1z2ib /2 H +QKT2Mb iBQM /m /QT :2 bm™ H2
GH2+i"B[m2b /m bBHB+BmK 2i bm™ H2b T2
T?QiQpQHi [[M2b /2b +2HHMH2b ~ # b2 /2 bl
Tm B}a T pQB2 Kii HHm :B[m?2
CQ' /B 02B K M

hQ +Bi2 i?Bb p2° bBQM,

CQ' /B 02B K MX 1z2ib /2 H +QKT2Mb iBQM /m /QT ;2 bm  H2b T QT B
H2b T2 7Q K M+2b T?QiQpQHi [[m2b /2b +2HHmMH2b " # b2 /2 bBHB+Bm
mi*2X ALa /2 GVQM- kyRRX 6° Mi BbX LLh, kyRRAa GYRRR X i2H@Yy

> G A/, i2ZH@yydyR8eR
2iiTh,ffi2HX "+?Bp2b@Qmp2 i2bX7 fi2H@yydy!|
am#KBii2/ QM k8 J v kyRKk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X



1f GTRUGUH 68/ $@pH

7KqVH

(IITHWV GH OD FRPSHQVDWLR!
SRSULpWpPV pOHFWULTXHV G.
SHUIRUPDQFHYV SKRWRYROWL
EDVH GH VLOLFLXP VRODLU
PpWDOOXUJLTXH

3WVHQWpPH GHYDQW
/JILOQVWLWXW QDWLRQDO GHV VFLHQFHYV DS

3KU REWHQLU
/IH JUDGH GH GRFWHXU

JRUPDWLRQ GRFWRUDOH SK\WVLTXH GHV ODWpU
eFROH GRFWRUDOH eFROH GRFWRUDOH GHV PDW

3DU
-RUGL 9HLUPDQ
,QIJpQLHXU
GRXWH(EH OH GHYDQW ODIﬁRPPLVVLRQ GYH[DP

Jury
$ .%$0,16., &$&+232 5DSSRUWHXU
" 0%T7+,27 5DSSRUWHXU
$ &+$175( ([DPLQDWHXU
< '85%1"' ([DPLQDWHXU
0O /(0,7, '"LUHFWHXU
6 '8%2,6 (QFDGUDQW
6 0$57,18==, ,QYLWp
< "(I$12< ,QYLWp


dboudia
Texte tapé à la machine

dboudia
Texte tapé à la machine

dboudia
Texte tapé à la machine

dboudia
Texte tapé à la machine





Remerciements

&H PpPRLUH HVW OH IUXLW GTXQ WUDYDLO FR
IDERUDWRLUH GHV &RPSRVDQWYV 3KRWRYROWDWTX
of,1/ ,QVWLWXWYV GHV 1DQRWHFKQRORJLHV GH /\RC
+HVOLQJD HW *pUDUG *XLOORW GH PIDYRLU DFFXHL

&HWWH WKgVH D EpQplILFLp GfXQ FRILQDQFHF
071%$'(0( GRQW OH SURJUDPPH GH ERXUVHV GH WKq)\
XQH UpXVVLWH WDQW VXU OH SODQ GX VXLYL GX C
GHQVH HQWUH ERXUVLHUV 30XV SDUWLFXOLQUHPHC
'XUDQG LQJPpQLHXU 5' HW PHPEUH GX MXU\ SRXU
YLI LQWpUrW GRQW LO D IDLW SUHXYH j OfpJDUG GH

-H UHPHUFLH YLYHPHQW 'DQLHO ODWKLRW SUR
$QQH .DPLQVNL &DFKRSR SURIHVVHXU j O¢f,13 3KH
UDSSRUWHXUYVY GH FH WUDYDLO

-H VRXKDLWH H[SULPHU PD JUDQGH UHFRQQDL
GLUHFWHXU GH FHWWH WKqgqVH SRXU VD GLVSRQLE
SHUWLQHQW DLQVL TXH SRXU OD UHOHFWXUH PLQX

&{Wp ,1/ MH WLHQV pJDOHPHQW j UHPHUFLHU *}
OHV PHVXUHV $)0 DLQVL TXY$0ODLQ )DYH SRXU HQV
GH SDUWLFLSHU DX IRUXP *&2( j 2NLQD2ZD

&{Wp ,1(6 PHV UHPHUFLHPHQWY YRQW j -HDQ 3C
,1(6 SRXU VD JUDQGH FXULRVLWpPp VFLHQWLILTXH
pJDOHPHQW SRXU VD ULIJXHXU HW OD SHUWLQHQFH
OD UHOHFWXUH GH FH PDQXVFULW 9LYH OHV VpDQF

&HWWH WKgqVH QIDXUDLW SDV SX rWUH PHQpPH j
HW G\QDPLTXH GX ODERUDWRLUH OHUFL j WRXV OH
LOQWHUVWLWLHO @ "HVUXHV 6\0YDLQ © 'HX[ YLHX[ &'
%RXQDDV )ORUHQW © -XVWLQ 2 7DQD\ *DHWDQ © (
3DQFKD GH OD 9HJD 2 ODUWLQ GH 1LFRODV %HUW
JUHG ©*RRQLHV 2 -D\ HW ELHQ GYIDXWUHV HQFRUH
WHPSV GLULJp SDU OH PDVWUH 3KLOLSSH 7KRQ\ 3Kl

-H UHPHUFLH HQ SDUWLFXOLHU 7KRPDV © 7KR
© &DERXOH 2 &DEDO DLQVL TXH OH QH] GY$0OI TXL P
WKgVH HW TXL RQW VX OD UHQGUH WUqV DJUpDEO



FROOgJXHV GHV DXWUHV ODERV PRQ DPL GH WRXMI
© EHF j IRLQ @ 9LQLW -XOLHQ © PLQFH PRQ JXLGH
ORUOLHU SRXU DYRLU SDVVp WDQW GH ERQV PRPHQ

%LHQ VEU MH QYRXEOLH SDV WRXV OHV JHQV
FKDOHXUHX[ DX ODER DLQVL TXH SRXU OHXU DLGH
WRXW OH SHUVRQQHO GX ODERUDWRLUH PDWpULDX
DYRLU DYHF HX[ HW OHXU V\PSDWKLH j PRQ pJDUG

8Q LPPHQVH PHUFL j 6pEDVWLHQ 'XERLV SRXU °
UDUH VD GLVSRQLELOLWpP VDQV IDLOOH HW VRQ RS
PRQWDJQH HW OTRUDJH j 6WUDVERXUJ

OHV UHPHUFLHPHQWY YRQW pJDOHPHQW | 1LFI
ODF*\YHU GH OfYpTXLSH SRXU VRQ DLGH SUpFLHXYV
JPpQPUHXVHPHQW pTXLSp GH OD WrWH DX[ SLHGV SR>

~{DGUHVVH HQILQ PD SURIRQGH UHFRQQDLVVDQ
HQFRXUDJp j FKRLVLU FHWWH YRLH HW SRXU PYDYR
OHUFL SRXU WRXW






[ Ao )0 [8 o1 1To] o PP 11

l. Les impuretés dopantes dans le silicium cristallin : généralités, interactions avec
les défauts, influence sur les propriétés électriques de la cellule photovoltaique 19

I.1. Purification du silicium et cristallisation de lingots 19
, /IH VLOLFLXP PpWDOOXUJLTXHBBBBBBBBBBBBBBBBBBBBBBBBBBBB
, /IH VLOLFLXP GH TXDOLWp pOHFWURQLTXH (* 6L BBBBBBBBBBBBB
, /IH VLOLFLXP GH TXDOLWp VRODLUH 6R* 6L BBBBBBBBBBBBBBBBB!
, &URLVVDQFH HW GpFRXSH GH OLQJRWY BBBBBBBEBBBBBBBBBBBBBI
, ILQIJIRWV PRQRFULVWDOOLQVY F 6L BBBBBBBBBBBBBBBBBBBBBI
, ILQIJIRWV PXOWLFULVWDOOLQYVY PF 6L BBBBBBBBBBBBBBBBBBBI
, 'PFRXSH GHV OLQJRWY HQ SODTXHWWHVBBBBBBBBBBBBBBBBBI

1.2. La cellule photovoltaique en silicium cristallin 28
, 6WUXFWXUH GH EDVH GI{XQH FHOOXOH SKRWRYROWDwWwTXHBBBBBB
, (TXDWLRQV GH EDVH BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBI
, S3RODULVDWLRQ GLUHFWH BBBBBBBBBBBBBBBBBBBBBBBBBBBBE
, SRODULVDWLRQ LQYHUVH BBBBBBBBBBBBBBBBBEBBBBBBBBBBBB
, ,QIOXHQFH GHV SURSULpWpPV pOHFWULTXHV GX VXEVWUDW VXU O

1.3. Dopage du silicium 37
, /H VLOLFLXP LOQWULQVgQTXH BBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
, /HV LPSXUHWpV GRSDQWHYV HW OD FRPSHQVDWLRQ GX GRSDJHBBI
, ILYHDX[ pQHUJpWLTXHVY LOQWURGXLWY SDU OHV LPSXUHWpPV GRSD

1.4. Densité de porteurs de charge libres dans le silicium compensé 42
, SUREDELOLWpP GYRFFXSDWLRQ GYI1XQ QLYHDX GH OD EDQGH LQWHL
, (WDW GH FKDUJH GHV LPSXUHWpV GRSDQWHY BBBBBBBBBBBBBBBE
, 9DULDWLRQ GH OD GHQVLWp GH SRUWHXUV GH FKDUJH DYHF OD V
. ,RQLVDWLRQ LQFRPSOqgWH BBEBBBBEBBBBBBBBBBBBEBBBBBBBBBBBBE

I.5. Effets des impuretés dopantes sur la mobilité des porteurs de charge 49
. 'PILQLWLRQ GH OD PRELOLWp HW PRGqgOH GH 'UXGHBBBBBBBBBBB
, /HV PpFDQLVPHY GH GLIIXVLRQ GHVY SRUWHXUV GH FKDUJH BBBBB!
, 'LIXVLRQ SDU OHV SKRQRQV BBBBBBBBBBEBBBBEBBBBBBBBBBBB!
, 'LIIXVLRQ SDU OHV LPSXUHWpV LRQLVpHY BBBBBBBBBBBBBBBB
, ORGpOLVDWLRQ GH OD PRELOLWp BBBBEBBBBBBBBBBBBBBBBBBBBB
, ,QIOXHQFH GH OD FRPSHQVDWLRQ VXU OD PRELOLWp BBBBBBBBBE

