cet exciton dans les matériaux à grand gaps, les isolants et les matériaux 
organiques. 

Figure 4.1 de FOX. 

Wannier-Mott Frenkel
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Condition nécessaire à l’existence d’excitons

L’exciton n’existe que si la température du cristal est inférieure à l’énergie de liaison 
de l’exciton.

-Exciton de Wannier-Mott: l’énergie de liaison étant relativement faible (~10 
meV), ils ne sont notables qu’à basse température (kbT<10 meV). 

-Exciton de Frenkel: ils sont stables à température ambiante (kbT=26 meV), car 
l’énergie de liaison est élevée (environ de 0.1 à 1 eV) par rapport à l’énergie 
thermique.

Figure 4.3 de FOX. 

Exciton de Wannier-Mott
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Excitons de Wannier-Mott

Électron

Trou

Réseau atomique

Étant donné que les fonctions d’onde des deux porteurs s’étendent  sur 
plusieurs mailles du réseau, on associe à l’électron et au trou des masses 
effectives et on normalise leur interaction par la constante diélectrique 
du milieu environnant. 

Dans ces conditions, le modèle de Bohr s’applique et on a, 

où RH =
mee4

8✏20h
2

En = � µ

me

1

✏2
r

RH

n2
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Énergies de liaisons des excitons (W-M)
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Excitons de Rydberg dans le Cu2O (W-M)

homogeneous linewidth Cn can be used to derive estimates for the ex-
citon lifetime tn in state n using the relation tn<B=Cn, which for the
inhomogeneous case gives a lower limit for tn. For the highest prin-
cipal quantum numbers we obtained nanosecond lifetimes.

These lifetimes seem surprisingly long, given that the huge wave-
function extension may cause the exciton to be fragile as it is confronted
with multiple scattering possibilities in the crystal. For low excitation
powers, carrier–carrier scattering can be neglected. However, two path-
ways remain for the P-state decay, apart from direct radiative recombi-
nation. One is relaxation into lower-lying exciton states by spontaneous
emission of far-infrared photons with energies of a few tens of milli-
electronvolts. Because the corresponding rate is proportional to the third
power of photon energy, spontaneous emission is strongly suppressed
for such transitions compared to the visible range and can be neglected.
The other pathway is relaxation by emission of optical phonons10. From
the overlap between the initial and final state exciton wavefunctions,
the relaxation rate is expected to scale as 1/n3 (ref. 13), in accordance
with the experiment for the homogeneous contribution.

From the giant extension, huge Coulomb interaction effects are ex-
pected, which we access by studying the transmission as function of laser
excitation power, and therefore of exciton density. The area of each

absorption peak corresponds to the absorption strength and is deter-
mined by the exciton oscillator strength. The peak areas are shown in
Fig. 2c as a function of n for a laser power of PL 5 20 mW, correspond-
ing to an intensity of 6mW mm22. We find that the peak area scales as
1/n3, but only in the range up to n 5 17. This dependence confirms the
theoretical analysis for isolated P excitons2,14, from which one expects

for the exciton oscillator strength a behaviour proportional to
n2{1

n5 <
1

n3 for large n. However, there are pronounced deviations for nw18 at

the excitation power we used; the peak areas are reduced by almost an
order of magnitude compared to the expected values.

To explore the origin of this reduction in more detail, we measured
the peak area as a function of excitation intensity. Figure 3a shows cor-
responding absorption spectra from n 5 12 upwards. With increasing
power, the absorption lines continuously decrease, with the higher-lying
ones fading away first. The peak areas are plotted as a function of exci-
tation intensity in Fig. 3b, showing a drop starting from a character-
istic power level for each principal quantum number. The powers, at
which the drop starts, shift to lower excitation intensity with increas-
ing n. These results suggest that interaction effects between excitons
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Figure 1 | High-resolution absorption spectra of yellow P excitons in Cu2O.
a, Spectra are measured with a single-frequency laser on a natural sample of
thickness 34mm at 1.2 K. Peaks correspond to resonances with different
principal quantum number n. The panels below show close-ups of the areas
marked by rectangles in each panel above. b, Photograph of the natural Cu2O

crystal from which samples of different size and crystal orientation were cut.
c, A large crystal and a thin crystal mounted strain-free in a brass holder.
d, Wavefunction of the P exciton with n 5 25. To visualize the giant extension,
the corresponding light wavelength is shown as the period of the sine function.
The bar corresponds to the extension of 1,000 lattice constants.
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Énergies de liaisons des excitons: 3D vs 2D
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Énergies de liaisons des excitons (2D)

Nature Photonics 10, 202–204 (2016).
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measured dispersion exhibited hyperbolic-
dependence17,18. This strong confinement of 
radiation arises from the anisotropy in the 
permittivity tensor in boron nitride, whose 
in-plane and out-of-plane components have 
a different sign. These peculiar materials 
are known as hyperbolic materials and 
before these experiments on boron 
nitride hyperbolic materials were mainly 
fabricated artificially with nanofabrication 
techniques. Boron nitride is a natural 
hyperbolic material that outperforms 
man-made hyperbolic materials, which 
tend to suffer from high losses yielding 
short propagation lengths and broadband 
resonances. Moreover, while man-made 
hyperbolic materials have shown 
confinement values of only λ/12 (where 
λ is the wavelength of the incident light) 
with poor quality factors, Q, of ~5, boron 
nitride nanocones have recently shown 
strongly three-dimensionally confined 
‘hyperbolic polaritons’ (confinements of up 
to λ/86) and exhibit high Q (up to 283)19. 
Therefore, these phonon–polariton modes 

in boron nitride can have a strong impact 
in nanophotonics to confine radiation to 
a very small length scale (subdiffraction 
limit), which eventually can result in new 
imaging applications in the mid-IR part of 
the spectrum20.

Black phosphorus 
Despite the youth of this 2D material 
(the first works on atomically thin black 
phosphorus were reported just two years 
ago in 201421,22), the number of studies 
on black phosphorus is growing rapidly. 
The surge of interest can be due to the 
combination of several factors: it shows 
one of the highest charge-carrier mobilities 
reported for 2D semiconductors (typically 
100–1,000 cm2 V–1 s–1), its bandgap spans 
a wide range of the electromagnetic 
spectrum (from mid-IR to visible) and it 
shows exotic in-plane anisotropy (most 2D 
semiconductors have a marked anisotropy 
between the in-plane and out-of-plane 
directions but are typically isotropic within 
the basal plane).

Regarding the in-plane anisotropy 
of black phosphorus, unlike in graphite 
(where carbon atoms bond with three 
neighbouring atoms through sp2-hybridized 
orbitals), in black phosphorus each 
phosphorus atom bonds to three 
neighbouring atoms through sp3-hybridized 
orbitals, causing the phosphorus atoms 
to be arranged in a puckered honeycomb 
lattice formation23. This structure is the 
seed of an anisotropic band structure 
that leads to highly anisotropic electrical, 
thermal, mechanical and optical 
properties. This is in striking contrast 
with graphene, boron nitride or Mo- and 
W-based transition metal dichalcogenides 
that do not present noticeable in-plane 
anisotropy. Concerning its anisotropic 
optical properties, black phosphorus has 
shown a marked linear dichroism23, the 
optical absorption depends on the relative 
orientation between its lattice and incident 
linearly polarized light. The dichroism 
has strong implications for its Raman 
spectra, plasmonic and screening effects 
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Figure 1 | Comparison of the bandgap values for different 2D semiconductor materials families studied so far. The crystal structure is also displayed to highlight 
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the number of layers, straining or alloying. This broad bandgap range spanned by all these 2D semiconductors can be exploited in a wide variety of photonics 
and optoelectronics applications, such as thermal imaging (to detect wavelengths longer than 1,200 nm), fibre optics communication (employing wavelengths 
in the 1,200–1,550 nm range), photovoltaics (which requires semiconductors that absorb in the 700–1,000 nm range), and displays and light-emitting diodes 
(requiring semiconductors that emit photons in the 390–700 nm range).
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Table 1 | Summary of properties of different 2D semiconductors relevant for optoelectronics and photonics applications.

Material Mobility (cm2 V–1 s–1)  Bandgap Exciton binding  
energy (meV)

Plama frequency Observed phenomena 

MoS2 1–100 (ref. 4) 1.3–1.9 eV (refs 2,3) ~400 (refs 34,35) ~25 meV (ref. 36) Charged excitons (trions)8

Valley polarization9–11

Strong spin–orbit interaction
Quantum confinement2,3

Black phosphorus 100–1,000 (ref. 21) 0.3–1.5 eV (refs 22,37) ~400 (ref. 37) ~400 meV (ref. 38) Anisotropic photoluminescence25

Quantum confinement
Hexagonal boron nitride - 5.9 eV (ref. 39) ~150 (ref. 39) ~8 eV (ref. 40) Hyperbolic material17,18

Confined phonon–polariton 
modes19,20

Silicene 100 (ref. 33) 2 meV (ref. 29) - - Fairly unexplored28

Dash (-) indicates no data are available.

and photoresponse24,25. Recently, it has been 
demonstrated how the photoluminescence 
yield of black phosphorus always shows 
a high degree of polarization along the 
armchair direction of the flake25, opening 
the door for on-chip light polarization 
manipulation.

Similar to black phosphorus, other 2D 
semiconductors (Re-based chalcogenides26 
and trichalcogenides such as TiS3 (ref. 27)) 
also demonstrated marked electrical and 
optical in-plane anisotropy.

Other elemental 2D materials
Just below carbon in group IV of the 
periodic table we find other elements 
that (similar to graphene) can also form 
elemental 2D materials based on silicon 
(silicene), germanium (germanene) and tin 
(stanene) atoms, though adopting a buckled 
structure28. Owing to the larger spin–orbit 
coupling of silicon, germanium and tin 
with respect to carbon the calculated band 
structure of these 2D elemental materials 
differ from that of graphene and thus a 
bandgap should open (~2 meV for silicene, 
~20 meV for germanene and ~300 meV 
for stanene)29.