1.6. Effets des impuretés dopantes sur la durée de vie des porteurs de charge 58
, OpFDQLVPHV GH UHFRPELQDLVRQV GDQV OH VLOLFLXP BBBBBBBBE
, ,QIOXHQFH GH OD FRPSHQVDWLRQ VXU OHV PpFDQLVPHV GH UHFR

1.7. Interaction des impuretés dopantes avec les défauts 61
, /IHV SDLUHV )H% HW &U% BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBI
, /IH FRPSOH[HG%2UDGDWLRQ VRXV pFODLUHPHQW GH OD GXUpH GH
. 7TKpRULH GHV UpDFW bR @y GLFOLWWVRHAL BWUR®MD GLIIXVLRQBBBBBBBB

1.8. Effets de la compensation sur les performances électriques de la cellule 68
, (Q IRQFWLRQQHPHQW QRUPDO BBBBBBBBBBBBBBBBBBBBBBBBBBBE
, (Q SRODULVDWLRQ LQYHUVH BBBBBBBBBBBBBBBBBBBBBBBBBBBBB

. Techniques expérimentales 79

II.L1. Contamination des plaquettes en impuretés dopantes 79
' 5pSDUWLWLRQ GHV GRSDQWYVY ORUV GH OD FULVWDOOLVDWLRQ
' (Q SUDWLTXH SUpSDUDWLRQ GH OD FKDUJH BBBBBBBBBBBBBBB

1.2. Mesure de la résistivité 83
' OpWKRGH SRLQWHY BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
sy OpWKRGH SDU FRXUDQW GH )RXFDXOWBBBBBBBBBBBBBBBBBBBB

I.3. Mesures de la durée de vie des porteurs de charge 85




' THFKQLTXHY GH SDVVLYDWLRQ GHV VXUIDFHV BBBBBBBBBBBBBB
' THFKQLTXH ,& 4VV 3& GH PHVXUH GH OD GXUpH GH YLH BBBBBBB

I1.4.  Mesure de la mobilité des porteurs de charge 88
. (IlTHW +DOO BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBI
. $XWUHV PpWKRGHY GH PHVXUH BBBBBBBBBBBBBBBBBBBBBBBBBBE

II.5. Mesure FTIR (Fourier Transform Infrared spectroscopy) 95
I1.6. Mesure LBIC (Light Beam Induced Current) : extraction de la longueur de diffusion ___ 96

I.7.  Analyses chimiques des teneurs en dopants 97
11.8.  Elaboration des cellules photovoltaiques 98

' THIWXUDWLRQ FKLPLTXH GHVY VXUIDFHVBBBBBBBBBBBBBBBBBBB
' JRUPDWLRQ GH OfpPHWWHXU SDU GLIIXVLRQ SKRVSKRUH BBBBB
' 'pS{W GH OD FRXFKH DQWLUHIOHW BBBBBBBBBBBBBBBBBBBBBBB
' 6pULJUDSKLH GHVY FRQWDFWY PpWDOOLTXHY BBBBBBBBBBBBBBB
. &R UHFXLW GHV FRQWDFWY PpWDOOLTXHVBBBBBBBBBBBBBBBBB
. 2XYHUWXUH GH OD MRQFWLRQBBBBBBBBBBBBBBBBBBBBBBBBBBE

11.9.  Caractéristique courant tension (V) 104
s /ID PHVXUH , 9 VRXV pFODLUHPHQW BBBBBBBBBBBBBBBBBBBBBBI
s /ID PHVXUH , 9 VRXV REVFXULWp BBBBBBBBBBBBBBBBBBBBBBBBB

11.10. Conclusion 106

[I. Modélisation de la cinétiqgue de formation des complexes dans le silicium cristallin __ 109

ll.1. Eléments de base des algorithmes 110
/HV UpDFWLRQV GI{DVVRFLDWLRQ BBBBBBBBBBBBBBBBBBBBBBBB
5D\RQ GH FBSWBERBIBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
*PQpUDWLRQ GH OD PDUFKH DOpDWRLUH BBBBBBBBBBBBBBBBBB

I11.2.  Principales caractéristiques de I'algorithme 113
&KRL[ GH OfRXWLO GH FDOFXOBBBBBBBBBBBBBBBBBBBBBBBBBB
$OJRULWKPHY GpYHORSSpVBBBBBBBBBBBBBBBBBBBBBBBBBBBBB

$OJRULWKPH $BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
$OJRULWKPH JpQpUDO % BBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
$YDQWDJHYV LQFRQYpQLHQWYV GHY DOJRULWKPHVBBBBBBBBBBI

I11.3. Points clés de la simulation 117
&RQGLWLRQV DX[ OLPLWHVBBBBBBBBBBBBBBBBBBBBBBBBBBBB
&RQGLWLRQ VXU OH SDV GH WHPSV BBBBBBBBBBBBBBBBBBBBB

lll.4. Validation et exemples d’application de I'algorithme A 120
9DOLGDWLRQ GH OYDOJRULWKPH % FDV GH OD SDLUH )H% BBBE
$SSOLFDWLRQ GH OYfDOJRULWKPH $ IRUPDWLRQ GHYVY SDLUHV )]

l1I.5. Validation et exemples d’application de I'algorithme B 122
3UpFLVLRQV VXU OH QRPEUH GYDWRPHYVY j VLPXOHUBBBBBBBBBB
9DOLGDWLRQ GH OYDOJRULWKPH % &RPSDUDLVRQ j OD WKpRUI
&RPSOpPHQWY VXU OD YDOLGLWp GX PRGgQOH GH + 5HLVV BBBB
$SSOLFDWLRQ j OD SDLUH ERUH SKRVSKRUHBBBBBBBBBBBBBBBE

I1.L6. Domaines d'utilisation des algorithmes A et B 129
l1I.7. Conclusions 130
IV. Influence de la compensation des dopants sur les propriétés électriques du silicium __ 133
IV.1. Matériaux étudiés 133
,9 /LQJRWV BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
,9 /ILQJRWVY PXOWL HW PXOWL BBBBBBBBBBBBBBBBBBBBBBBBBBE
,9 /ILQJRW PXOWL BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
,9 /LQJRW &] BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB

9 SODTXHWWHV BBEBBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBBBBBBBE



9 ODTXHWWHY © PLQL FHOOXOHY 2BBBBBBBBBBBBBBBBBBBBBBI
9 SODTXHWWHY GRSpHY DX ERUH FRPSHQVDWLRQ SDU OHV GRQ

IV.2. Effet de la compensation sur la mobilité des porteurs de charge majoritaires 140

9 BURWRFROH H[SpULPHQWDOBBBBBBBBBBBBBBBBBBBBBBBBBBBBE

9 5pVXOWDWY H[SpULPHQWDX[ BBBBBBBBBBBBBBBBBBBBBBBBBBBE
9 6LOLFLXP (* FRPSHQVp ERUH GRQQHXUVY WKHUPLTXHY BBBBBBE
9 6LOLFLXPPBRFRPSHQVp ERUH SKRVSKRUH BBBBBBBBBBBBBBBBB
, 9 2ULJLQH GHV FKXWHV GH PRELOLWpV GDQV OH VLOLFLXP FRPSH
9 ORGLILFDWLRQ GH OfHIIHW +DOO GDQV OH VLOLFLXP IRUWHPH
, 9 'pVPFUDQWDJH GHV LPSXUHWpVY GRSDQWHVY BBBBBBBBBBBBBBB
9 'LIXVLRQ GHVY SRUWHXUY SDU OHV LQKRPRJIpQpLWpPYV GX SRWH
9 ,QIOXHQFH GH OD UpGXFWLRQ GHV PRELOLWpPV VXU OH UHQGHP!
9 &RQFOXVLRQV HW SHUVSHFWLYHV BBBBBBBBBBBBBBBBBBBBBBBI

IV.3. Effet de la compensation sur la durée de vie des porteurs de charge 157

9 (FKDQWLOORQV pWXGLpVBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
, 9 SURWRFROH H[SpULPHQWDOBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
9

9

([SORLWDWLRQ GHV UpVXOWDWY SURSULpWpV UHFRPELQDQWH
&RQFOXVLRQV BBEBBBBBBBBBBBBBBBBBBEBBBEBEBBBBBBBBBBBBBBB

V. Influence de la compensation des dopants sur les performances des cellules photovoltaiques

au silicium cristallin 167
V.1. Influence de la compensation sur le comportement des cellules sous tension inverse 167
9 SHUWLQHQFH GH OfpWXGH BBBBBEBBBBBBBBBBBBBBBBBBBBBBBB
9 3UpSDUDWLRQ GHVY FHOOXOHYVY BBBBBBEBBBBBBBBBBBBBBBBBBBBI
9 &RPSRUWHPHQW HQ LQYHUVH GHV FHOOXOHYVY pWXGLpHV BBBBBB
9 7THQVLRQVY GH FODTXDJHBBBBBBBBBBBBBBBBBEBBBBBBBBBBBBB
9 OpFDQLVPH UHVSRQVDEOH GX FODTXDJHBBBBBBBBBBBBBBBBBI
9 &RXUDQWY GH IXLWHBBBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBI
9 &RQFOXVLRQVY BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
V.2. Influence de la compensation sur les performances des cellules solaires 177
9 SBURWRFROH H[SpULPHQWDOBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
9 &RPSHQVDWLRQ GHV GRSDQWY HW SHUIRUPDQFHVY SKRWRYROWI
9 7THQVLRQ GH FLABBEBRB RXEBRBBBBBBBBBBBBBBBBEBBBBBBBBBBE
9 &RXUDQW GH FHBBBWBHBBHEHBEBBEBBBBEBBBBBBBBBEBBBBBBBBBBBBB
9 5HQGHPHQW GH BBBBGBBEBZBRBG8BBBBBBBBBBBBBBBBBBBBBBBBBB
9 &RPSDUDLVRQ DYHF OHV UpVXOWDWY REWHQXV VXU OHV PLQL F
9 &RQFOXVLRQV BBEBBBBBBBBBBBBBBBBBBEBBBBBBBBBBBBBBBBBBB
VI. Développement de techniques de caractérisation innovantes pour la détermination des
concentrations en dopants et en éléments |égers dans le silicium 187
VI.1. Cartographie de la teneur en oxygéne interstitiel dans le silicium 187
9, L QWURGXFWLRQ FRQWH[WHBBBBBBBBBBBBBBBBBBBBBBBBBBBB
9, (OpPHQWYV GH EDVH GH OD WHFKQLTXH GpYHORSSpH BBBBBBBBB
9, &LQpPWLTXH GH IRUPDWLRQ GHVY 'RQQHXUVY 7TKHUPLTXHV BBBBB
9, 9DULDWLRQ GH UpVLVWLYLWp OLpH j OD IRUPDWLRQ GHV 'RQQ
9, 'XUpH GH UHFXLW j f& BBBBBBEBBBBEBBBBBBBBBBBBBBBBBBBB
9, BURFpGXUH GH ®HB/BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBE
9, 9DOLGDWLRQ GH OD WHFKQLTXH BBBBBBBBBBBBBBBBBBBBBBBBE
9, &RQIURQWDWLRQ DYHF OHV PHVXUHYVY SDU VSHFWURVFRSLH )7
9, ,QIOXHQFH GH OfpWDW GH VXUIDFHBBBBBBBBBBBBBBBBBBBBB
9, ,QIOXHQFH GH OD GXUpH GH UHFXLWBBBBBBBBBBBBBBBBBBBB