So far, these narrow-bandgap 2D 
semiconductors have been epitaxially 
grown on metallic surfaces30–32 in 
ultrahigh vacuum, but their limited 
environmental stability hampers the 
study of their properties with ex situ 
techniques. Moreover, it has been shown 
that the metallic substrates employed for 
the epitaxial growth strongly modify the 
electronic properties of silicene, germanene 

and stanene. Therefore, experimentally 
studying the intrinsic properties of these 
2D semiconductors (and exploiting them 
in applications such as mid- and near-IR 
optoelectronics) seemed impossible. 
Nonetheless, a method has been reported 
to encapsulate silicene, to take it out of 
the ultrahigh-vacuum environment and 
to fabricate electronic devices out of it33. 
This approach, which overcomes the 
initial concerns about the environmental 
instability of this family of 2D materials, 
opens the door to further studies on them, 
especially in the context of optoelectronics 
and photonics where there is still a lack of 
experimental works. ❐
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Nanoscience, C/Faraday 9, Campus Universitario 
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<latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="KBet0gCnjjeHoNqWcqCFkvXlYrc=">AAAB43icbVBNS8NAEJ34WeNX9eplsQieSuJBPQpePFYwttCGstls2qWb3bA7EUroH/DgRfHqf/Lmv3H7AWrrg4HHezPMzEsKKSwGwZe3tr6xubVd2/F39/z9g8P60aPVpWE8Ylpq00mo5VIoHqFAyTuF4TRPJG8no9up337ixgqtHnBc8DinAyUywSg6qdWvN4JmMANZJeGCNGCBfv2zl2pW5lwhk9TabhgUGFfUoGCST/xeaXlB2YgOeNdRRXNu42p25oScOSUlmTauFJKZ+nuiorm14zxxnTnFoV32puJ/XrfE7DquhCpK5IrNF2WlJKjJ9GeSCsMZyrEjlBnhbiVsSA1l6JLxXQbh8serJLpoXjaD+58soAYncArnEMIV3MAdtCACBik8w6s39F68N+993rjmLSaO4Q+8j2+GborS</latexit><latexit sha1_base64="yzyOLhJzarnRZY7UO8HS8/mPSfE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKex6MB4FLx4juEkgWcLsZDY7Zh7LzKwQlvyDFw8qXv0gb/6NkweoiQUNRVU33V1xxpmxvv/lldbWNza3ytuVnd29/YPq4VHLqFwTGhLFle7E2FDOJA0ts5x2Mk2xiDltx6Obqd9+pNowJe/tOKORwEPJEkawdVJL9Is0nfSrNb/uz4BWSbAgNVig2a9+9gaK5IJKSzg2phv4mY0KrC0jnE4qvdzQDJMRHtKuoxILaqJidu0EnTllgBKlXUmLZurviQILY8Yidp0C29Qse1PxP6+b2+QqKpjMckslmS9Kco6sQtPX0YBpSiwfO4KJZu5WRFKsMbEuoIoLIVh+eZWEF/XLun/3EwaU4QRO4RwCaMA13EITQiDwAE/wAq+e8p69N+993lryFjPH8AfexzcaEI6U</latexit><latexit sha1_base64="yzyOLhJzarnRZY7UO8HS8/mPSfE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKex6MB4FLx4juEkgWcLsZDY7Zh7LzKwQlvyDFw8qXv0gb/6NkweoiQUNRVU33V1xxpmxvv/lldbWNza3ytuVnd29/YPq4VHLqFwTGhLFle7E2FDOJA0ts5x2Mk2xiDltx6Obqd9+pNowJe/tOKORwEPJEkawdVJL9Is0nfSrNb/uz4BWSbAgNVig2a9+9gaK5IJKSzg2phv4mY0KrC0jnE4qvdzQDJMRHtKuoxILaqJidu0EnTllgBKlXUmLZurviQILY8Yidp0C29Qse1PxP6+b2+QqKpjMckslmS9Kco6sQtPX0YBpSiwfO4KJZu5WRFKsMbEuoIoLIVh+eZWEF/XLun/3EwaU4QRO4RwCaMA13EITQiDwAE/wAq+e8p69N+993lryFjPH8AfexzcaEI6U</latexit><latexit sha1_base64="t2KcNGTB5ckXp1RMR6VIYNlal6Y=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmIzGxIgeFWpLYWGLiAQlcyN6yx63sx2V3z4Rc+A82Fmps/UF2/hsXuELBl0zy8t5MZuZFKWfG+v63V9rY3NreKe9W9vYPDo+qxycdozJNaEAUV7oXYUM5kzSwzHLaSzXFIuK0G01u5373iWrDlHyw05SGAo8lixnB1kkdMcyTZDas1vy6vwBaJ42C1KBAe1j9GowUyQSVlnBsTL/hpzbMsbaMcDqrDDJDU0wmeEz7jkosqAnzxbUzdOGUEYqVdiUtWqi/J3IsjJmKyHUKbBOz6s3F/7x+ZuObMGcyzSyVZLkozjiyCs1fRyOmKbF86ggmmrlbEUmwxsS6gCouhMbqy+skaNav6v69X2s1izTKcAbncAkNuIYW3EEbAiDwCM/wCm+e8l68d+9j2VryiplT+APv8wc8mo8G</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit>

mlh
<latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit><latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit>

mso
<latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit><latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit>

k<latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit><latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit>

Eg
<latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit><latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit>

Eso<latexit sha1_base64="HbtG5vcJbEiX6YVSlxfCLPDANlw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB4rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCPWJ5FJ1Q6wpZ4L6hhlOu4miOA457YSTm7nfeaJKMykezDShQYxHgkWMYGOl9u0g03I2qNbcupsDrRKvIDUo0BpUv/pDSdKYCkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUCx1QHWX7tDJ1ZZYgiqWwJg3L190SGY62ncWg7Y2zGetmbi/95vdRE10HGRJIaKshiUZRyZCSav46GTFFi+NQSTBSztyIyxgoTYwOq2BC85ZdXid+oX9bd+4tas1GkUYYTOIVz8OAKmnAHLfCBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fG+2O9A==</latexit><latexit sha1_base64="HbtG5vcJbEiX6YVSlxfCLPDANlw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB4rmLbQhrLZbtq1m92wuxFK6H/w4kHFqz/Im//GbZqDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCorWWqCPWJ5FJ1Q6wpZ4L6hhlOu4miOA457YSTm7nfeaJKMykezDShQYxHgkWMYGOl9u0g03I2qNbcupsDrRKvIDUo0BpUv/pDSdKYCkM41rrnuYkJMqwMI5zOKv1U0wSTCR7RnqUCx1QHWX7tDJ1ZZYgiqWwJg3L190SGY62ncWg7Y2zGetmbi/95vdRE10HGRJIaKshiUZRyZCSav46GTFFi+NQSTBSztyIyxgoTYwOq2BC85ZdXid+oX9bd+4tas1GkUYYTOIVz8OAKmnAHLfCBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fG+2O9A==</latexit>
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Absorption d’un exciton (W-M)

Les excitons de Wannier-Mott sont typiquement observés dans les semi-
conducteurs à gap direct. 

ve = vh où

Comme les vitesses sont différentes, l’absorption ne peut générer 
des excitons qu’en k=0 seulement avec une quantité de mouvement 
associée au centre de masse égale à zéro, KX=0. 
À KX≠0, il a y absorption, mais l’exciton est immédiatement dissocié . 

La promotion d’un électron de la bande de valence à la bande de 
conduction conserve la quantité de mouvement (transitions verticales 
seulement). 

Pour générer un exciton, il faut que les vitesses de groupe de 
l’électron et du trou soient les mêmes,

Ex
cit

on

ve =
1

~
@Ec(k)

@k

vh =
1

~
@Eh(k)

@kh
<latexit sha1_base64="Xxy2ZpF9upnYFOmKMmPQjx7uaQE="></latexit><latexit sha1_base64="Xxy2ZpF9upnYFOmKMmPQjx7uaQE="></latexit><latexit sha1_base64="Xxy2ZpF9upnYFOmKMmPQjx7uaQE="></latexit><latexit sha1_base64="Xxy2ZpF9upnYFOmKMmPQjx7uaQE="></latexit>



PHS3210 Spectroscopie 

E<latexit sha1_base64="ilLXX2o66NjhpjWEiqtPVkxxBp0=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB5bMLbQhrLZTtq1m03Y3Qil9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHj0oJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/NbT6g0T+S9GacYxHQgecQZNVZq3vbKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL68Sv1a9rLrNi0q9lqdRhBM4hXPw4ArqcAcN8IEBwjO8wpvz6Lw4787HorXg5DPH8AfO5w8BaIyJ</latexit><latexit sha1_base64="ilLXX2o66NjhpjWEiqtPVkxxBp0=">AAAB53icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCCB5bMLbQhrLZTtq1m03Y3Qil9Bd48aDi1b/kzX/jts1BWx8MPN6bYWZemAqujet+O4W19Y3NreJ2aWd3b/+gfHj0oJNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0M/NbT6g0T+S9GacYxHQgecQZNVZq3vbKFbfqzkFWiZeTCuRo9Mpf3X7CshilYYJq3fHc1AQTqgxnAqelbqYxpWxEB9ixVNIYdTCZHzolZ1bpkyhRtqQhc/X3xITGWo/j0HbG1Az1sjcT//M6mYmugwmXaWZQssWiKBPEJGT2NelzhcyIsSWUKW5vJWxIFWXGZlOyIXjLL68Sv1a9rLrNi0q9lqdRhBM4hXPw4ArqcAcN8IEBwjO8wpvz6Lw4787HorXg5DPH8AfO5w8BaIyJ</latexit>

me
<latexit sha1_base64="TT1Sq3M3cBUZHE4mt3qdulk9lf0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRF1GPBi8eKxhbaUDbbSbt0dxN2N0IJ/QlePKh49R9589+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh496iRTFAOa8ER1IqKRM4mBYYZjJ1VIRMSxHY1vZn77CZVmiXwwkxRDQYaSxYwSY6V70cd+tebVvTncVeIXpAYFWv3qV2+Q0EygNJQTrbu+l5owJ8owynFa6WUaU0LHZIhdSyURqMN8furUPbPKwI0TZUsad67+nsiJ0HoiItspiBnpZW8m/ud1MxNfhzmTaWZQ0sWiOOOuSdzZ3+6AKaSGTywhVDF7q0tHRBFqbDoVG4K//PIqCRr1y7p3d1FrNoo0ynACp3AOPlxBE26hBQFQGMIzvMKbw50X5935WLSWnGLmGP7A+fwBsTyNiQ==</latexit><latexit sha1_base64="TT1Sq3M3cBUZHE4mt3qdulk9lf0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRF1GPBi8eKxhbaUDbbSbt0dxN2N0IJ/QlePKh49R9589+4bXPQ1gcDj/dmmJkXpZxp43nfTmltfWNzq7xd2dnd2z+oHh496iRTFAOa8ER1IqKRM4mBYYZjJ1VIRMSxHY1vZn77CZVmiXwwkxRDQYaSxYwSY6V70cd+tebVvTncVeIXpAYFWv3qV2+Q0EygNJQTrbu+l5owJ8owynFa6WUaU0LHZIhdSyURqMN8furUPbPKwI0TZUsad67+nsiJ0HoiItspiBnpZW8m/ud1MxNfhzmTaWZQ0sWiOOOuSdzZ3+6AKaSGTywhVDF7q0tHRBFqbDoVG4K//PIqCRr1y7p3d1FrNoo0ynACp3AOPlxBE26hBQFQGMIzvMKbw50X5935WLSWnGLmGP7A+fwBsTyNiQ==</latexit>