, (( WHQVLRQ DX[ FDU® R JKIDSKHHM GRIOX2VLRQ BBBBBBBBBBBBBBBB
, &DV GHV SODTXHWWHY GH W\SH Q PRGpUpPHQW RX IRUWHPHQW
, &RQFOXVLRQV BBEBBBBBBBBBBBBBBBBBBEBBBBEBBBBBBBBBBBBBBB

, , QWURGXFWLRQ + FRQWH[WH BBBEBBBBBBBBBBBBBBBBBBBBBBBB

9
9
9
VI.2. Mesure des teneurs en impuretés dopantes dans le silicium compensé 202
9
9, '"HVFULSWLRQ GH OD WHFKQLTXH BBBBBBBBBBBBBBBBBBBBBBBE



9, 3ULQFLSH JpQpUDOBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
9, (IITHW +DOO HQ WHPSpUDWXUH IDFWHXU GH +DOOBBBBBBBBBB
9, ILYHDX pQHUJpWLTXH LQWURGXLW SDU OfJLPSXUHWpP GRSDQW

9, '"HVFULSWLRQ GH OD WHFKQLTXH BBBBBBBBBBBBBBBBBBBBBBB!

9, $SSOLFDWLRQ GpWHUPLQDWLRQ GHV WHQG&ILX BB B-B@ BERESIEBB B C

9, (IITHW GH OD FRPSHQVDWLRQ VXU OHV QLYHDX[ pQHUJpWLTXHV |

9, &RQFOXVLRQV BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB

CONCIUSIONS B PEISPECHIVES. ....uuiii it e e e e e e e eeanas 215



TABLE DES ABBREVIATIONS ET SYMBOLES PRINCIPAUX

&RQVWDQWHYV

N, &RQVWDQWH GH %ROW]PDQQ x

T &KDUJH pOpPHQWDLUH x

e BHUPLWWLYLWp GXNYPPGH V  x

6L BHUPLWWLYLWp UHODWLYH GX VLOLFLXP

ODWpULDX
7 7THPSpUDWXUH

Yvk WYk K 9LWHVVHV WKHUPLTXHY GHV pOHFWURQV HW GHV WUR
Q '"HQVLWp GH SRUWHXUV LQWULQVgTXHV

( 3BRVLWLRQ GX QLYHDX GH )HUPL

le 3 '"HQVLWpPV HITHFWLYHV GfpWDWV GH OD EDQGH GH FRQ
(¢ § 1ILYHDX[ HQ pQHUJLH GX EDV GH OD EDQGH GH FRQGXI
(s ( 3RVLWLRQV GHV QLYHDX[ pQHUJpWLTXHV LQWURGXLW
ERQGH LQWHUGLWH

J J )DFWHXU GH GpJpQpUHVFHQFH GHVY DFFHSWHXUV HW G
1 1 '"HQVLWpPV GILPSXUHWpV GRSDQWHV j FDUDFWqUH DFF
1s 1 '"HQVLWpPV GILPSXUHWpPV GRSDQWHY LRQLVpHV j FDUD!
%@ >3@ @'7T@ROEHQWUDWLRQV HQ ERUH SKRVSKRUH GRQQHXUV
%@ @3 &RQFHQWUDWLRQV HQ ERUH HW HQ SKRVSKRUH LRQL
. 'HJUp GH FRPSHQVDWLRQ GplLQL GDQV FH WUDYDLO FF
S Q 'HQVLWp GH SRUWHXUV GH FKDUJH GDQV OH VLOLFLXP
S Q '"HQVLWpP GH SRUWHXUV GH FKDUJH GDQV OH VLOLFLXP
H[FLWDWLRQ

r 5pVLVWLYLWp

— 6\PEROH JpQpPULTXH SRXU OHV PRELOLWpPV GHV SRUWH)
DM PTQ ORELOLWpPV GHV SRUWHXUV PDMRULWDLUHV HW PLQRL
L Hee K ORELOLWpPV GHV pOHFWURQV HW GHV WURXV OLPLWpH
IRQLVpPHV

—SK HSE K ORELOLWpPV GHV pOHFWURQV HW GHV WURXV OLPLWpH
—po00 ORELOLWp GHV SRUWHXUV PDMRULWDLUHYV PHVXUpH SD
v )DFWHXU GH +DOO

5, &RHIILFLHQW GH +DOO

/. /RQJIJXHXU GH GLIIXVLRQ GHV SRUWHXUV PLQRULWDLUH
te 'XUpH GH YLH YROXPLTXH GHV SRUWHXUV GH FKDUJH
thn 'XUpH GH YLH HIITHFWLYH GHV SRUWHXUV GH FKDUJH
tuoe 'XUpH GH YLH OLPLWpH SDU OH PpFDQLVPH GH UHFRPE!
tsxanu 'XUpH GH YLH OLPLWpH SDU OH PpFDQLVPH GH UHFRPE!
tese 'XUpH GH YLH OLPLWpH SDU OH PpFDQLVPH GH UHFRPE!
SuS«k BHFWLRQV HIILFDFHV GH FDSWXUH GHV pOHFWURQV H
5e 5D\RQ GH FDSWXUH GIXQH LPSXUHWp LRQLVpH
&HOOXOH SKRWRYROWDWTXH

DQ 1ILYHDX GILQMHFWLRQ

_— &RXUDQW GH FRXUW FLUFXLW

9r 7HQVLRQ GH FLUFXLW RXYHUW

)) )DFWHXU GH IRUPH

h 5HQGHPHQW GH FRQYHUVLRQ pQHUJpWLTXH

9 7HQVLRQ GH FODTXDJH

b &RHIILFLHQW HQ WHPSpUDWXUH GH OD WHQVLRQ GH FO



 QWURGXFWLRQ

INTRODUCTION

6HORQ OHV GHUQLHUV FKLIIUHV SXEOLpV SDU Of$JHQ
SBRGXFWLRQ PRQGLDOH GITpOHFWULFLWp HVW SDVVpH GH TXFE
HQ >$,( @ VRLW DPSRXOHV GH : SDU WHUULHQ IRQFW
GH OfpQHUJLH pOHFWULTXH SURGXLWH HVW REWHQXH | S
JD] QDWXUHO SpWUROH RX ILVVLOHV SULQFLSDOHPHQW X
HVWLPpHVY SRXU FHV UHVVRXUFHV VH FRPSWHQW HQ FHQWD]I
QH SHUPHWWHQW GRQF SDV GTHQYLVDJHU OHXU XWLOLVDWL

I fTH[SORLWDWLRQ j RXWUDQFH GHV UHVVRXUFHV IRVVL
SURGXFWLRQ GYpOHFWULFLWp FRQGXLW j XQH KDXVVH GHV
OfDWPRVSKqUH &HV JD] SODQMLISHALGHRNQ W OJX XIJPHQWDWLF
gbLU HW GHV RFpDQV HQ UHQIRUODQW OfYHIIHW GH VHUUH
FRQVpTXHQFHY GH FHWWH KDXVVH GH WHPSpUDWXUH JORED
GX *, (& *URXSH G H[SHUWV LQWHUJRXYHUQHPHQWDO VXU O
SRXU OD JUDQGH PDMRULWp LQTXLpWDQWHYVY WDQW VXU Ot
ERXOHYHUVHPHQWY GHV pFRV\VWgQPHV« TXH VRFLpWDO DX,
GHV FDWDVWURSKHY QDWXUHOOHYVY GLVSDULWLRQ GHV DWRC

«La poursuite des émissions de gaz a effet de serre au rythme actuel ou a un rythme supérieur [...]
entrainerait de nombreuses modifications du systéme climatique mondial au courstfisigxle,

qui seraient trés probablement plus importantes que celles observées au coufS8'thiexie».

ID SURGXFWLRQ GfpOHFWULFLWpPp SDU ILVVLRQ QXFOpDLL
HQWUDVQHU GLUHFWHPHQW GYpPLVVLRQ GH JD] j HIIHW GH
UDGLRDFWLIV DLQVL TXH OHV ULVTXHV GIDFFLGHQWYV QXFO

QH SHUPHWWHQW SDV GTHQYLVDJHU FH PR\HQ GH SURG
GHV UHVVRXUFHV OLPLWpPHV '‘DQV OH FRQWH[WH GpFULW F
PR\HQV GH SURGXFWLRQ GY{pOHFWULFLWpPp SpUHQQHV HW SO>
GLVWULEXWLRQ GTXQH pQHUJLH ERQ PDUFKp HW VIDSSX\DC
UpSDUWLHYVY TXH SRVVLEOH FHFL GDQV OH EXW GH OLPLWHU
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/HV pQHUJLHV UHQRXYHODEOHV (Q5 TXL VRQW GHV IC
HDX RQW OH SRWHQWLHO GH UHPSOLU FHV REMHFWLIV
GIPQHUJLH JLIDQWHVTXH OLpH DX IOX[ GH SKRWRQV FRORYV
$LQVL VHORQ Of(3,$ DVVRFLDWLRQ HXURSPHQQH GHV LQGX
GH BH SDQQHDX[ VRODLUHV SKRWRYROWDWTXHV 39 SDU
GHVRXWH OD SRSXODWLRQ GH FH SD\V OfDQQpH GXUDQW 3
39 HVYW FRQVLGPUDEOHPHQW SOXV © SURSUH 2 TXTXQ N:K FR
IRLV PRLQV GYpPL¥YLBQ® GMpSPHUIJLH VRODLUH SUpVHQWH |
SWVHQWH SDUWRXW DXWRXU GX JOREH HW SDUWLFXOLQUHP
ORLQ GH OfpTXDWHXU (OOH D DLQVL OH SRWHQWLHO GH FR
DSSRUWDQW XQH VRXUFH GYpOHFWULFLWp DERQGDQWH HW
VXUFURVW OD FUpDWLRQ GH OfDVVRFLDWLRQ 39 &<&/( HQ
PDVVLI GHV SDQQHDX[ 39 HQ ILQ GH YLH VLJQH GYXQH ILO
OYHQYLURQQHPHQW >39&<&/( @

/D FURLVVDQFH DFWXHOOH GH OfLQVWDOODWLRQ GH SC
JLIXUH TXL SUPVHQWH OfpYROXWLRQ GH OD SXLVVDQFH LG
DWW FUrWH HVW OfXQLWp GH SXLVVDQFH XWLOLVpH SRXL
VWDQGDUGY HW LQWHUQDWLRQDOHYV

Figure 1 Evolution du parc PV mondial de 1994 a 2009 en MWc. Source : EPIA

&HSHQGDQW OD SDUW GX 39 GDQV OH ERXTXHW pQHUJ
SULQFLSDO j FHW HVVRU HQ URXWH UpVLGH SULQFLSDOHPHC(
SDU UDSSRUW DX[ PRGHV GH SURGXFWLRQ FRQYHQWLRQQ
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UpVLGHQWLHOOH FRQVPTXHQWH FRQWUH | IRLV PRLQV F
>0,1(1( @ $ILQ GH UHQIRUFHU OfLPSODQWDWLRQ GX 39 GD
QpFHVVDLUH GYDEDLVVHU OHV FREWV GH SURGXFWLRQ GX
¥, :DWW FUrWH /YREMHEWLI ILQDO pWDQW GYDUULYHU j XQ p
GIDFKDW GX N:K 39 pJDO DX SUL[ GX N:K FRQYHQWLRQQHO

3XLVTXTHOOH D SULV VRQ HVVRU UpFHPPHQW HW SDUFL!
GLIITpUHQWHY SRXU OD IDEULFDWLRQ GTXQ PRGXOH 39 HVW
RSSRUWXQLWpV GH UpGXFWLRQ GHV FR€WV j OTpFKHOOH G
PRGXOH 39 HVW OfpOpPHQW FRQVWLWXWLI GX V\WVWqgPH 39
LOWHUFRQQHFWpPpHY HQ VpULH RX HQ SDUDOOQqOH DILQ GH Sl
$ILQ GH FDUDFWpULVHU OHV SHUIRUPDQFHV GHV PRGXOHV
GplLQL FRPPH OH UDWLR HQWUH OD SXLVVDQFH pOHFWULTX
LOWHUFHSWpH SDU OH PRGXOH 3O0OXVLHXUV WHFKQRORJLHV
TXH OH UHQGHPHQW DVVRFLpV j FKDFXQH VRQW SUpVHQWpV

100
111
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80

60 B EMERGING & CPV ~ 25%
50 B CIGS 7-12%

40 B CdTe 10-11%

30 B a-Si 4-8%

20 c-Si mone 13-19%

multi 11-15%

1980
1985
1990
1995
2000
2005
2010
2015
2020

Figure 2 Evolution des parts de marché des différentes technologies de modules PV. Les rendements de
conversion énergétique approximatifs sont donnés pour chaque technologie (source [EPIA11]).

OrPH VL XQH SDUW JUDQGLVVDQWH GX PDUFKp HVW DWW
&G7H &,*6 D 6L GDQV OHV SURFKDLQHV DQQpHV FHOOH DX
ODUJHPHQW GRPLQDQWH GDQV OHV DQQpHV j YHQLU /H 6L p!
FHWWH ILOLQUH VIDVVXUH XQ DYHQLU VHUHLQ SRXU OD ID
&HSHQGDQW OD IDEULFDWLRQ GYXQ PRGXOH 39 HQ 6L FULV\V
SURGXFWLRQ GX VLOLFLXP FKDUJH GX FREW PRGXOH XW
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TXH OD PLVH HQ PRGXOH VRQW GHV pWDSHV VXU OHVT>
SHUPHWWUH OD UpGXFWLRQ GUDVWLTXH GX FR€EW GH SURGXI

Figure 3 Répartition des codts de fabrication d'un module PV en Silicium multicristallin [SUNTECH10]

JTXWLOLVDWLRQ GH QRXYHOOHV WHFKQLTXHV GH SXUL!
VLOLFLXP FKDUJH HVW LGHQWLILpH FRPPH XQ OHYLHU LPSR
PRGXOHV 39 HQ VLOLFLXP FULVWDOOLQ $FWXHOOHPHQW
FKDUJH IRXUQLVVHQW XQ PDWpULDX GH WUqV ERQQH TXDOL
SOXV GH % NJ &H PDWpULDX KLVWRULTXHPHQW SURGXLW
REWHQX YLD XQ SURFpGp FKLPLTXH HW pQHUJLYRUH SHQGE
FRQVPTXHQFH XQH pPLVVLRQ FRQVPTXHQWH GH SURGXLWV W
SURFpGp DSSHOp SURFpGp 6LHPHQV OXL FRQIqQUH XQF
PLFURPOHFWURQLTXHV PDLV DSSUR[LPDWLYHPHQW PLOOH
DLOOHXUV OHV FDSDFLWpV GH SURGXFWLRQ GH FH VLOLFLX
*UDGH 6LOLFRQ PrPH VL HOOHV DXJPHQWHQW GH PDQLQUH F
39 $XVVL DILQ GH UHVWHU OD ILOLqQUH GRPLQDQWH HW GH
FULVWDOOLQ GRLW pYROXHU SRXU SURSRVHU XQ PDWpULDX
ERQ PDUFKp HW GH SXUHWp DGDSWpH j OD IDEULFDWLRQ G
FRQYHUVLRQ pQHUJpWLTXH VDWLVIDLVDQWYV

&HV REMHFWLIV SHXYHQW rWUH DWWHLQWY SDU OfXWLC
YRLH PpWDOOXGULBRBDAR*UDGH VLOLFRQ OH 0O GpVLJQDQV
SRFpGp GH SXULILFDWLRQ HVW HQ HIIHW EHDXFRXS PRLQV R
SRXU IDEULTXHU GX (* 6L HW PRLQV SROOXDQW SDV GfpP
SURGXFWLRQ GTXQ NLORJUDPPH GH VLOLFLXP SDU YRLH Pp\
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GIpQHUJLH TXH SDU OD YRLH FKLPLTXH HQYLURQ N:K NJ S
VREUHV FRQWUH N:K NJ SRXU OH SURFpGp 6LHPHQV >%5$*
i HHWUDLUH OHV LPSXUHWpV ORUV GX SURFpGp OHV FKDUJH)\
LPSRUWDQWHY HQ LPSXUHWpV GH OJRUGUH GH OD GL]DLC
IPSXUHWpV SOWWP VRQW UHJURXSpHV HQ FDWpJRULHV SUL
IHU )H FKURPH &U WLWDQH 7L « OHV LPSXUHWpPV GRS
$0 « HW OHV pOpPHQWYV OpJHUV FDUERQH & DJRWH 1 R
SRXU REMHW OfpWXGH GH OJLQIOXHQFH GHV LPSXUHWpV F
DSSHOpH VXEVWUDW VXU OHV SURSULpWpV GH OD FHOOXOH
LPSXUHWpPV PpWDOOLTXHV SHXYHQW rWUH H[WUDLWHV GX VL
SURFHVVXV GH FULVWDOOLVDWLRQ GX OLQJRW >0$57,18==,
SDVVLYDWLRQ K\GURJqQH ORUV GX SURFpGp GH IDEULFDWL
PHVXUHV GRLYHQW rWUH SULVHV DILQ GH UpGXLUH OD FR
QRWDPPHQW FHOOHV TXL GLIIXVHQW OHQWHPHQW GDQV OH
ELHQ WROpUpH \61GDORWUBHXARWLOLVp SRXU OD IDEULFDWLRQ
$X FRQWUDLUH OHV LPSXUHWpV GRSDQWHVY VRQW GLIIL
HOOHV GHPHXUHQW HQ IRUWHVY FRQFHQWUDWLRQV HW pOl
SULQFLSDOHV LPSXUHWpPV GRSDQWHY UHQFRQWUpPHV VRQW C
FRQGXLW j XQH FRPSHQVDWLRQ GX GRSDJH SXLVTXH FRKD
GRQQHRBFHWWHXU HQ FRQFHQWUDWLRQV VLPLODLUHV RQ S
+LVWRULTXHPHQW OHV SUHPLHUV VLOLFLXPV IDEULTXpV
FRPSHQVpPV GX IDLW GH SURFpGpV GH SXULILFDWLRQ EDOE)
RSWLPLVp HW UpSDQGX OHV UHFKHUFKHV VXU FH PDWpUL
DEDQGRQQpPHV (Q FRQVPTXHQFH OHV SURSULpWpPV pOHFWU
FRQQXHV HW OHV pWXGHV SXEOLpPHV j OTpFKHOOH GH OD FHC

3DUPL FHV pWXGHV 6 'XERLV D pWXGLp OfLQIOXHQFH C
GDQV OH VXEVWUDW QRQ FRPSHQVp VXU OHV SHUIRUPDQFHYV
TXH SRXU GHV FRQFHQWUDWLRQV GH OTRBGUHHGHGHXO QRS X
SHKYHQW JUDYHPHQW GpWpULRUHU OH UHQGHPHQW GH FRC
>'8%2,6 @
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Figure 4 Influence de la concentration en dopants dans le substrat non compensé sur le rendement de
conversion (bore dans la cellule de type p, phosphore dans la cellule de type n). Les gammes indiquées prennent
en compte les incertitudes sur les propriétés de recombinaison des dopants.