mhh
<latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="KBet0gCnjjeHoNqWcqCFkvXlYrc=">AAAB43icbVBNS8NAEJ34WeNX9eplsQieSuJBPQpePFYwttCGstls2qWb3bA7EUroH/DgRfHqf/Lmv3H7AWrrg4HHezPMzEsKKSwGwZe3tr6xubVd2/F39/z9g8P60aPVpWE8Ylpq00mo5VIoHqFAyTuF4TRPJG8no9up337ixgqtHnBc8DinAyUywSg6qdWvN4JmMANZJeGCNGCBfv2zl2pW5lwhk9TabhgUGFfUoGCST/xeaXlB2YgOeNdRRXNu42p25oScOSUlmTauFJKZ+nuiorm14zxxnTnFoV32puJ/XrfE7DquhCpK5IrNF2WlJKjJ9GeSCsMZyrEjlBnhbiVsSA1l6JLxXQbh8serJLpoXjaD+58soAYncArnEMIV3MAdtCACBik8w6s39F68N+993rjmLSaO4Q+8j2+GborS</latexit><latexit sha1_base64="yzyOLhJzarnRZY7UO8HS8/mPSfE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKex6MB4FLx4juEkgWcLsZDY7Zh7LzKwQlvyDFw8qXv0gb/6NkweoiQUNRVU33V1xxpmxvv/lldbWNza3ytuVnd29/YPq4VHLqFwTGhLFle7E2FDOJA0ts5x2Mk2xiDltx6Obqd9+pNowJe/tOKORwEPJEkawdVJL9Is0nfSrNb/uz4BWSbAgNVig2a9+9gaK5IJKSzg2phv4mY0KrC0jnE4qvdzQDJMRHtKuoxILaqJidu0EnTllgBKlXUmLZurviQILY8Yidp0C29Qse1PxP6+b2+QqKpjMckslmS9Kco6sQtPX0YBpSiwfO4KJZu5WRFKsMbEuoIoLIVh+eZWEF/XLun/3EwaU4QRO4RwCaMA13EITQiDwAE/wAq+e8p69N+993lryFjPH8AfexzcaEI6U</latexit><latexit sha1_base64="yzyOLhJzarnRZY7UO8HS8/mPSfE=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKex6MB4FLx4juEkgWcLsZDY7Zh7LzKwQlvyDFw8qXv0gb/6NkweoiQUNRVU33V1xxpmxvv/lldbWNza3ytuVnd29/YPq4VHLqFwTGhLFle7E2FDOJA0ts5x2Mk2xiDltx6Obqd9+pNowJe/tOKORwEPJEkawdVJL9Is0nfSrNb/uz4BWSbAgNVig2a9+9gaK5IJKSzg2phv4mY0KrC0jnE4qvdzQDJMRHtKuoxILaqJidu0EnTllgBKlXUmLZurviQILY8Yidp0C29Qse1PxP6+b2+QqKpjMckslmS9Kco6sQtPX0YBpSiwfO4KJZu5WRFKsMbEuoIoLIVh+eZWEF/XLun/3EwaU4QRO4RwCaMA13EITQiDwAE/wAq+e8p69N+993lryFjPH8AfexzcaEI6U</latexit><latexit sha1_base64="t2KcNGTB5ckXp1RMR6VIYNlal6Y=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmIzGxIgeFWpLYWGLiAQlcyN6yx63sx2V3z4Rc+A82Fmps/UF2/hsXuELBl0zy8t5MZuZFKWfG+v63V9rY3NreKe9W9vYPDo+qxycdozJNaEAUV7oXYUM5kzSwzHLaSzXFIuK0G01u5373iWrDlHyw05SGAo8lixnB1kkdMcyTZDas1vy6vwBaJ42C1KBAe1j9GowUyQSVlnBsTL/hpzbMsbaMcDqrDDJDU0wmeEz7jkosqAnzxbUzdOGUEYqVdiUtWqi/J3IsjJmKyHUKbBOz6s3F/7x+ZuObMGcyzSyVZLkozjiyCs1fRyOmKbF86ggmmrlbEUmwxsS6gCouhMbqy+skaNav6v69X2s1izTKcAbncAkNuIYW3EEbAiDwCM/wCm+e8l68d+9j2VryiplT+APv8wc8mo8G</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit><latexit sha1_base64="VBg7HCuOMyQ93qID4av+w34x/7I=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hU0Q9Rjw4jGCmwSSJcxOZrNj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1Rypmxvv/tra1vbG5tl3bKu3v7B4eVo+O2UZkmNCCKK92NsKGcSRpYZjntpppiEXHaica3M7/zRLVhSj7YSUpDgUeSxYxg66S2GORJMh1Uqn7NnwOtknpBqlCgNah89YeKZIJKSzg2plf3UxvmWFtGOJ2W+5mhKSZjPKI9RyUW1IT5/NopOnfKEMVKu5IWzdXfEzkWxkxE5DoFtolZ9mbif14vs/FNmDOZZpZKslgUZxxZhWavoyHTlFg+cQQTzdytiCRYY2JdQGUXQn355VUSNGpXNf/+stpsFGmU4BTO4ALqcA1NuIMWBEDgEZ7hFd485b14797HonXNK2ZO4A+8zx892o8K</latexit>

mlh
<latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit><latexit sha1_base64="aZVkeGCxKXBngNCMYmdRAbwbCCM=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6Od8NO1Xqn7NnwOtkqAgVSjQ7Fe+egNFMkGlJRwb0w381EY51pYRTqflXmZoiskYD2nXUYkFNVE+v3aKzp0yQInSrqRFc/X3RI6FMRMRu06B7cgsezPxP6+b2eQmyplMM0slWSxKMo6sQrPX0YBpSiyfOIKJZu5WREZYY2JdQGUXQrD88ioJ67Wrmn9/WW3UizRKcApncAEBXEMD7qAJIRB4hGd4hTdPeS/eu/exaF3zipkT+APv8wdD7o8O</latexit>

mso
<latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit><latexit sha1_base64="q1E7tvLzhEFgWABAzN8qXvzU1us=">AAAB7HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6jHgxWMENwkkS5idzCZj5rHMzAphyT948aDi1Q/y5t84SfagiQUNRVU33V1xypmxvv/tra1vbG5tl3bKu3v7B4eVo+OWUZkmNCSKK92JsaGcSRpaZjntpJpiEXPajse3M7/9RLVhSj7YSUojgYeSJYxg66SW6OdGTfuVql/z50CrJChIFQo0+5Wv3kCRTFBpCcfGdAM/tVGOtWWE02m5lxmaYjLGQ9p1VGJBTZTPr52ic6cMUKK0K2nRXP09kWNhzETErlNgOzLL3kz8z+tmNrmJcibTzFJJFouSjCOr0Ox1NGCaEssnjmCimbsVkRHWmFgXUNmFECy/vErCeu2q5t9fVhv1Io0SnMIZXEAA19CAO2hCCAQe4Rle4c1T3ov37n0sWte8YuYE/sD7/AFZLY8c</latexit>

k<latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit><latexit sha1_base64="pkCnwD1c1tStNccC5IhKaZP4t0M=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vjw4rEFYwttKJvtpF272YTdjVBCf4EXDype/Uve/Ddu2xy09cHA470ZZuaFqeDauO63s7a+sbm1Xdop7+7tHxxWjo4fdJIphj5LRKI6IdUouETfcCOwkyqkcSiwHY5vZ377CZXmibw3kxSDmA4ljzijxkqtcb9SdWvuHGSVeAWpQoFmv/LVGyQsi1EaJqjWXc9NTZBTZTgTOC33Mo0pZWM6xK6lksaog3x+6JScW2VAokTZkobM1d8TOY21nsSh7YypGellbyb+53UzE90EOZdpZlCyxaIoE8QkZPY1GXCFzIiJJZQpbm8lbEQVZcZmU7YheMsvrxK/Xruqua3LaqNepFGCUziDC/DgGhpwB03wgQHCM7zCm/PovDjvzseidc0pZk7gD5zPHzrajK8=</latexit>

Eg
<latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit><latexit sha1_base64="+XAjRqSTIxvblXIVBnX9b5su31w=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VgQwWNFYwttKJvtJl262YTdiVBKf4IXDype/Ufe/Ddu2xy09cHA470ZZuaFmRQGXffbWVldW9/YLG2Vt3d29/YrB4ePJs014z5LZarbITVcCsV9FCh5O9OcJqHkrXB4PfVbT1wbkaoHHGU8SGisRCQYRSvd3/TiXqXq1twZyDLxClKFAs1e5avbT1mecIVMUmM6npthMKYaBZN8Uu7mhmeUDWnMO5YqmnATjGenTsipVfokSrUthWSm/p4Y08SYURLazoTiwCx6U/E/r5NjdBWMhcpy5IrNF0W5JJiS6d+kLzRnKEeWUKaFvZWwAdWUoU2nbEPwFl9eJn69dlFz786rjXqRRgmO4QTOwINLaMAtNMEHBjE8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/d3qNYw==</latexit>
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Courbes de dispersion (W-M)
Une fois créé, l’exciton peut acquérir de l’énergie cinétique et se déplacer dans le réseau. 

Structure de bande électronique 
(particules indépendantes)

Structure de bande excitonique 
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Absorption d’un exciton (W-M)
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Figure 4.8 de FOX. 

Absorption d’un exciton (Frenkel)
Les excitons de Frenkel possèdent un très petit rayon et une grande énergie de 
liaison. Ils peuvent être considérés comme une excitation propre à un atome 
ou à une molécule, car l’étendue des fonctions d’onde est faible. 

Matéri
au

 Eg 

(eV)
 EX,1 

(eV)
Eliaison 

(eV)

KI 6.3 5.9 0.4

KBr 7.4 6.7 0.7
KCl 8.7 7.8 0.9

KF 10.8 9.9 0.9

NaI 5.9 5.6 0.3

NaBr 7.1 6.7 0.4
NaCl 8.8 7.9 0.9

NaF 11.5 10.7 0.8

CsF 9.8 9.3 0.5

RbF 10.3 9.5 0.8

LiF 13.7 12.8 1.9

Ils sont stables à 300 K et peuvent se déplacer dans le solide avec une faible 
mobilité. Il n’existe pas de modèle théorique simple traitant des excitons de 
Frenkel.
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Où retrouve-t-on des excitons? 

https://www.youtube.com/watch?v=P-3we8Dd76M
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Photosynthèse

La photosynthèse est la source principale d’énergie pour toutes les espèces vivantes. Cette 
énergie est utilisée pour synthétiser des molécules organiques à partir du CO2 
atmosphérique. 

De l’énergie solaire atteignant la terre:
~ 1/3 est réfléchie et retourne dans l’espace
~ 2/3 est absorbée et dissipée en énergie thermique
1% est convertie en énergie chimique par photosynthèse.

La conversion de l’énergie solaire en énergie chimique prend la forme suivante:

6 CO2   +   6 H2O + Énergie      ⟶      C6H12O6   +   6O2

Hexose: sucre simple ayant 
6 atomes de carbone

Cette réaction permet de fixer sous une forme solide 1011 tonnes de CO2 par année. 
L’inverse de cette réaction correspond à la respiration cellulaire qui est la principale source 
d’énergie pour les organismes vivants. 

C6H12O6   +   6O2       ⟶      6 CO2   +   6 H2O  + Énergie    
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Photosynthèse: les chloroplasts

 21.1 What Are the General Properties of Photosynthesis? 685

Photosynthesis Consists of Both Light  
Reactions and Dark Reactions
If  a chloroplast suspension is illuminated in the absence of carbon dioxide, oxygen is 
evolved. Furthermore, if  the illuminated chloroplasts are now placed in the dark and 
supplied with CO2, net hexose synthesis can be observed (Figure 21.4). Thus, the evolu-
tion of oxygen can be temporally separated from CO2 fixation and also has a light de-
pendency that CO2 fixation lacks. The light reactions of  photosynthesis, of which O2 
evolution is only one part, are associated with the thylakoid membranes. In contrast, the 
light-independent reactions, or so-called dark reactions, notably CO2 fixation, are lo-
cated in the stroma. A concise summary of the photosynthetic process is that radiant 
electromagnetic energy (light) is transformed by a specific photochemical system lo-
cated in the thylakoids to yield chemical energy in the form of reducing potential 
(NADPH) and high-energy phosphate (ATP). NADPH and ATP can then be used to 
drive the endergonic process of hexose formation from CO2 by a series of enzymatic 
reactions found in the stroma (see Equation 21.3, which follows).

Intermembrane
space

Granum
(stack of thylakoids)

Stroma

Thylakoid
lumen

Lamella

Inner membrane

Outer membrane

Thylakoid vesicle

FIGURE 21.2 Schematic diagram of an idealized 
chloroplast.