‘'qV ORUV GDQV OHV SOD{ XIBWQYPWVOBHXMDOOHLVXEPGER*UHYV
SPVHQWHYV HQ IRUWHV FRQFHQWUDWLRQV HW Re GH VXUFU
QpFHVVDLUH GH VILOQWHUURJHU VXU OYLQIOXHQFH GHV LPS
VXEVWUIDEBWG HWO D FHOOXOH RX GX PRGXOH SKRWRYROWDWTXH
SURSULpWpV VRXV WHQVLRQ LQYHUVH /ID FRQQDLVVDQFF
GpYHORSSHU XQ SURFpGp GH IDEULFDWLRQ GH FHOOXOH SKF

YRLUH GH WLUHU SURILW GH OD FRPSHQVDWLRQ GX GRSD.

3/$1 "( /17(78'(

&HWWH pWXGH D SRXU ILQDOLWp OD FRPSUpKHQVLRQ GH
SURSULpWpV pOHFWULTXHV GX PDWpULDX VLOLFLXP HW VXL
(OOH D SRXU YRFDWLRQ GH FRXYULU XQ ODUJH FKDPS GTLQ®
SK\WWLTXH GHV VHPL FRQGXFWHXUV FRPSHQVpV MXVTXYj] OfL
PLVH HQ PRGXOH GHVY FHOOXOHYVY SKRWRYROWDwWTXHV HQ SD

'‘DQ\CHapikre | OHV GLIIpUHQWHYV WHFKQLTXHV XWLOLVpHYV
VRODLUH SDU YRLH PpWDOOXUJLTXH VHURQV EULqQYHPHQW
SK\WWLTXH GHV VHPL FRQGXFWHXUV FRPSHQVpV DLQVL TXH
GpFULUH OHV SURSULpWpPV pOHFWULTXHV GHQVLWp PRELOL
OHV SHUIRUPDQFHVY UHQGHPHQW GH FRQYHUVLRQ WHQVLRC
GH GpJDJHU OHV SDUDPgQWUHV FULWLTXHV GX PDWpULDX +
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OTREWHQWLRQ GH UHQGHPHQWY GH FRQYHUVLRQ VDWLVID
pJDOHPHQW OHV PpFDQLVPHYV GH IRUPDWLRQ GHV SULQFLSD
DYHF XQH DXWUH LPSXUHWp TXL SHXYHQW rWUH GH YLUXOF
VHUYLURQW GH EDVH j OfpWXGH PHQpH DX FKDSLWUH ,,, VX
FHV FRPSOH[HV

'DQ\Chagitrell OHV WHFKQLTXHYV H[SpPULPHQWDOHYVY XWLOLV
$ OfpFKHOOH GX OLQJRW QRXV YHUURQV FRPPHQW OD FRP
OfpFKHOOH GH OD SODTXHWWH QRXV SUpVHQWHURQV OHV W
DLQVL TXH GH OD PRELOLWp GHV SRUWHXUV GH FKDUJH (QI
IDEULFDWLRQ GH OD FHOOXOH DLQVL TXH OHV WHFKQLTXH)
SRODULVDWLRQV GLUHFWHYVY HW LQYHUVHV GHV GLVSRVLWL

/ KChapitre Il SUpVHQWHUD OHV UpVXOWDWY GH VLPXODWLRG
OYDVVRFLDWLRQ GHV FRPSOH[HV GDQV OH VLOLFLXP GXUDQV
TXHOFRQTXH HQ WHPSpPpUDWXUH 1RXV QRXV DWWDFKHURQV (
GpYHORSSpV VXU OH FDV pFROH GH OD SDLUH )H% SRXU
JpQPUDOLVDWLRQ GHVY DOJRULWKPHV j GHV FDV SOXV FRPSO|

/D YRFDWIhB@@re X VHUD GH SUpVHQWHU OHV UpVXOWD'
FRQFHUQDQW OfLQIOXHQFH GH OD FRPSHQVDWLRQ VXU OHYV
&HV UpVXOWDWYV H[SpULPHQWDX[ VHURQW FRQIURQWpV DX[
DILQ GH WHVWHU OD FDSDFLWp GH FHV PRGQqOHV j GPFULUH ¢

/HV UpVXOWDWYV SUpVHQWpPV VHURQW HQVXLWH WUDQVS
OGhapite V. /HV SHUIRUPDQFHV GHV FHOOXOHV WHOOHV TXH O
FRQYHUVLRQ VHURQW pWXGLpHV HQ GpWDLO HW PLVHV HQ
PDWpULDX DX FKDSLWUH SUpEFpGHQW

*UKFH DX[ UpIOH[LRQV PHQpHY GDQV OH FDGUH GH FH W
FDUDFWpULVDWLRQ GHV FRQFHQWUDWLRQV HQ LPSXUHWDPV
YRLU OH MRXU /HV EDVHV GH FHV WHFKQ@hapitie Wl Q RX QYN O OEKKW
OHV SULQFLSDX[ UpvVvXOWDWYV TXfHOOHV RQW SHUPLV GYREW
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&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

$SUQV DYRLU SUpVHQWpP VXFFLQFWHPHQW OHV SULQFL
GRMEWHQLU GX VLOLFLXP GH TXDOLWp VRODLBH SKHLAKPSID
GWDLOOH OHV SURSULpWpPV GHV LPSXUHWpV GRSDQWHV DL
UHFRPELQDLVRQ GHV SRUWHXUV GH FKDUJH $ OfYDLGH GH
FRPSHQVDWLRQ VXU OHV SDUDPqWUHV pOHFWULTXHV GX P
SHUIRUPDQFHVY pOHFWULTXHV GH OD FHOOXOH SKRWRYROW
SHUPHWWHQW GH GpJDJHU OHV SDUDPqWUHV FULWLTXHV VXL

"# $% &'
$ NN "#N"(S

'$% &&) %% (*'

/H VLOLELXP HVW OH GHX[LgPH pOpPHQW OH SOXV DERQ
\WRXV GLIIpPUHQWHY IRUPHV VLOLFH VLOLFDWHV« [/H VLOLF
FRPPXQH j WRXV OHV SURFpGpV GH SXULILFDWLRQ GH VLOLF
GDQV GHV IRXUV j DUF VHORQ OD UpDFWLRQ >(48(5 @

6L2 & 6L &2



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

/IH 0* 6L FRQWLHQW HQYLURQ GILPSXUHWpPVY GRSDQWYV |
IDEULFDWLRQ GH GLVSRVLWLIV SKRWRYROWDWTXHVY /HV SUL
*OREH 6SHFLDOW\ OHWDOV ,QF (ONHP $6 'RZ &RUQLQJ &R
*URXS 19 >+(638/ @

+ I$% &#l*%))%l !I|*I

/H SURFpGp GH SXULILFDWLRQ OH SOXV UpSDQGX SRXU F
SHPHW GJREWHQLU j SDUWLU GX 0* 6L XQ VLOLFLXP GTXQH
1 pWDQW OYDEUpPYLDWLRQ GH QHXI ,0 UHSRVH VXU OfDIILQ
DWWDTXp SDU GHV FRPSRVpV FKORUpPV +&0 SRXU GRQQHU ¢
/H VLOLFLXP j UpFXSpUHU HVW FRQWHGQR]ERR VT ®H HWW. FUpTEB
GUWLOODWLRQ &H GHUQLHU HVW HQVXLWH GpFRPSRVp WKHL
HQ VLOLFLXP XOWUD SXU FKDXIIpHV | f& >3520(7+(86 @
WULFKORURVLODQH SHXW rWU D YSXQW!I IOpf pM)DBRIQER K LEDLD/AYHR F 6 I
EDUHV GT(* 6L VRQW UpFXSpUpHV HW EULVpHV VRXV IRU
SRO\WLOLFRQ @

/1(* 6L SHXW pJDOHPHQW rWUH SURGXLW GDQV XQ UpDF\
PRGLILp 'DQV OD FKDPEUH HQ TXDUW] GX UpDFWHXU GH O]
VLODQH /H UpDFWHXU HW O HQWUpH GH JD] VRQW FKDXIIp)\
GpFRPSRVH HQ VLOLFLXP HW SHUPHW OD FURLVVDQFH GHYV
VLOLFLXP SXU HVW UpFXSpUp VRXV IRUPH GH ELOOHV TXL W
VHXLO GH SRLGV GpVLUp HVW DWWHLQW &HWWH PpWKRGH
vwbQGbuG HW OD IRUPH GH ELOOHYVY DGRSWpH SDU OH VLO
OLQJRWYV PHLOOHXU UHPSOLVVDJH GX FUHXVHW 3DU FRQV
UHQG OD FULVWDOOLVDWLRQ SOXV FRPSOH[H HW HQWUDVQH

&HV SURFpGpV UHVWHQW JURV FRQVRPPDWHXUV HQ pQH
GHV FRPSRVpV GDQJHUHX[ SRXU OTHQYLURQQHPHQW HW OI
FKORUpV TXL SRVVgGHQW XQH IRUWH WR[LFLWp >+(638/ @
+HPORFN :DFNHU S5HQHZDEOH (QHUJ\ &RUSRUDWLRQ 7RNX\L
7TLWDQLXP &RUSRUDWLRQ



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

Figure 5 : EG-Si récupéré sous différentes formes a I'issue a) du procédé Siemens, ou b) du dépét de silicium sur
poudre en lit fluidisé. [PROMETHEUSO06]

/ '$% &#* % )$% ',!-

/IH VLOLFLXP GH TXDOLWp VRODLUH 6R* 6L HVW GplLQl
SRX2WDO IDEULFDWLRQ GH FHOOXOHV SKRWRYROWDWTXHYV 3HQ
DSSURYLVLRQQpH HQ 6R* 6L TXDVL H[FOXVLYHPHQW DXSUqV
UHYHQGDLW VHV UHEXWYV UpVLGXV GX SURFpGp 6LHPHQV
OLQJRWYV « '"HS XLV FHSHQGDQW OD FRQVRPPDWLRQ HQ
GpSDVVp FHOOH GH OTLQGXVWULH GH OD PLFURpPOHFWURQLT
ILOLqQUH GYDSSURYLVLRQQHPHQW VSpFLILTXH j OfLQGXVWUL
OH GHJUp GH SXUHWp UHTXLY SDU OHV GLVSRVLWLIV SKRWR"
OTLQGXVWULH PLFURPOHFWURQLTXH

‘DQV FHWWH GLUHFWLRQ XQH ULFKH SDOHWWH GH SUF
VRODLUH SDU YRLHPOPWIEDOOX WOIH TVKREXWB RELPLQXDQW IRUWHPF
® YRLH GI{DSSURYLVLRQQHPHQW PLFURpPOHFWURQLTXH $ Of
OD SXULILFDWLRQ SDU YRLH PpWDOOXUJLTXH QTXWLOLVH SC
6RQ SULQFLSDO LQWpUrwW SRXU OHV IDEULFDQWY GH FHOOXC
IDLEOH TXH OD SXULILFDWLRQ SDU YRLH pOHFWURQLTXH (
UpGXFWLRQ GH OD TXDQWLWp GITpQHUIJLH QpFHVVDLUH SRXU
HW XQ PRLQGUH LQYHVWLVVHPHQW SRXU XQH FDSDFLWp GH .



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH
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Figure 6 : Présentation des différentes filiéres d’approvisionnement en SoG-Si. A gauche I'ancienne voie, dérivée
de la filiere électronique (EG-Si), a droite les nouvelles voies a partir de silicium métallurgique amélioré (modifié
a partir de [EQUEROQ7]).

/D IDEULFDW{RQ SBIVFR*SDU XQ FHUWDLQ QRPEUH GfpW
PDWpULDX LQWHUPpPGLDLUH REWHQX HVW JpQpUDOHPHQW L
*UDGH 6LOLFRQ /HV FDUDFWpPULVWLTXHV GHV SULQFLSDX[ S
VRQW >%5%$*$ @

SBURFpGp 6RO BIURFFpGp 6ROVLOF XWLOLVH GX TXDUW] HW GX (

OfpWDSH GH FDUER UpGXFWLRQ &HWWH WHE QL FHXW GRIQ FSHW
0* 6L j OD VRUWLH GH FHWWH pWDSH %LHQ TXJLO VRLW S
FRQWLHQW HQFRUH EHDXFRXS GJLPSXUHWpPV QRWDPPHQW
UpGXFWLRQ /H IDLEOH GHJUp GH SXUHWp REWHQX FRQWUDL!
DYHF GH Of(* 6L © EOHQGLQJ @ HQ DQJODLV $LQVL GHV F
GHV UHQGHPHQWY GH FRQYHUVLRQV GH LGHQWLTXHV j |
RQW SX rWUH DWWHLQWY HQ XWLOLVDQW XQ PpODQJH GH

SURFpGp (OOHFRQVLVWH HQ XQ WUDLWHPHQW GX 0* 6L SDU X

WHPSpUDWXUH SURFpGp S\URPpWDOOXUJLTXH GRQW OH EX
/IHV LPSXUHWpPV UpVLGXHOOHV VRQW FROOHFWPpPHV HW pOL
VHFWLRQ /IHV OLQJRWV REWHQXV VRQW HQVXLWH EUR\



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

K\GURPpWDOOXUJLTXH DILQ GJH[WUDLUH OH SKRVSKRUH H
GLUHFWLRQQHOOH VXSSOpPHQWDLUH SHXW rWUH RSpUpH DI
/H FREW GX VLOLFLXP DLQVL REWHQX HVW pYDOXp j HQYLURC
.RQVWDQ] D REWHQX HQ GHV UHQGHPHQWYV GH FRQY
PXOWLFULVWDOOLQHYVY LQGXVWULHOOHV IDEULTXpHV j SDLU
ITLQFRQYPQLHQW PDMHXU GH FH SURFpGpP YLHQW GH OTXWLO

SURFpPpGp IKRWBVRGBpGp XWLOLVH OD FRPELQDLVRQ GHV HIIHYV

UpGXLUH OHV WHQHXUV HQ ERUH HW GHV pWDSHV GH VROLG
SDU VpJUpJDWLRQ /YREMHFWLI GH FR€W DQQRQFp HVW GH
OfpFKHOOH GH OD FHOOXOH SKRWRYROWDWTXH OHV UHQG
LQGXVWULHO VRQW WUqV HQFRXUDJHP QW ¥ XHOW IVAHJ MW/ X Gl Q M
FRPSHQVp HW o 6VXARQRFULVWDOOLQ >9(,50%$1 @

/ID FRPSRVLWLRQ W\SLTXH GIKYW FREKROQUQIHHGHWARVUH LQGL
/IHV FRQFHQWUDWLRQV UpVLGXHOOHYVY HQ GRSDQWYV VRQW pC

DWRPHV SDW MRVTXT] SSPZ SRXU OH SKRVSKRWDWRW®WHY | L
SD FP OH PDWpULDX HVW IRUWHPHQW FRPSHQVp &HV Ft¢
HWVHQWLHOOHPHQW GX TXDUW] GHV UpGXFWHXUV ERLV FK
GX IRXU j DUF

I fTHI WUDFWLRQ GH FHV LPSXUHWpV GRSDQWHYV FRQVWLW
6R§ 6L /HV OLQJRWYV HQ ILQ GH FUJLBWFE®O BERLWIHRQV GIHh D pRKL
WQHXUV HQ GRSDQWV GX PrPH RUGUH GH JUDQGHXU TXH
GLUHFWLRQQHOOH pWDQW SHX HIILFDFH j OHXU pJDUG YRLL
GH FHV IRUWHYV WHQHXUV HQ LPSXUHWpPV GRSDQWHYV GDQV
FRPSHQVDWLRQ VXU OHV SURSULpWpV GX PDWpULDX HW GH
GH FH WUDYDLO GH WKqgVH



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

Figure 7 : Composition type d'une charge SofzSi en partie par million massique (masse en grammes de
I’élément dans un million de grammes de SogSi). Chiffres Calisolar [CALISOLAROQ9].

0 1$$" " HILH#F%"(S

/IH VLOLFLXP FKDUJH REWHQX YLD OHV SURFpGpV TXH QF
WXV OD IRUPH GH OLQJRWYV TXL VRQW HQVXLWH GpFRXSpV
FRPPH VXEVWUDWY SRXU OD IDEULFDWLRQ GHVY FHOOXOHV S
FULVWDO REWHQX HVW LQWLPHPHQW OLpH DX SURFpGp GH F
SULQFLSDOHV WHFKQLTXHV GH FULVWDOOLVDWLRQ GH OLQJ
VHORQ TXY{HOOHV SHUPHWWHQW OYREWHQWLRQ GH OLQJRW)
PF 6L 1RXV VHURQV DPHQpV DX FRXUV GH FH WUDYDLO j X\
RX GH PF 6L

0 "1 &" $ %%"$, -

/HV OLQJRWV PRQRFULVWDOOLQV VRQW JpQpUDOHPHQW
SRFpGp & RFKUDOVNL &] RX SDU IXVLRQ GH ]JRQH )= &HV S
OYXWLOLVDWLRQ GYXQ JHUPH PRQRFULVWDOOLQ TXL LPSRV|
FRXUV GX WLUDJH /HV OLQJRWV REWHQXV SUpVHQWHQW WU
GH FHV OLQJRWV RQW DLQVL SHUPLV GJREWHQLU OHV UHQG
>=+$2 @ VXLYL GH SUQV SDU OHV UpFHQWV UpVXOWDWYV LI
OfpFKHOOH LQGXVWULHOOH >&286,16 @

/D SUHPLqUH pWDSH GX SURFpGp &= FRQVLVWH j PpODQJ
GILPSXUHWpPV GRSDQWHVY VRXKDLWpHV SXLV GH OLTXpILHU



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

8Q JHUPH HQ VLOLFLXP PRQRFULVWDOOLQ XOWUD SXU OXL
VXUIDFH GX EDLQ GH VLOLFLXP 8QH IRLV OH FRQWDFW UpL
YLWHVVH YRLU )LIJXUH HQWUDvVQDQW OD FURLVVDQFH G
IDLEOHY GHQVLWpPV GH GLVORFDWLRQV VLOLFLXP © ' 2 SRX!
HQWUH OH VLOLFLXP HQ IXVLRQ HW OH FUHXVHW HQ VLOLFH
R[\JJQH GH OJRUGUH GH OD GL]DLQH GH SDUWLH SDU PLOOI
UpVLVWDQFH pOHYpH DX[ VROOLFLWDWLRQV PpFDQLTXHV 1p
pJDOHPHQW JrQDQW SXLVTXYLO SHXW FRQGXLUH j OfDSSI
FULVWDOOLVDWLRQ TXL ELDLVHQW OH GRSDJH GX VLOLFL
LPSOLTXp GDQV OHV PpFDQLVPHV GH GpJUDGDWLRQ VRXV pF
/,'’ HQ DQJODLV VXU OHVTXHOV QRXV UHYLHQGURQV GDQV OI

Figure 8 : lllustrations des procédés de tirage Cz (a gauche) et FZ (a droite).

/H SURFpGp GH IXVLRQ GH JRQH )= HVW XWLOLVp SRXU !
8Q JHUPH HQ VLOLFLXP HVW SRVLWLRQQpP j XQH GHV H[WUpPI
YHUWLFDOHPHQW 8QH VSLUH GJLQGXFWLRQ PRELOH SRVI
ORFDOHPHQW OJREWHQWLRQ GTXQH JRQH OLTXLGH GH TXHO
]JRQH IRQGXH VH GpSODFH HQVXLWH GH EDV HQ KDXW OH O]
OLQJRW PRQRFULVWDOOLQ GH PrPH RULHQWDWLRQ TXH OH J
LQMHFWpV DX QLYHDX GH OD JRQH IRQGXH GDQV OH EXW GH
GX OLQJRW 'X IDLW GH OYDEVHQFH GH FUHXVHW HW GX F
R[\JgQH LQWHUVWLWLHO HVW | IRLV SOXV IDLEOH TXH G|



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

/HV SODTXHWWHY LVVXHV GH FH SURFpGp QH VRQW SDV
GH SUL[ WURS pOHYp (OOHV VRQW UpVHUYpPHV DX[ pWXGHV
SXUHWp H[FHSWLRQQHOOHYV SDU H[HPSOH SRXU V{DIIUDQFKI
/H SULQFLSDO LQFRQYpPQLHQW GH FHV WHFKQLTXHV GH
DLOOHXUV OHXU IRUPH FLUFXODLUH OHV UHQG SHX DGDSWp
PDUFKp j FHV PRQRFULVWDX[ FRQVLVWH j FULVWDOOLVHU GH