(a) (b)

FIGURE 21.3 (a) Spirogyra—a freshwater green alga. (b) A higher plant cell. 
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La photosynthèse se produit principalement dans les chloroplastes, où on retrouve les 
molécules de chlorophylle dans la membrane de la thylakoïde. 

684 Chapter 21 Photosynthesis

(see Chapter 25) represents two other metabolic conversions closely coupled to light en-
ergy in green plants. Our previous considerations of aerobic metabolism (Chapters 18 
through 20) treated cellular respiration (precisely the reverse of Equation 21.1) as the 
central energy-releasing process in life. It necessarily follows that the formation of hexose 
from carbon dioxide and water, the products of cellular respiration, must be endergonic. 
The necessary energy comes from light. Note that in the carbon dioxide fixation reaction 
described, light is used to drive a chemical reaction against its thermodynamic potential.

21.1  What Are the General Properties of Photosynthesis?

Photosynthesis Occurs in Membranes
Organisms capable of photosynthesis are very diverse, ranging from simple prokaryotic 
forms to the largest organisms of all, Sequoia gigantea, the giant redwood trees of Cali-
fornia. Despite this diversity, we find certain generalities regarding photosynthesis. An 
important one is that photosynthesis occurs in membranes. In photosynthetic prokary-
otes, the photosynthetic membranes fill up the cell interior; in photosynthetic eukary-
otes, the photosynthetic membranes are localized in large organelles known as chloro-
plasts (Figures 21.1 and 21.2). Chloroplasts are one member in a family of related 
plant-specific organelles known as plastids. Chloroplasts themselves show a range of 
diversity, from the single, spiral chloroplast that gives Spirogyra its name to the multi-
tude of ellipsoidal plastids typical of higher plant cells (Figure 21.3).

Characteristic of all chloroplasts, however, is the organization of the inner mem-
brane system, the so-called thylakoid membrane. The thylakoid membrane is organized 
into paired folds that extend throughout the organelle, as in Figure 21.2. These paired 
folds, or lamellae, give rise to flattened sacs or discs, thylakoid vesicles (from the Greek 
thylakos, meaning “sack”), which occur in stacks called grana. A single stack, or gra-
num, may contain dozens of thylakoid vesicles, and different grana are joined by lamel-
lae that run through the soluble portion, or stroma, of  the organelle. Chloroplasts thus 
possess three membrane-bound aqueous compartments: the intermembrane space, the 
stroma, and the interior of the thylakoid vesicles, the so-called thylakoid space (also 
known as the thylakoid lumen). As we shall see, this third compartment serves an impor-
tant function in the transduction of light energy into ATP formation. The thylakoid 
membrane has a highly characteristic lipid composition and, like the inner membrane 
of the mitochondrion, is impermeable to most ions and molecules. Chloroplasts, like 
their mitochondrial counterparts, possess DNA, RNA, and ribosomes and conse-
quently display a considerable amount of autonomy. However, many critical chloro-
plast components are encoded by nuclear genes, so autonomy is far from absolute.

FIGURE 21.1 Electron micrograph of a representative 
chloroplast. Ja
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Photosynthèse: la chlorophylle
La chlorophylle est une molécule formée d’une structure planaire (en vert) auquel est lié un 
alcool (phytol).  La structure planaire est formée de 4 pyrroles (C4H4NH) directement liés à 
un atome de magnésium.

 21.2 How Is Solar Energy Captured by Chlorophyll? 687

21.2  How Is Solar Energy Captured by Chlorophyll?
Photosynthesis depends on the photoreactivity of chlorophyll. Chlorophylls are 
magnesium-containing substituted tetrapyrroles whose basic structure is reminiscent of 
heme, the iron-containing porphyrin (see Chapters 5 and 20). Chlorophylls differ from 
heme in a number of properties: Magnesium instead of iron is coordinated in the center 
of the planar conjugated ring structure; a long-chain alcohol, phytol, is esterified to a 
pyrrole ring substituent; and the methine bridge linking pyrroles III and IV is substi-
tuted and crosslinked to ring III, leading to the formation of a fifth five-membered ring. 
The structures of chlorophyll a  and b are shown in Figure 21.5a.

Chlorophylls are excellent light absorbers because of their aromaticity. That is, they 
possess delocalized ! electrons above and below the planar ring structure. The energy dif-
ferences between electronic states in these ! orbitals correspond to the energies of visible 
light photons. When light energy is absorbed, an electron is promoted to a higher orbital, 
enhancing the potential for transfer of this electron to a suitable acceptor. Loss of such a 
photoexcited electron to an acceptor is an oxidation–reduction reaction. The net result is 
the transduction of light energy into the chemical energy of a redox reaction.

Chlorophylls and Accessory Light-Harvesting Pigments  
Absorb Light of Different Wavelengths
The absorption spectra of chlorophylls a  and b (Figure 21.5b) differ somewhat. Plants 
that possess both chlorophylls can harvest a wider spectrum of incident energy. Other 
pigments in photosynthetic organisms, so-called accessory light-harvesting pigments 
(Figure 21.6), increase the possibility for absorption of incident light of wavelengths not 
absorbed by the chlorophylls. Carotenoids and phycocyanobilins, like chlorophyll, pos-
sess many conjugated double bonds and thus absorb visible light. Carotenoids have two 
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FIGURE 21.5 Structures (a) and absorption spectra 
(b) of chlorophyll a and b. The phytyl side chain of ring IV 
provides a hydrophobic tail to anchor the chlorophyll in 
membrane protein complexes.
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sont excités par la lumière dans des orbitales supérieures, ce qui leur permet de participer à 
des réactions d’oxydo-réduction (oxydation de l’eau et réduction du carbone). 
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Photosynthèse: transfert et conversion

L’énergie absorbée place la molécule dans 
un état excité. Cette énergie peut être 
libérée de plusieurs façons. 

 21.2 How Is Solar Energy Captured by Chlorophyll? 689

The Transduction of Light Energy into Chemical  
Energy Involves Oxidation–Reduction
The diagram presented in Figure 21.8 illustrates the fundamental transduction of 
light energy into chemical energy (an oxidation–reduction reaction) that is the basis 
of  photosynthesis. Chlorophyll (Chl) resides in a membrane in close association with 
molecules competent in e! transfer, symbolized here as A and B. Chl absorbs a 
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+
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FIGURE 21.7 Possible fates of the quantum of light en-
ergy absorbed by photosynthetic pigments. 
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FIGURE 21.8 Model for light absorption by chlorophyll 
and transduction of light energy into an oxidation–reduction 
reaction. I: Photoexcitation of Chl creates Chl*. II: Electron 
transfer from Chl* to A yields oxidized Chl (Chl") and re-
duced A (A!) III: An electron-transfer pathway from A! to 
NADP" leads to NADPH formation and restoration of oxi-
dized A (A). IV: Chl" accepts an electron from B, restoring 
Chl and generating oxidized B (B"). V: B" is reduced back 
to B by an electron originating in H2O. Water oxidation is the 
source of O2 formation. 
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Photosynthèse: transfert d’énergie

Pour 2400 molécules de 
Chlorophylle, seulement une est 
chimiquement active.  Il s’agit du 
centre de réaction.

La chlorophylle joue trois rôles:
1) Elle absorbe la lumière; un 

exciton de Frenkel est généré.
2) Elle assiste le transport de cet 

exciton vers le centre de 
réaction par transfert résonant 
de Förster. 

3) Elle participe à la réaction 
d’oxydoréduction 

690 Chapter 21 Photosynthesis

photon of  light, becoming activated to Chl* in the process. Electron transfer from 
Chl* to A leads to oxidized Chl (Chl!" , a cationic free radical) and reduced A (A#  in 
the diagram). Subsequent oxidation of  A#  eventually culminates in reduction of 
NADP"  to NADPH. The electron “hole”  in oxidized Chl (Chl!" ) is filled by transfer 
of  an electron from B to Chl!" , restoring Chl and creating B" . B"  is restored to B by 
an e#  donated by water. O2 is the product of  water oxidation. Note that the system is 
restored to its original state once NADPH is formed and H2O is oxidized. Proton 
translocations accompany these light-driven electron-transport reactions. Such H"  
translocations establish a chemiosmotic gradient across the photosynthetic mem-
brane that can drive ATP synthesis.

Photosynthetic Units Consist of Many Chlorophyll  
Molecules but Only a Single Reaction Center
In the early 1930s, Emerson and Arnold investigated the relationship between the 
amount of incident light energy, the amount of chlorophyll present, and the amount of 
oxygen evolved by illuminated algal cells. Emerson and Arnold were seeking to deter-
mine the quantum yield of photosynthesis: the number of electrons transferred per pho-
ton of light. Their studies gave an unexpected result: When algae were illuminated with 
very brief  light flashes that could excite every chlorophyll molecule at least once, only 
one molecule of O2 was evolved per 2400 chlorophyll molecules. This result implied that 
not all chlorophyll molecules are photochemically reactive, and it led to the concept that 
photosynthesis occurs in functionally discrete units. 

Chlorophyll serves two roles in photosynthesis. It is involved in light harvesting and 
the transfer of light energy to photoreactive sites by exciton transfer, and it participates 
directly in the photochemical events whereby light energy becomes chemical energy. A 
photosynthetic unit (Figure 21.9) can be envisioned as an antenna of several hundred 
light-harvesting chlorophyll molecules (green) plus a special pair of photochemically 
reactive chlorophyll a  molecules called the reaction center (orange). The purpose of the 
vast majority of chlorophyll in a photosynthetic unit is to harvest light incident within 
the unit and funnel it, via resonance energy transfer, to the reaction center chlorophyll 
dimers that are photochemically active. Most chlorophyll thus acts as a large light- 
collecting antenna, and it is at the reaction centers that the photochemical event occurs. 
Oxidation of chlorophyll leaves a cationic free radical, Chl!" , whose properties as an 
electron acceptor have important consequences for photosynthesis. Note that the Mg2"  
ion does not change in valence during these redox reactions.

21.3   What Kinds of Photosystems Are Used 
to Capture Light Energy?

All photosynthetic cells contain some form of photosystem. Photosynthetic bacteria 
have only one photosystem; furthermore, they lack the ability to use light energy to split 
H2O and release O2. Cyanobacteria, green algae, and higher plants are oxygenic photo-
trophs because they can generate O2 from water. Oxygenic phototrophs have two distinct 
photosystems: photosystem I (PSI) and photosystem II (PSII). Type I photosystems use 
ferredoxins as terminal electron acceptors; type II photosystems use quinones as termi-
nal electron acceptors. PSI is defined by reaction center chlorophylls with maximal red 
light absorption at 700 nm; PSII uses reaction centers that exhibit maximal red light 
absorption at 680 nm. The reaction center Chl of PSI is referred to as P700 because it 
absorbs light of 700-nm wavelength; the reaction center Chl of PSII is called P680 for 
analogous reasons. Both P700 and P680 are chlorophyll a  dimers situated within spe-
cialized protein complexes. A distinct property of PSII is its role in light-driven O2 evo-
lution. Interestingly, the photosystems of photosynthetic bacteria are type II photosys-
tems that resemble eukaryotic PSII more than PSI, even though these bacteria lack 
O2-evolving capacity. 

Reaction
center

Light-harvesting pigment
(antenna molecules)

h!

FIGURE 21.9 Schematic diagram of a photosynthetic 
unit.
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Photosynthèse: transfert résonant de Förster

Il s’agit d’un mécanisme de transfert d’énergie entre deux dipôles. Ici, aucun 
photon n’est échangé. 

690 Chapter 21 Photosynthesis

photon of  light, becoming activated to Chl* in the process. Electron transfer from 
Chl* to A leads to oxidized Chl (Chl!" , a cationic free radical) and reduced A (A#  in 
the diagram). Subsequent oxidation of  A#  eventually culminates in reduction of 
NADP"  to NADPH. The electron “hole”  in oxidized Chl (Chl!" ) is filled by transfer 
of  an electron from B to Chl!" , restoring Chl and creating B" . B"  is restored to B by 
an e#  donated by water. O2 is the product of  water oxidation. Note that the system is 
restored to its original state once NADPH is formed and H2O is oxidized. Proton 
translocations accompany these light-driven electron-transport reactions. Such H"  
translocations establish a chemiosmotic gradient across the photosynthetic mem-
brane that can drive ATP synthesis.

Photosynthetic Units Consist of Many Chlorophyll  
Molecules but Only a Single Reaction Center
In the early 1930s, Emerson and Arnold investigated the relationship between the 
amount of incident light energy, the amount of chlorophyll present, and the amount of 
oxygen evolved by illuminated algal cells. Emerson and Arnold were seeking to deter-
mine the quantum yield of photosynthesis: the number of electrons transferred per pho-
ton of light. Their studies gave an unexpected result: When algae were illuminated with 
very brief  light flashes that could excite every chlorophyll molecule at least once, only 
one molecule of O2 was evolved per 2400 chlorophyll molecules. This result implied that 
not all chlorophyll molecules are photochemically reactive, and it led to the concept that 
photosynthesis occurs in functionally discrete units. 

Chlorophyll serves two roles in photosynthesis. It is involved in light harvesting and 
the transfer of light energy to photoreactive sites by exciton transfer, and it participates 
directly in the photochemical events whereby light energy becomes chemical energy. A 
photosynthetic unit (Figure 21.9) can be envisioned as an antenna of several hundred 
light-harvesting chlorophyll molecules (green) plus a special pair of photochemically 
reactive chlorophyll a  molecules called the reaction center (orange). The purpose of the 
vast majority of chlorophyll in a photosynthetic unit is to harvest light incident within 
the unit and funnel it, via resonance energy transfer, to the reaction center chlorophyll 
dimers that are photochemically active. Most chlorophyll thus acts as a large light- 
collecting antenna, and it is at the reaction centers that the photochemical event occurs. 
Oxidation of chlorophyll leaves a cationic free radical, Chl!" , whose properties as an 
electron acceptor have important consequences for photosynthesis. Note that the Mg2"  
ion does not change in valence during these redox reactions.

21.3   What Kinds of Photosystems Are Used 
to Capture Light Energy?

All photosynthetic cells contain some form of photosystem. Photosynthetic bacteria 
have only one photosystem; furthermore, they lack the ability to use light energy to split 
H2O and release O2. Cyanobacteria, green algae, and higher plants are oxygenic photo-
trophs because they can generate O2 from water. Oxygenic phototrophs have two distinct 
photosystems: photosystem I (PSI) and photosystem II (PSII). Type I photosystems use 
ferredoxins as terminal electron acceptors; type II photosystems use quinones as termi-
nal electron acceptors. PSI is defined by reaction center chlorophylls with maximal red 
light absorption at 700 nm; PSII uses reaction centers that exhibit maximal red light 
absorption at 680 nm. The reaction center Chl of PSI is referred to as P700 because it 
absorbs light of 700-nm wavelength; the reaction center Chl of PSII is called P680 for 
analogous reasons. Both P700 and P680 are chlorophyll a  dimers situated within spe-
cialized protein complexes. A distinct property of PSII is its role in light-driven O2 evo-
lution. Interestingly, the photosystems of photosynthetic bacteria are type II photosys-
tems that resemble eukaryotic PSII more than PSI, even though these bacteria lack 
O2-evolving capacity. 

Reaction
center

Light-harvesting pigment
(antenna molecules)

h!

FIGURE 21.9 Schematic diagram of a photosynthetic 
unit.
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Luminescence
Un atome excité émettra par émission spontanée afin de minimiser l’énergie 
de ses électrons. Dans un solide, ce processus se nomme luminescence. 

La luminescence peut être induite par plusieurs mécanismes, les plus 
importants sont les suivants: 
-Photoluminescence: Émission suivant l’absorption d’un photon;
-Électroluminescence: Émission produite par l’injection d’un courant. 

La luminescence est un phénomène riche et plus complex que l’absorption, 
car elle fait intervenir les processus de relaxation des porteurs. 

a) excitation par l’absorption d’un photon (très rapide)
b) relaxation ou thermalisation de l’électron et du trou (fs à ps)
c)  recombinaison électron-trou

- émission radiative (ns à μs)
- émission non- radiative (ps à ms)
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Montage expérimental
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Photoluminescence spectroscopy
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Photoluminescence (PL) spectroscopy
x fixed frequency laser, measure spectrum

by scanning spectrometer

PL excitation spectroscopy (PLE)
x detect at peak emission, 

vary laser frequency
x effectively measures absorption

Time-resolved PL spectroscopy
x short pulse laser + fast detector
x measure lifetimes, relaxation processes

Electroluminescence
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holes
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hQ

x Forward-biassed p-n junction
x Electrons and holes recombine at the

junction
x photon energy ~ Eg

x Epitaxial growth of high 
purity light-emitting layers on 
substrate crystal
x MBE, MOCVD, LPE ….

Figure 5.10

Photoluminescence
- Laser CW (continuous wave=intensité 

continue dans le temps)
- Balayage de la longueur d’onde à l’aide du 

spectromètre

Photoluminescence résolue dans le temps
- Laser à impulsion
- Détecteur rapide

Balayage de l’excitation (similaire à 
l’absorption)
- Détection de la PL à une énergie donnée
- Balayage de la fréquence du laser. 
- Mesure de l’intensité de la PL en fonction 

de la fréquence du laser
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Efficacité quantique

34

Radiative quantum efficiency
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• Strong emission at the band gap
• most III-V and II-VI semiconductors
• linewidth t kBT

Figs 5.2 – 3

En fonction de la température, le taux radiatif est constant alors que le taux 
non radiatif peut varier considérablement, car les processus non radiatifs sont 
souvent thermiquement activés. Ainsi, l’efficacité quantique augmente à basse 
température. 
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Luminescence interbande
Semi-conducteur à gap direct

Figure 5.3 de FOX. 

Semi-conducteur à gap indirect

Figure 5.4 de FOX. Processus de 2e ordre, l’ 
efficacité quantique est faible. 
Temps de vie radiatif très long 
(>10-4 s).

Temps de vie radiatif 
très cours (<10 ns).
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Luminescence interbande

Le profil de la raie d’émission est calculé en laboratoire. 
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Indirect gap materials

Figure 5.4
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• Low emission probability (2nd order process)
• Long radiative lifetime � low radiative quantum efficiency
• diamond, silicon, germanium, AlAs 

Photoluminescence
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Density of states

E

• Excite using laser with photon energy > Eg
• electrons and holes relax to the bottom of their bands
• thermal distributions formed according to statistical mechanics
• emission from Eg to top of carrier distributions

Figure 5.5

La luminescence interbande est le mécanisme de désexcitation principal dans les 
semi-conducteurs à gap direct.
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Luminescence interbande

Le profil de la raie d’émission est calculé en laboratoire. 
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Classical (Boltzmann)Statistics

Figure 5.6
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• Degeneracy observed at high density and low temperatures
• Emission from Eg to (Eg + EF
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La règle d’or donne le taux de 
recombination radiatif (l’inverse du 
temps de vie)

À partir de la distribution de Fermi 
Dirac, on trouve pour E>>kT, la 
distribution de Boltzmann
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Luminescence excitonique (W-M)

À basse température, les électrons et les trous peuvent former des excitons, 
mais seulement après avoir thermalisé dans un état compatible avec la 
formation d’un exciton (ve=vh).

8282 't HOOFT, van der POEL, MOLENKAMP, AND FOXON

stable surface, and the substrate temperature was 630 C.
The growth rate was 1 monolayer/sec for GaAs and corre-
spondingly higher for Al-containing layers. Under these
circumstances, the upper limit for background impurity
levels in GaAs is about 2x10' cm for both donors and
acceptors. For more details on crystal growth, see Ref. 8.
The structure was grown on a Si-doped (001)-oriented
substrate and consisted of the following layers. After a
1-pm buA'er layer and a 250-period superlattice of 10
monolayers GaAs and 33 monolayers Alo O9Gao 9/As, the
1.5-pm-thick GaAs active layer was deposited followed by
an 80-period superlattice of identical composition as the
previous one. The active-layer thickness was chosen to be
equal to the penetration depth of the exciting light,
effectuating homogeneous excitation. The two cladding
superlattices prevent the free excitons from diAusing to
places with increased defect concentrations like substrates
and/or free surfaces. Superlattices also help to minimize
carrier spill over into the active layer from background
impurities in the Al„Ga& —„As layer. To a large extent
these carriers will now spill over into the GaAs wells of
the superlattice. Furthermore, the superlattices ensure
that the interfaces around the active layer are of optimum
quality. 9
The experiments were performed using a picosecond

dye laser synchronously pumped by a mode-locked kryp-
ton laser. The samples were placed in a variable-
temperature, optical cryostat. The luminescence was
dispersed through a 4 -m monochromator and detected by
a cooled photomultiplier with GaAs cathode. Photo-
luminescence decays were measured via appropriate
single-photon-counting equipment with a time resolution
of 0.3 ns.
Some of the recorded photoluminescence spectra at 1.7

K are displayed in Fig. 1 for a few excitation densities.
The features seen at low excitation density are the recom-
bination of free excitons in the 2s excited state at 1.518
eV, the free-exciton line at 1.5151 eV, the line related to
excitons bound to neutral donors at 1.5141 eV, the one re-
lated to excitons bound to neutral acceptors at 1.5124 eV,
and the so-called g line of Kunzel and Ploog. ' Even at
excitation densities as low as 5 mW/cm the free-exciton
line is dominant and has a full-width at half maximum of
only 0.36 meV, indicating the very high quality of our ma-
terial. At excitation densities above 0.2 W/cm an addi-
tional luminescence feature can be observed centered at
1.5146 eV. Above 1 W/cm this spectral line broadens
and becomes the dominant recombination mechanism.
We attribute this line to the recombination of excitonic
molecules (biexcitons) on the basis of its spectral position.
A number of authors"' have calculated the extra bind-
ing energy of the excitonic molecule in units of the exci-
tonic Rydberg as a function of the ratio of the effective
masses of electrons and holes. For GaAs the ratio is 0.14,
implying that the extra binding energy is 0.08 excitonic
Rydberg, i.e., approximately 0.35 meV. The actually ob-
served energy diAerence between the free-exciton and
biexciton lines is 0.5 meV. The agreement is reasonably
good. Note that the biexciton line cannot be assigned to
the formation of an electron-hole liquid or an electron-
hole plasma, since the former is not stable and the latter

C

E
0
0
CL

'1.520 1.51 5 1.510
E (~vj

1.505

FIG. 1. Photoluminescence spectra of a 1.5-pm-thick GaAs
layer at 1.7 K for various excitation power densities. The excita-
tion wavelength was 800 nm. The spectra are scaled to have the
same height for the main peak and are shifted for the sake of
clarity.

occurs at much lower photon energies. '
To verify whether the defect concentration in our sam-

ple is low enough, we have measured the dependence of
the luminescence on excitation density. The results are
given in Fig. 2. Below 0.5 W/cm the free-exciton recom-
bination is strictly linear with power density. This is the
first time that such a linear behavior for GaAs has been
recorded. It demonstrates that the material is ultrapure
and that the lifetime of free excitons is governed by radia-
tive processes. For excitation densities above —1 W/cm
the biexciton recombination takes over the linear power
dependence and the free-exciton line more or less satu-
rates.
We measured the lifetime of the free excitons as a func-

tion of power density, excitation photon energy, and lat-
tice temperature. We found that the lifetime remains
constant for power densities up to —1 W/cm . For higher
power densities the lifetime progressively decreases, as ex-
pected from the appearance of the parallel radiative pro-
cess of biexcitonic recombination.
For excitation photon energies above 1.53 eV the life-

time of the free excitons is found to have increased by
some 20%. This is probably due to the higher energy of
the excited carriers and the slow cooling rate of the car-
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X= exciton
X2s= exciton excité
X2= biexciton (le 
biexciton est un peu comme 
une molécule d’H2)

(D0,X)= exciton lié à 
un donneur neutre
(A0,X)= exciton lié à 
un accepteur neutrePour émettre l’exciton doit se départir 

de sa quantité de mouvement.
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Luminescence d’un exciton (W-M)

GIANT OSCILLATOR STRENGTH OF FREE EXCITONS IN GaAs 8283
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FIG. 2. Double logarithmic plot of the photoluminescence in-
tensity of the free exciton line (X) vs excitation density for the
GaAs sample of Fig. 1. At high excitation densities the intensity
of the biexciton line (X2) is also indicated.