0+ "1$&% $ %%"$,&-

/JHV SULQFLSDX[ SURFpGpY GH FULVWDOOLVDWLRQ XWLO
OH EXW GH SURGXLUH GHV OLQJRWV PXOWLFULVWDOOLQV S
VWUXFWXUH QYHVW SDV LGpDOH SDU UDSSRUW j OD UpIpUHC
IDEULEFDWLRQ GH FHOOXOHV SKRWRYROWDWTXHV 'DQV XQ
LPSXUHWpPVY GRSDQWHYV VRQW RX QRQ LQFRUSRUpPHV HVW IRC
H[WUDLWH SDU OH EDV GX OLQJRW HQ UHWLUDQW XQH SLqF
SURFpGp 32/,; >'2121 @ RX HQFRUH SDU WUDQVIHUW GYfpQ
IRQG WUDQVSDUHQW GHV FUHXVHWV GLWV K\EULGHV SURF|
FULVWDX[ DSSDUDLVVHQW SDU OH EDV HW OJLQWHUIDFH VR
FULVWDOOLVDWLRQ FRPSOqQWH $ QRWHU TXH VL OD FURL
PRQRFULVWDOOLQ LO HVW WKpRULTXHPHQW SRVVLEOH G{RE
JUDQGHVY WDLOOHV GH FUHXVHWV XWLOLVpHV HQ LQGXVWL
SUDWLTXH

(Q ILQ GH FULVWDOOLVDWLRQ OHV OLQJRWV VRQW pER
pPOLPLQpY FDU FRQWDPLQpV SDU GLIIXVLRQ HQ SKDVH VRO
JRQH @ /D SDUWLH KDXWH HVW pJDOHPHQW pFDUWpPH j FDXV
DX[ PPFDQLVPHVY GH UpWURGLIIXVLRQ HW GH VpJUpJDWLRQ
EULTXHV

&HV WHFKQLTXHV SHUPHWWHQW GJREWHQLU GHV OLQJF
PRLQV GYpQHUJLH SDU NLORJUDPPH GH VLOLFLXP TXH OHV
GIXQH SODTXHWWH GH VLOLFLXP PXOWLFULVWDOOLQ VWDQ
6R 6L VRQW FULVWDOOLVpPHV j OJDLGH GH FHV SURFpGpV Gl



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

Figure 9 : Schéma de principe du procédé de cristallisation directionnelle Cyberstar [KRAIEM10].
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/IHV OLQJRWV PRQRFULVWDOOLQV RX OHV EULTXHV PXC
SDTXHWWHY j OfpSDLVVHXU VRXKDLWpH HQ JpQpUDO HQWUI
OfDEUDVLRQ HVW UpDOLVpH SDU GHV SDUWLFXOHV GH 6L& F
VFLH j ILO GYDFLHU OXEULILp TXL SDU XQ MHX GH URXOHDX]|
EULTXH HQ XQH RSpUDWLRQ YRLU )LJXUH [fpSDLVVHXU
FRQGXLW j XQH SHUWH PDVVLYH GH PDWLQUH 6HXOV Gt
SODTXHWWH OH UHVWH pWDQW VRXV OD IRUPH GH ILQHV SD!
GLIILFLOHPHQW UpFXSpUDEOHV (Q FRQVpTXHQFH FHWWH pV
GX FREW WRWDO GX SDQQHDX SKRWRYROWDWTXH

Figure 10 : Schéma de principe de la découpe grace a une scie a fil



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

$ILQ GH UpSRQGUH j OD GHPDQGH SRXU GHV SODTXHW\
IDEULFDQWY GH FHOOXOHV GH QRXYHOOHV PpWKRGHV GH
GpFRXSH j ILO GLDPDQWpH VIDYqQUH SURPHWWHXVH %LHQ T.
VIDYqgUH SOXV UDSLGH HW OTXWLOLVDWLRQ SRVVLEOH Gf{X(
UHF\FODJH GH OD SRXGUH GH VLOLFLXP LVVXH GH OD GpFRX
OfpWDW GH VXUIDFH GHV SODTXHWWHV QpFHVVLWH GYrWUH
HILJHQFHVY GHV IDEULFDQWY GH FHOOXOHYV

‘DQV OTREMHFWLI GH OLPLWHU OH FREW HW OD SHUWH G
VROXWLRQV DOWHUQDWLYHV RQW YX OH MRXU WHOOHV TXt
UXEDQ TXL UHJURXSH OHV pWDSHV GH FULVWDOOLVDWLRQ H
TXDOLWp FULVWDOOLQH HW OD SXUHWp GH FHVY PDWpULDX[ U
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/IHV SODTXHWWHV REWHQXHV VRQW XWLOLVpHV FRPPH
SKRWROWDwWTXH GRQW OD IRQFWLRQ HVW GH FRQYHUWLU ¢
SULQFLSH GH IRQFWLRQQHPHQW GH FHV GLVSRVLWLIV UHSR
SDU $QWRLQH %YHFTXHUHO &HW HIIHW HVW FDUDFWpULVp SL
GHX[ pOHFWURGHY PpWDOOLTXHV RX VHPLFRQGXFWULFHV C
SODFpHV VRXV pFODLUHPHQW 6L FHVY pOHFWURGHYV VRQW Ut
FLUFXOHU 3RXU DVVXUHU XQ ERQ UHQGHPHQW GH FRQYHUVI
SHUPHWWUH

. /fDEVRUSWLRQ GH O1TpQH U JlileHmam¥d LdoitHdoneHieh QUFsDiBed Q W H

dansla gamme de longueurs d’'onde émise par le soleil.



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

- /D FRQYHUVLRQ GH OfpQHUJLH DEVRUEpH HQ pQHUJLH
FKDUJH O Le&ddtéviau doit posséder une transition possible entre les niveaux

énergétigues correspondant a I'état lié et a I'état libre.

- /H WUDQVSRUW GHV FKDUJHYV @ hualitdHcvistplive eDciikhiqué dD H vV X
substrat doit étre élevée.

- /D FROOHFWH GHV SRUWHXUV GH FKD UeldispOditiEdsitiéireG D Q V

muni de contacts €électriques trés peu résistifs.

'DQV OH FDGUH GH FH WUDYDLO QRXV QRXV LQWpUHVV
QpFHVVDLUH SRXU WUDQVIpUHU XQ pOHFWURQ GH OfpWDW
FRQGXFWLRQ HVW pJDOH j OfpQHLLILHQGHK R WR@HGLIQ @ H U BLLHA
P DOH HERJHQGUH DLQVL OD JpQpUDWLRQ GTXQ pOHFWURQ O
SRFHVVXV ODLVVH GDQV OD EDQGH GH YDOHQFH %9 XQ WU
VIDSSHOOH XQ H[FLWRQ /HV H[FLWRQV RQW XQH pQHUJLH G

PH9 >7$025 @ HW VRQW LQVWDQWDQpPPHQW GLVVRFLpV
HW OHV WURXV SKRWRJpQpUpV VRQW VSDWLDOHPHQW VpSDU

Figure 11 : Schéma de principe de la cellule photovoltaique de type p

3RXU SHUPHWWUH OfH[WUDFWLRQ GH FHV SRUWHXUV HYV
FKDPS pOHFWULTXH SHUPDQHQW HVW pWDEOL DX VHLQ GX PI
S Q HQWUH XQ VHPL FRQGXFWHXU GH W\SH Q ULFKH HQ pOH



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

W\SH S ULFKHV HQ WURXV OLEUHV 'DQV FH WUDYDLO Q
KRPRMRQFWLRQ GH VLOLFLXP GDQV OHTXHO OH VLOLELXP V
IRLV OD JRQH GH W\SH S HW FHOOH GH W\SH Q $ OfLQWHU
POHFWULTXH ORFDOLVp &H FKDPS UpVXOWH GH OfDSSDULW
DSSHOpH JRQH GH FKDUJH GJHVSDFH =&( GRQW OD ODUJHX
JpPQPUDOHPHQW ILQH HQYLURQ —P HW IRUWHBH®WGHR
PD[LPLVHU OH FRXUDQW HW OD WHQVLRQ GH VRUWLH GX
PDMRULWDLUHV SKRWRJpQpUpV WURXV GDQV OH W\SH S HW
]JRQH Re LOV VRQW PDMRULWDLUHV WDQGLV TXH OHV PLQ
SDUYLHQQHQW LOV VRQW KDSSpV SDU OH FKDPS GH OD =&(
PoPWDOOLTXHV $ORUV TXH OfpOHFWURGH HQ IDFH DUULQqUH
FHOOH GH OD IDFH DYDQW DGRSWH XQH IRUPH GH JULOOH R
HQ SHUPHWWDQW XQH FROOHFWH HIILFDFH GHV SRUWHXUV

'DQV OH FDV GHV FHOOXOHYV IDEYLGIX pAHY ¢ BOPWINL B DEHY L
RRPSHQVp YRLU , 3bDU DLOOHXUVY OHV IRUWHV WHQHXU
VXEVWUDWY LQGXLVHQW JpQpUDOHPHQW GHV SURIRQGHXUYV
OHV pSDLVVHXUV GRQQpHV FL GHVVXYV

+ + * I"'$#'5 S
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/D FHOOXOH SKRWRYROWDWTXH VRXV pFODLUHPHQW SHX
LPSDUIDLW D\DQW XQH U pVLVENRIDQ D G\ UDHOVWO §RM UBNVYV FLUFX|
WVLVWDQEHSVPQIDHQW HQ FRPSWH OHV UpVLVWDQFHV GH FR(
SDDOOQOH DYHF GHX[ GLRGHV ' HW ' /D GLRGH ' UpVXOWH
DX[ SRUWHXUV PDMRULWDLUHV IUDQFKLVVDQW OD =&( QRWD
LQFOXW OHV PpFDQLVPHV SUPpSRQGPUDQWY j EDVVH WHQVLF
DLQVL TXH GIDXWUHV PpFDQLVPHV JpQpUDOHPHQW PRLQV F
FRPPH OfHIIHW WXQQHO HQWUH OHV EDQGHYV GH YDOHQFH H\



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

Figure 12 : Schéma équivalent de la cellule photovoltaique utilisé dans le modéle 2 diodes.