FIG. 3. Double logarithmic plot of the radiative lifetime of
the free exciton in GaAs vs temperature. Excitation is resonant
at the band edge of GaAs with a power density of —0.1 W/cm2.

riers when their excess energy is smaller than the optical-
phonon energy. For above-band-edge excitation the elec-
tron (J= —,

' ) and hole (J= —', ) may form an exciton in ei-
ther the singlet or the triplet state. Excitons in the triplet
state cannot recombine radiatively and their occurrence
might influence the lifetime. However, for photon ener-
gies equaling the 1s or the 2s state of the free exciton or
equaling the band-edge energy, the radiative lifetime
remains constant (3 ns at 1.7 K) within the limits of the
experimental accuracy. The influence of the forbidden
triplet state is thus negligible.
The influence of polariton eflects is also ruled out on the

basis of the small interaction energy of 0.08 meV between
photons and excitons. ' The polariton changes from exci-
ton to photon character and vice versa in a time of
6/(0. 08 meV) =8 ps. Within this time the particle has al-
ready been scattered by acoustic phonons and the
coherent coupling with the radiation field is lost. '
The influence of the lattice temperature on the radiative

lifetime of the free excitons has been investigated. The re-
sults for band-edge excitation with 0. 1 W/cm are given
in Fig. 3. The lifetime exhibits an increase from 3.3 ns at
very low temperatures to almost 11 ns at 10 K. The
center-of-mass system of the free excitons will have an in-
creased average kinetic energy with increasing lattice
temperature. Because of momentum conservation, only
those free excitons close enough to the Brillouin-zone
center can recombine radiatively. For a parabolic exciton
band and an assumed Maxwell-Boltzmann distribution,
the fraction, r, of free excitons with a kinetic energy
smaller than hE is given by

2 P~lkg T
r(T) = gl Joe 'de . (4)

The temperature-dependent radiative lifetime averaged
over the ensemble is then

z(T) = zp/r(T) . (5)
The theory of Eqs. (4) and (5) is fitted to the experimen-

tal points of Fig. 3 with ro and hE as parameters. The
solid curve of Fig. 3 shows a perfect agreement for ro =3.3
ns and hE =0.7 meV, i.e., twice the linewidth of the free
exciton.
In summary, we have shown unambiguously that the

radiative lifetime of free excitons in GaAs is quite small,
viz. , 3.3 0.5 ns in the low-temperature limit. The evi-
dence that the lifetime is governed by radiative recom-
bination consists of the dominant recombination band of
free excitons in luminescence spectra, its linear behavior
with power density, and the agreement between theory
and experiment for the temperature dependence of the
lifetime.
The oscillator strength associated with the lifetime

must, therefore, be of the order of unity according to Eq.
(3). To reconcile this with the total absorption cross sec-
tion as stated in Eq. (1), one might take for the density of
absorbing entities the concentration of excitons in a closed
packed lattice instead of the density of GaAs molecules.
This increases the oscillator strength by exactly a factor of
(a,„/a) . The oscillator strength is then per excitonic
volume instead of per molecule. The existence of bound-
exciton lines in absorption spectra merely reflects the
probability of finding an impurity within the volume of the
exciton. This probability is proportional to the number of
unit cells per excitonic volume: (a,„/a) . In the limit that
the impurity concentration is so large that within every
exciton volume an impurity is located, only bound-exciton
absorption mill be observed. This concentration is
(a/a, „) times the concentration of GaAs molecules.
Furthermore, we have observed for the first time exci-

tonic molecules (biexcitons) in three-dimensional GaAs.
In quantum wells they have been reported by Miller,
Kleinman, Gossard, and Munteanu. '

The authors are indebted to M. F. H. Schuurmans and
Q. H. F. Vrehen for valuable discussions and their en-
couraging interest in the work.

Le temps de vie d’un exciton varie considérablement selon le système 
considéré. Dans le cas du GaAs, il est de quelques nanosecondes. 

GaAs: temps de vie de l’exciton vs. température

Le temps de vie augmente en fonction 
de la température,  car l’énergie 
cinétique et le vecteur d’onde K 
augmentent. Puisque l’émission 
requiert K=0, annihilation des excitons 
se fait de moins en moins facilement. 
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Luminescence excitonique (W-M)

Dans un semi-conducteur à gap indirect, la conservation de la quantité de 
mouvement fait intervenir un phonon.

La quantité de lumière émise est très faible comparativement à un semi-
conducteur à gap direct. 

K

Concept of the Wannier exciton 177

coupling—with excitons (Section 4.2). In I-VII semiconductors, which are
even more polar, the LO-phonon assisted luminescence of free excitons also
occurs (for example in CuCl), but some of them have an indirect bandgap
(AgBr, TlBr) and the mechanism of exciton luminescence is rather different
there; we will explain this now.

7.1.4 Luminescence of free excitons in indirect-bandgap
semiconductors

The first important fact affecting quite essentially (and basically in a pos-
itive sense) luminescence processes in indirect-bandgap semiconductors is
the absence of polariton states. This is documented in Fig. 7.13. The energy
minimum of the exciton states is located at the Ki, a point sufficiently distant
from |0⟩ and the exciton and photon dispersion curves therefore do not cross
each other. This phenomenon markedly simplifies the discussion of exciton
luminescence in these materials.

A second important factor, following from the very nature of the indirect
bandgap and also from Fig. 7.13, is the indispensability of participation of
non-zero qphonon

∼= Ki phonons in the radiative recombination process. This is,
as we already know, a positive aspect—it enables the whole population of free
excitons to recombine radiatively because a suitable ‘recoil phonon’ provides
the momentum mismatch ∼ h̄Ki. This time, however, the approximate equality
qphonon

∼= Kexc is no longer valid, unlike the case of a direct semiconductor.
The reason for this consists in the fact that the Ki point is de factoin all
known indirect semiconductors situated at the first Brillouin zone boundary or
in its close vicinity, thus |qphonon| ∼= |Ki| ≫ |Kexc|, as indicated in Fig. 7.13.
In this case, as we discussed in the preceding section, the probability W (1)

of phonon creation does not depend on qphonon, and it follows immediately
from eqn (7.11) that the spectral lineshape of the one-phonon assisted free
exciton luminescence will reflect exactly the Maxwell–Boltzmann distribution
of exciton kinetic energies. Now we can rewrite expression (7.11) as

Fig. 7.13
Dispersion curves of a free exciton and
a photon in an indirect-bandgap
semiconductor. The polariton states do
not exist. On the right: schematic of the
exciton luminescence spectrum (INP
stands for a no-phonon line).

K
Seulement avec 
l’interaction avec un 
défaut.

w1 et w2 sont les énergies de 
phonons.
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Excitons-Polaritons

Dans les échantillons d’excellente qualité à basse température, il est difficile 
d’observer les excitons. On observe plutôt des excitons-polaritons. 

Un polariton est une quasi-particule résultant d’un couplage entre 

1) une onde électromagnétique (photon) et la polarisation du matériau qui 
l’accompagne et 

2) une excitation dans un solide associée à un moment dipolaire électrique 
(ou magnétique). 

Il existe plusieurs type de polaritons se couplant à un moment dipolaire 
électrique: 
1) exciton-polariton 
2) phonon-polariton
3) plasmon de surface-polariton
4) …

Ici, nous nous intéressons au couplage entre un exciton et un photon.
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Excitons-Polaritons

Interprétation erronée:
Un photon émis par l’annihilation d’un exciton est rapidement absorbé 
pour former de nouveau un exciton, et ainsi de suite. 

Interprétation quantique: Il n’y a ni absorption ni émission.
Due à leur interaction, l’exciton et le photon forment une nouvelle particule 
hybride dont la fonction d’onde est une superposition des fonctions d’onde 
d’un photon et d’un exciton. Cette quasi-particule est caractérisée par sa 
propre dispersion E(k).
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Courbe de dispersion de l’exciton-polariton

(a) Courbes de dispersion du photon et de l’exciton, lorsqu’il n’existe aucune interaction entre 
les deux. Notez l’intersection où la conservation de E et k est satisfaite.  
(b) Avec l’ajout d’une interaction entre l’exciton et le photon, la dégénérescence est levée et 
deux branches polaritoniques sont formées.  Dans les régions de dispersion linéaire et 
quadratique, la fonction d’onde du polariton est surtout de type photonique et excitonique, 
respectivement. 
(d) La composante excitonique de la fonction d’onde interagit avec d’autres excitations dans le 
solide. Celles-ci peuvent provoquer l’effondrement de la fonction d’onde du polariton pour 
produire un exciton, qui thermalise et s’annihile pour émettre un photon dans la Upper Polariton 
Branch ou la Lower Polariton Branch. 
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Fig. 7.5
(a) Dispersion curve of a ‘bare’ exciton and ‘bare’ photon (straight line with slope of h̄c(

√
ε∞)−1), i.e. without considering their mutual

interaction. (b) Schematic of the exciton–polariton dispersion curves. ∆LT stands for the longitudinal-transverse exciton splitting.
(c) Thermalization of LPB polaritons owing to the cascade emission of optical (h̄ωO) and acoustic (h̄ωA) phonons. (d) Schematic of the
luminescence spectrum of polaritons.

lifted owing to the interaction. Here, it means simply that a splitting of the
curves in the vicinity of this point of intersection will appear, as suggested in
Fig. 7.5(b). Moreover, the so-called longitudinal-transverse splitting ∆LT of the
exciton gains importance in polar cubic semiconductors, in analogy with the
energy difference between LO- and TO-phonons (Section 4.2). The resulting
polariton dispersion curves are drawn by solid lines in Fig. 7.5(b). One can
indeed recognize around the intersection point a region having the character
of mixed exciton-photon states, while far from this point the curves have a
character very similar to a bare photon (the so-called ‘photon-like’ straight
lines with a slope close to the value of h̄ multiplied by the light velocity)
or to a bare exciton with the characteric parabolic dependence E ∼ K 2. The
entire dispersion curve is then composed of two branches, namely, the upper
polariton branch (UPB) and the lower polariton branch (LPB).

The existence of these two branches and, in particular, of the strong LPB
curvature around the point where the ‘photon-like’ straight line turns into
the ‘exciton-like’ parabola ∼ h̄2 K 2/2mexc, is essential for understanding the
shape of the polariton emission spectra. This region in the (E , K) plane is often
termed a bottleneck.

Let us consider a common situation during which the polaritons are cre-
ated (non-resonantly) via absorption of photons with energy high above the
bandgap as, for example, at A point in Fig. 7.5(c). Thermalization of these
polaritons runs initially—far away from the ‘bottleneck’—very efficiently via
emission of the optical phonons possessing a high energy h̄ω0 at K ≈ 0;
close to the bottleneck, however, the scattering to lower energy states can
be mediated only via emission of the acoustic phonons with very low energy
h̄ωA. Naturally, the thermalization process is slowing down significantly and
a considerable accumulation of the polariton population on the LPB in the
vicinity of the bottleneck will occur. A similar accumulation is likely to happen
also near the bottom of the UPB. After a lapse of their lifetime of the order of
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Fig. 7.5
(a) Dispersion curve of a ‘bare’ exciton and ‘bare’ photon (straight line with slope of h̄c(

√
ε∞)−1), i.e. without considering their mutual

interaction. (b) Schematic of the exciton–polariton dispersion curves. ∆LT stands for the longitudinal-transverse exciton splitting.
(c) Thermalization of LPB polaritons owing to the cascade emission of optical (h̄ωO) and acoustic (h̄ωA) phonons. (d) Schematic of the
luminescence spectrum of polaritons.

lifted owing to the interaction. Here, it means simply that a splitting of the
curves in the vicinity of this point of intersection will appear, as suggested in
Fig. 7.5(b). Moreover, the so-called longitudinal-transverse splitting ∆LT of the
exciton gains importance in polar cubic semiconductors, in analogy with the
energy difference between LO- and TO-phonons (Section 4.2). The resulting
polariton dispersion curves are drawn by solid lines in Fig. 7.5(b). One can
indeed recognize around the intersection point a region having the character
of mixed exciton-photon states, while far from this point the curves have a
character very similar to a bare photon (the so-called ‘photon-like’ straight
lines with a slope close to the value of h̄ multiplied by the light velocity)
or to a bare exciton with the characteric parabolic dependence E ∼ K 2. The
entire dispersion curve is then composed of two branches, namely, the upper
polariton branch (UPB) and the lower polariton branch (LPB).

The existence of these two branches and, in particular, of the strong LPB
curvature around the point where the ‘photon-like’ straight line turns into
the ‘exciton-like’ parabola ∼ h̄2 K 2/2mexc, is essential for understanding the
shape of the polariton emission spectra. This region in the (E , K) plane is often
termed a bottleneck.

Let us consider a common situation during which the polaritons are cre-
ated (non-resonantly) via absorption of photons with energy high above the
bandgap as, for example, at A point in Fig. 7.5(c). Thermalization of these
polaritons runs initially—far away from the ‘bottleneck’—very efficiently via
emission of the optical phonons possessing a high energy h̄ω0 at K ≈ 0;
close to the bottleneck, however, the scattering to lower energy states can
be mediated only via emission of the acoustic phonons with very low energy
h̄ωA. Naturally, the thermalization process is slowing down significantly and
a considerable accumulation of the polariton population on the LPB in the
vicinity of the bottleneck will occur. A similar accumulation is likely to happen
also near the bottom of the UPB. After a lapse of their lifetime of the order of

Aucune interaction entre 
l’exciton et le photon

Avec interaction

Lorsque deux systèmes se 
croisent, l’interaction lèvera 
la dégénérescence et 
produira un anti-
croisement.
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Excitons-Polaritons

170 Luminescence of excitons

10−9 s, these accumulated polaritons ‘recombine’ to give rise to a no-phonon4

exciton–polariton luminescence that, localized spectrally in the close vicinity
of hν ≈ (Eg–EX), emerges from the crystal. The emission spectrum thus
consists, according to what has just been said, of two lines separated by ∼ "LT.
This is schematically depicted in Fig. 7.5(d). The line originating from the
LPB branch is usually more intense, as may be inferred from thermodynamic
considerations. It is necessary to emphasize, however, that no simple analytic
formula describing the corresponding spectral lineshape like, e.g., eqns (5.9)
or ( 5.13) exists, in spite of numerous attempts to deduce such a lineshape
formula theoretically.

It may be interesting to mention that this spectral shape actually complies
with the original simple concept of the excitonic luminescence reabsorption—
the central part of a narrow emission line is (seemingly?) reabsorbed and only
both of the wings survive (see also Appendix H).

Figure 7.6 shows an example of the experimental emission spectrum of
the exciton–polariton in GaAs at T = 4.2 K [7]. The thick arrow marks the
position of the n = 1 absorption line (i.e. hν = Eg–EX), taken from Fig. 7.2.
A qualitative agreement with Fig. 7.5(d) is evident.

The above discussed model of the exciton–polariton luminescence was
refined by Koteles et al. [8] who noticed that the occurrence of the ‘UPB/LPB
doublet’ was affected to a large extent by the concentration of residual impu-
rities, in particular donors. The authors assume that all the excitons, after
having thermalized, accumulate exclusively on the LPB branch and, accord-
ingly, their luminescence spectrum should consist of a single line only. How-
ever, if donors are present at a relatively high concentration (≥ 1015 cm−3),
the exciton–polaritons are scattered on their way from the bulk by elas-
tic collisions just with these donors (not by acceptors because their Bohr
radius—which means, in this case, their effective scattering cross-section—is

Fig. 7.6
Luminescence spectrum of free
exciton–polariton X in very pure GaAs
at T = 4.2 K (impurity concentration of
the order of 1013 cm−3). Lines due to
the upper (UPB) and lower (LPB)
polariton branch in the n = 1 state are
clearly evident. The thick arrow marks
the position of the absorption line n = 1.
The line labelled (h–D0) is caused by the
recombination of a hole with a neutral
donor (Section 5.3); lines (D0–X) and
(A0–X) are due to recombination of
bound excitons (Section 7.2). On the
right, a weak indication of a line arising
from recombination of the n = 2 state of
the exciton–polariton can also be seen.
After Razeghi et al. [7].

4 That is, phonons do not participate in the actual emission process. However, it is possible to
conceive of a process (depicted by the lower wavy line in Fig. 7.5(c)), during which emission of
another phonon h̄ω0 occurs and, at the same time, the polariton moves to the photon part of the
dispersion curve. This means that the radiative decay of the exciton–polariton is accompanied by
emission of an optical phonon. We shall treat this mechanism shortly.

Photoluminescence d’un échantillon de GaAs très pur (<1013 cm-3) à basse 
température. La flèche indique la position calculée de l’exciton (n=1).
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Excitons liés

Un  exciton libre se déplace et, lorsqu’il rencontre une impureté ou un défaut, il 
perd son énergie cinétique et se lie. L’énergie de liaison est caractéristique de 
l’impureté. La PL détecte les impuretés avec une très grande sensibilité. 

Bound excitons 181

In an indirect-bandgap semiconductor τr ≥ 10−4 s holds, thus we get
τtr ≪ τr. Therefore, the chance of a free exciton to be trapped, forming in
this way a bound exciton, is far higher than to recombine radiatively with
emitting the characteristic free exciton luminescence (h ν ≈ Egi–EX–h̄ ω).
This simple estimate implies immediately that the low-temperature free exci-
ton luminescence—for instance in silicon at a doping level of the order of
1015 cm−3—should not appear at all. Indeed, Fig. 1.1 corroborates this conjec-
ture: The bottom spectrum (C) originates in a sample with a total concentration
of boron and arsenic atoms of approximately 8×1015 cm−3 and it is evident
that the free exciton lines ITO(FE)/ILO(FE) at ∼ 1130 nm and ITA(FE) at
∼ 1090 nm (i.e. the intrinsic emission) are totally missing, while the extrinsic
emission of excitons localized at boron atoms (e.g. BTO(BE), BLO(BE)) is
very intense. We will return to this point in more detail in Subsections 7.2.1
and 7.2.2.

2. The bound exciton luminescence is characterized by the so-called ‘giant
oscillator strength’, as shown by Rashba and Gurgenishvili [18]. In princi-
ple this means that all the unit cells inside a ‘volume’ of approximately
∼ a3

X around the impurity atom or defect contribute to the radiative
recombination of the bound exciton. The probability of this radiative
recombination (and, consequently, the relevant oscillator strength f ) is
thus increased by several orders of magnitude, and the radiative lifetime
τr ∼ 1/ f decreases proportionally.

These two effects can also be expressed in the following way: The crystal
lattice, serving as a ‘matrix’ for impurity atoms or defects, plays, during
photoluminescence processes, the role of an ‘antenna’ that ‘harvests’ the exci-
tation radiation and transfers the excitation energy efficiently—with the help
of the motion and trapping of free excitons—to the extrinsic luminescence
centres. Expressed concisely, photoluminescence is a very sensitive tool to
study impurities and defects in semiconductors.

Fig. 7.17
The first published emission spectrum of
a bound exciton: crystalline silicon
containing an arsenic impurity with a
controlled concentration of
8 × 1016 cm−3 (full line) in comparison
with a silicon sample containing
negligible concentration of impurities
(dashed line). Silicon doped with arsenic
shows a new line AsTO(BE) due to
radiative decay of excitons bound to As
atoms. An intense ILO/TO(FE) line is a
fingerprint of the free exciton
luminescence; AsNP(BE) denotes
no-phonon emission of the bound
exciton. After Haynes [19].

How do we identify the bound exciton luminescence in the emission spec-
trum? One deals with a localized excitation, characterized very often (but not
always!) by a small Huang–Rhys factor. This is owing to the large radius of a
typical bound exciton, or owing to the fact that the excited area is spread in the
host lattice over a considerable volume. Therefore, the spectra are composed of
very narrow emission lines (FWHM of the order of 0.1 meV) which, moreover,
do not broaden with increasing temperature (because the bound exciton lacks
kinetic energy). Figure 7.17 represents the first emission spectrum of a bound
exciton published in 1960 [19], which clearly demonstrates these characteristic
features. A very narrow AsTO(BE) line originates in the TO-phonon assisted
radiative recombination of an exciton bound to an arsenic atom (donor impurity
in silicon). Its narrow width contrasts sharply with the neighbouring free exci-
ton line ITO/LO(FE), broadened considerably at the experimental temperature
of T = 25 K. A narrow no-phonon line of the bound exciton AsNP(BE) is also
present.

There are two additional important features contributing to the reliable
identification of the extrinsic bound exciton luminescence. The first one is the

INP: L’intensité de l’exciton libre est trop 
faible pour être observé. 
ILO/TO: La réplique de phonon est quant à elle 
facilement observée.
AsNP: Exciton lié à une impureté d’arsenic
AsTO: La réplique de phonon de AsNP

Matériau à gap indirect
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Excitons liés

Présents même dans les matériaux de haute pureté, les excitons liés aux dopants 
forment de nombreux chemins de recombinaison radiative. 130 G. Gilliland / Photoluminescence spectroscopy of crystalline semiconductors 
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Fig. 36, Relative energies of several possible intnnslc and extrinsic emission and absorpuon processes in GaAs [6].  

2.2.3.1. Bound excitons 

A point defect may increase the binding energy of a free exciton. An exciton may become bound 
at an impurity if the total energy of the system is reduced. Lampert [79] first considered the formation 
of bound excitons by drawing an analogy with the hydrogen molecule H2 and hydrogen molecule ion 
H2 + . He calculated the binding energy of a number of possible excitonic complexes in terms of  the 
effective mass ratio of the constituent carriers. The simplest set of such excitonic complexes are: 

~3 H -  Excitonic ions 
+ + - H~ 

+ + H2]Excitonic molecules 
+ H2 

An exciton bound to an ionized donor, D +, consists of a donor ion, ~ ,  and electron, - ,  and a hole, 
+ .  This will be denoted by (D+,X). Likewise, an exciton may be bound to an ionized acceptor, 
yielding (A-  ,X). Excitons may also become bound to neutral donors or acceptors, (D°,X) and (A°,X), 
respectively. The spectral signatures associated with each of these types of impurity complexes is 
sensitive to the chemical species of the impurity due to the differences in central-cell potential of  the 
impurities with respect to that of the lattice ion for which it substitutes. Thus, the PL spectra of these 
bound excitons, which exhibit very sharp no-phonon lines in undoped to moderately doped samples, 
can be used to fingerprint the donors and, particularly, the acceptors to which the excitons bind. Often, 
both free excitons and bound excitons may be observed simultaneously in the emission spectrum of a 
sample. 

184 Luminescence of excitons

Fig. 7.19
Emission spectrum of a thin layer of
GaAs (prepared by chemical epitaxy in
vacuum) at a temperature of T = 2 K.
After Bernussi et al. [21].

occurs also in GaAs but coincides spectrally with the (h–D0) line (see,
e.g., Figs 7.6 and 7.19 [21]). No line which could be attributed to (A−–X)
occurs in the mentioned figures.

Excitons bound to neutral donors (D0–X) or neutral acceptors (A0–X)
Numerous theoretical computations and experiments have shown that excitons
bound to a neutral impurity are stable at an arbitrary σ ratio. This is a substan-
tial difference in regard to the previous case. One can speculate qualitatively
about the reasons in the following way.

An exciton bound to a neutral donor ⊕eeh is—in the limit of a heavy hole
σ → 0 (i.e. mh → ∞)—an analogy to the hydrogen molecule H2, which
is a very well known and stable particle with a dissociation energy (the
energy necessary for decomposing H2 into two hydrogen atoms) equal to 0.33
Ry(H) = 4.5 eV. By analogy, we can conclude that the dissociation energy EBX
of an exciton localized at a neutral donor will be EBX ≈ 0.33 ED, where ED
is the ionization energy of the relevant donor. In the opposite limit of a light
hole σ → ∞, only the electron part of the exciton is bound to the impurity,
which is actually an analogy to the H− ion. This ion is also a stable object with
dissociation energy of approximately 0.055 Ry (H); the corresponding exciton
binding energy will thus be EBX ≈ 0.055 ED. A variety of interpolations
between these two limit cases exist, nevertheless, it appears that EBX, despite
passing through a minimum, stays permanently above zero.

To describe the creation and subsequent radiative decay of a bound exciton,
equations analogous to eqn (7.20) can be written:

⊕ e + FE → ⊕ eeh + EBX, (7.22a)

⊕ eeh → ⊕ e + hνBE. (7.22b)

By eliminating ⊕ eeh we obtain
hνBE = FE − EBX = (Eg − EX) − EBX (in a direct-bandgap semi-

conductor),
hνBE = FE − EBX = (Egi − EX − h̄ω) − EBX (in an indirect-bandgap

semiconductor).

Matériau à gap direct

R3
Émission du GaAs à basse température
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Le confinement dans les nanostructures

L’énergie cinétique d’une particule augmente avec son confinement. En effet, le 
principe d’incertitude dicte que cette énergie est approximativement,

Econf. =
p2x
2m

⇡ �p2x
2m

⇡ ~2
2m

1

�x2

Une particule sera confinée dans un puits si seulement son énergie thermique 
est inférieure à l’énergie de confinement,

~2
2m

1

�x2
<

1

2
kBT

Le principe d’équipartition nous donne 
que l’énergie thermique moyenne est 
égale à kBT/2 pour chaque degré de 
liberté. 

Alors, les effets quantiques seront observés si la région de confinement respecte 
la condition suivante

�x .
s

~2
mkBT
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Le confinement dans les nanostructures

Structure
Dimensions sous 

confinement
Dimensions sans 

confinement

Matériau massif 0 3
Puits quantique 1 2
Fil quantique 2 1

Boîte quantique 3 0

41

Topic 6: Quantum confinement

• Dimensionality

• Quantum wells
¾Energy levels

¾Optical transitions

¾Quantum confined Stark effect

• Quantum dots

• Carbon nanostructures
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Fig. 6.1
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Fabrications des puits quantiques

Par exemple, par épitaxie par jet moléculaire.
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Structure électronique d’un puits quantique
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Semiconductor quantum wells
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GaAs

Single quantum well MQW or superlattice

Fig. 6.2

Eg
GaAs Eg

AlGaAs

• Molecular beam epitaxy (MBE)
• Metal-organic chemical vapour deposition (MOCVD)

growth
methods

Infinite quantum well Fig. 6.3
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• kn = nS/d
• En = (=kn)2/2m* = (=2S2/2m*d2) n2

• \n = (2/d)1/2 sin (knz +nS/2)

• symmetry about z = 0 � wave functions have definite parity

• \n has (n–1) nodes

• En depends on m*, hence heavy and light holes split
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Structure électronique d’un puits quantique
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Finite quantum well
Figs 6.4–5
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Absorption d’un puits quantique
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2-D absorption
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• Absorption v density of states
• Density of states constant in 2-D: g2D(E) = m / S=2

• Thresholds whenever KZ exceeds (Eg + Een+ Ehn)
• Band edge shifts to (Eg + Ee1+ Ehh1)
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Absorption d’un puits quantique
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Fabrications des fils quantiques

Par exemple, par épitaxie en phase vapeur avec des précurseurs organométalliques. 

.. . 
I"m 

(a) (b) 

.......... 
0.5 I'm 

Figure 1 SEM photographs of typical GaAs whiskers formed on 

a GaAs(IJJ}As (GaAsJIJ}B) substrate surface at 

420 DC 

(a) / Deposited Au 

GaAs Substrate 

(b) 

/ Au-alloy droplet 

GaAs Substrate 

(e) 
/ Au-alloy droplet 

Whisker 

GaAs Substrate 

Figure 2 Representation of experimental procedure for growing 

GaAs whiskers. 

GoldBulletin 1999,32(3) 

heating in an AsH3/H 2 atmosphere, Au-Ga-As alloy 
droplets are formed by a reaction between the gold and 
the GaAs substrate (Figure 2 (b)). When the thickness 
of the deposited gold is larger than 0.1 nm, the same 
reaction probably proceeds during the heating. The 
alloy droplets were as small as 10 nm when the average 
thickness of deposited gold was 0.1 nm. During the 
heating in OMVPE, the amount of source molecules 
absorbed into the gold alloy increases with increasing 
supply of TMG and AsH3. This increased supply 
causes a supersaturated condition for Ga and As in the 
alloy. Thus, GaAs deposits on the GaAs(111)As crystal 
face, and wire-shaped whiskers are grown as shown in 
Figure 2(c). 

Our experimental results show that the whiskers 
grown at about 400°C are cylindrical in shape and 
their width is almost equal to the diameter of the Au-
Ga-As alloy at the tip. We therefore believe that the 
growth process is governed by the VLS growth 
mechanism proposed by Wagner and Ellis. As shown 
in Figure 3, actual alloy droplets can be seen on the top 
of the wire crystals. The grown whiskers are cylindrical 
and about 15 nm in diameter. 

Overview 
(Diam: ISnm 
Length: I. Spm) 

Figure 3 GaAs whisker growth. 

Top end 

(Au-alloy droplet) 

81 

(a)  Déposition d’une mince 
couche d’or (0.1 à 10 nm).

(b) Récuit permettant de 
former des gouttelettes de 
Au-Ga-As.

(c) Lors de la croissance, il y a 
saturation de la gouttelette 
en Ga-As et croissance d’un 
fil de GaAs. 
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Les boîtes quantiques
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Intersubband transitions
Figure 6.17
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n-type quantum well

• Transition energy ~ 0.1 eV (~ 10 Pm, infrared)
• Absorption used for infrared detectors
• Emission used for infrared lasers (Quantum cascade lasers)

x Need z polarized light
x Parity selection rule:
'n = odd number
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Quantum dots
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Pour un accord précis avec 
l’expérience, on doit 
considérer des modèles 
moins simplistes.
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Les boîtes quantiques colloïdales
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Quantum dots

22 22 2

* 2 2 22
yx z

x y z

nn n
E

m d d d
S § ·

¨ ¸ � �
¨ ¸
© ¹

=

(E�Eg) in units of (h 2�8d 2m*�
D

en
si

ty
 o

f s
ta

te
s

3-D 

0 5 10

dCuboid dot
Spherical dot

R

2 22

* 22
nlCE

m R
S§ ·

 ¨ ¸¨ ¸
© ¹

=

C10 = 1
C11 = 1.43
C12 = 1.83
C20 = 2

#

Colloidal quantum dots

1.5 2.0 2.5 3.0 3.5

A
bs

or
pt

io
n 

(a
rb

. u
ni

ts
)

Energy (eV)

CdSe
10 K

D

C

B

A

(a)

1.6 1.8 2.0 2.2
Energy (eV)

6 nm

5 nm

4 nm

CdTe
300 K

(b)

• Found in semiconductor doped glass (Colour glass filters & 
stained glass)

• Available commercially

Figure 6.20Énergie d’émission varie avec la taille de la boîte.
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Fabrications des boîtes quantiques

Par exemple, par synthèse chimique.

Vidéo sur la synthèse. 

http://www.instructables.com/id/Make-Quantum-Dots-Cadmium-Selenide-Type/
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Fabrications des boîtes quantiques
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Self-organized epitaxial dots
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InAs quantum dots Figure 6.22
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ou par épitaxie en exploitant les tensions de surface de matériaux ayant des 
constantes de maille différentes.

Mode généralement 
utilisé pour la 
croissance de boîtes 
quantiques

Vue de dessus

Section d’une 
boîte quantique
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Émission des boîtes quantiques
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Self-organized epitaxial dots
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InAs quantum dots Figure 6.22
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Boîte quantique isoélectroniques
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Allotropes de carbone
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Carbon nanostructures

graphene nanotube C60 Bucky ball *

* Buckminster fullerene named after
architect R. Buckmintser Fuller

Figure 8.20

Fig. 8.21

Taken from Machon, Phys. Rev B 66, 155410 (2002)
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Graphène
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Carbon nanostructures

graphene nanotube C60 Bucky ball *

* Buckminster fullerene named after
architect R. Buckmintser Fuller

Figure 8.20

Fig. 8.21

Taken from Machon, Phys. Rev B 66, 155410 (2002)
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Graphene

51

Figure 8.22Graphene transmission

After Nair et al. Science, 320, 1308 (2008).
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Matériaux lamellaires: MoS2
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Matériaux lamellaires: Phosphore noir
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Nanotubes de carbone

51

Figure 8.22Graphene transmission

After Nair et al. Science, 320, 1308 (2008).
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Nanotubes de carbone
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Figure 8.24
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C60
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Figure 8.27
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