(Q IRQFWLRQQHPHQW OD FHOOXOH SKRWRYROWDWTXH
GHQVLWpP GH FRAMD ®WPWRWEPOLWpPH SDU OD FHOOXOH VRXV
WSHUSRVLWLRQ GH OD GHQVLWp GH ERMXW FOW OGH WU QR WX
i OTREVEXULWp VRXV FHWWH WHQVLRQe GHQVLWp GH FRXUL

Figure 13 : Schéma de la cellule photovoltaique en fonctionnement Eeprésente les quasi-niveaux de Fermi des
électrons dans le type n et des trous dans le type p.

sk HWeVFLUFXODQW GDQV RNHVWQSDEREORQDVHQWLRQ FRPSWp
QPDWLYHPHQW /D G HQWH¥Wp DA B R XGAP@W -SD U

‘lotal V= ‘]obs \ +‘Jph -1

/IH PRGQOH j GHX[ GLRGHV FRQGXLWP BTHASUHVVLRQ VXL

I-2

MHW WIRQW OHV FRXUDQWY GH VDWXUWRQRQDG B M CPpLVR (DHWWVH A

AHV GLRGH ' HWW SQLV pJDOj SRXU XQH KRRRWRIQPWURQ H
FRPSULV HQWUH HW



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

Figure 14 : Caractéristiques J-V de la cellule photovoltaique sous obscurité et sous éclairement.

/D FDUDFWpPULVWLTXH - 9 GIXQH FHOOXOH SKRWRYROW
SRODULVDWLRQ GLUHFWH OD WHQVLRQ VRXV ODTXHQQEH OD
VW QRWHM FRUUHVSRQGj ¥sP6F B XpDMQQW, OD VXUIDFH GH OD
FHOO%Qtho[®r0; $ OTPFKHOOH GX PRGXOH LO HVW QpFHVVDL
PRGXOH DILQ TXH FKDTXH FHO O XO HpdR/RW \STRXAHD O D VR HHOWDRCOH X
RXUW FLUFXLW 9 OH FRXUDQW:GHEQWQ BBWYVE D GRIDOTXH
SODFpH HQ FLUFXLW RXYHUW DXFXQ FRXUDQW QHgFUDFXOH
SXLVVDQFH IRXUQLH SDU OD FHOOXOH VHWR GIDXWDRIHGO >
IDFWHXU GH IRUPH )) VH UDSSURFKH GH OfXQLWp /D JU
FDUDFWpULVHU OD SHUIRUPDQFH pOHFWULTXH GIfXQH FHOO >
PQHUJPpWLHT X0 QRWPULPH FRPPH OH UDWLR GH OD SXLVVDQF
OD SXLVVDQFH OXPLQHXYWH LQFLGHQWH 3
Voo Jpo{ S_Vo I, FF'S

P - P -3

incidente incidente

h=

&H UHQGHPHQW YDULH HQ IRQFWLRQ GX VSHFWUH OXPL
OXPLQHXVH LQFLGHQWH $ILQ GH 8RRVDRKW IFRIPSD GHY GRE GrL
GYpFODLUHPHQW FDUDFWpULVpHYV SDU XQH WHPSpUDWXUH C
OXPLQHXVH GH . P8 GLVWULEXpH VHORQ OH VSHFWUH VRO
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OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

/I MfLQGLFH GH PDVVH GIDLU $0 HVW OLp j OD SUHVVLRQ 3 H
OfKRUL]JRQ HQ UDGLDQV HW ] OTDOWLWXGH GX OLHX FRQVL

P . .z
AM= —— e -
$X VRO XQ $0 GH PTXLYDXW j XQH KDXWHXU GH VROHLO K
+++ !% $ !u ||3| $|

(Q IDLEOH SRODULVDWLRQ LQGY¥BBYHQHWODRX M POV LQJHH
XLVTXH OH FRXUDQW GH GLIIXVLRQ HVW IRUWHPHQW UpGXL
LQWHUQH /D SRODULVDWLRQ j OfH[FgV GH OD FHOOXOH SK
=HQHU RX SDU HIIHW GIDYDODQFKH LOOXVWUpV VXU OD )LJ

Figure 15 : Schéma représentant I'effet Zener (a) et I'effet d’avalanche (b).

JTHIITHW =HQHU QYHVW REVHUYDEOH TXH VL OD ODUJHX!
FKDPS pOHFWULTXH ( VXIILVDPPHQ@W B O&M pP pPDSPLULAHHX W W/ LaS
UpOHFWURQ OLEpUp JUKFH j OD IRUFH pOHFWULTXH SHXW DO
OD EDQGH GH YDOHQFH YHUV OD EDQGH GH FRQGXFWLRQ ST
REVHUYDEOH TXH GDQV OHV MRQFWLRQV SQ IRUWHPHQW GR
HVW WUV p& URLPLIQXDQW DLQVL OD ORQJIXHXU GX © WXQQH(

JRUVTXH OD ODUJHXU GH OD ]JRQH GH FKDUJH 6 HVSDFH
¢ XQ DXWUH PpFDQLVPH VXUYLHQW VRXYHQW DYDQW OfHI
PpFDQLVPH GH FODTXDJH VH GpFOHQFKS FRROARUD L DB FF p®h



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

GHV SRUWHXUV HVW VXIILVDQWH SRXU JpQpUHU GHV SDLUH\
SRUWHXU JpQpUp SDU LPSDFW SHXW HQVXLWH LRQLVHU GYD
HQ FKDVQH j OJRULJLQH GX SKpQRPqQH GIDYDODQFKH

1RXV YHUURQV TXH OfHIIHW GYDYDODQFKH HVW JpQpUI
FHOOXOHV SKRWRY RO WyD6&ILT XHRX WU RULXE \GWR XM DWOVH § R¥ X EVW U D \
RQF j SOXV IDLEOH =&( OfHIIHW =HQHU SHXW FRQWULEXHU |

/HV FDUDFWPpPULVWLTXHV , 9 TXL UpVXOWHQW GH OfHII
VLPLODLUHV 1pDQPRLQV LO H[LVWH XQ PR\HQ SRXU GLIIpUH
YDULDWLRQ GH OD WH QVYHEQO®HWHPEPXDMIX OH 7 TXL VXLW
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/IRUVTXH OH FRHIILFLB)QN W QQ WIHDRASIpIU FW SHUEL ¥ L QXIHI L HO HXHO L
HWW G€ j OTHIIHW =HQHU (Q HIIHW ORUSIRHQ®EB WBR¥pOB\
MOLFLXP HW OfHIIHW =HQHU HWWWDSRVYLWh I>6=H\@V ORTUHM TEKV
PDMRULWDLUHPHQW UHVSRQVDEOH GX FODTXDJH /HV SRUWF
FKDPS pOHFWULTXH SHUGUDLHQW XQH SDUWLH GH OHXU pQtF
FH TXL D SRXU HIITHW GH GLPLQXHU OHXU FDSDFLWp j LRQLVH
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/IH VXEVWUDW GH VLOLFLXP GH W\SH S FRQVWLWXH OD E
@QWXUHO TXH VHV SURSULpWpV pOHFWULTXHV FRQGHOWLRQQ
'‘DQV OH FDV GHY ¥XENVNMAMUBWRSGARPWpPY pOHFWULTXHY VRQW V
IRUWHYV WHQHXUV HQ LPSXUHWpV ,0 HVW GRQF QpFHVVDLUH
PDWpULDX PRELOLWp GXUpH GH YLH GHQVLWpPp GH SRUWHXU

ID ORQJXHXU GH GLIIXVLRQ GHV SRWHWWMXOY G U DEXIHIXIWM

XL FRQGLWLP@QYHOBN FHOOXOCAHRWIGHVWRIH> S OD GLVWDQFH |
$SHU OHV pOHFWURQV GDQV OD EDVH DYDQW GH VH UHFRPEL



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

OfpSDLVVHXU GH OD SODTXHWWH DILQ TXH WRXV OHV SRUW
HWW GRQQpH GH IDoRQ FRQYHQWLRQQHOOH SDU

I—D: Dn' teff -6

'o HVYW OD GLIIXVLYLWp GHV pOHFWUWURQVN GD QWX OpHE®N B LH G
SRUWHXUV FJHVW j GLUH OH WHPSV HQ VHFRQGHV TXL Vp
SRUWHXU HW VD SHUWH SDU UHFRPELQDLVRQ 'DQV OH VI
PpWDOOXUJLENMXHHOR*H GpSHQG QRWDPPHQW GH OD GHMWQ \GLHW p
® WHQHXU HQ GpIDXWV UHFRPELQDQWYV >0%$&'21$/' @ &HUW
« VRQW FRQQXHV SRXU rWUH GH YLUXOHQWY FHQWUHV GH
LPSXUHWpV GRSDQWHYV HOOHV PrPHV SRXUUDLHQW rWUH OH
GDQV OH VLOLFLXP FRPSHQVp IRUWHPHQW GRSp >+8 @ &kt
pOHYpH FRQFHUQDQW OHXUV SURSULpWpV GH UHFRPELQDL
WHQWHURQV GH FODULILHWu@ HQD pOHILH) & HEY HE RSUDRISAM. PpAX
FRUH HW GX SKRVSKRUH GDQV OH 6R*

'DQV OTpTXDOMLRQIIXVLYLWp GHV p@ HFWURRE Q® B QYD O DO
AI(LQVWHLQ

Dn:_ln -
q -7

N HVW OD FRQVWDQWH GH %ROW]PDQQ 7 ODPHWNMP O DPUBRELOCH
POHFWURQV GDQV OY E/DVPREHDPEW® 9— WUDGXLW OYDLVDQF
RUWHXU GH FKDUJH GDQV OH PDWpULDX (OOH GpSHQG S
FRQFHQWUDWLRQ HQ HVSQFHV LRQLVpHY QRWDPPHQW GRSI
(OOH HVW GH IDLW VXVFHSW{BQH &R WH 1) RXG XOIHVHHEDRWY
PRELOLWp GHV WUR XHW WD MIPDWIHNWPHIQWAN. GHQWLILpH FRPPH SDI
DUFH TXYHOOH JRXYHGRHWDOLBpXEPVOWH- YWM\WH S | WUDYHUYV
o am -8

'DQV OHV DQQpHV ORUVY GH OD SULVH GH FRQVFLH
ISSOLFDWLRQV PLOLWDLUHYVY QRWDPPHQW SOXVLHXUV pWXG
DYDLHQW pWp ODQFpHV VLPXOWDQpPPHQW >387/(< @>/21*
SUpVHQWDLHQW XQ GRSDJH FRPSHQVp GX IDLW GHV SUR
UHODWLYHPHQW SHX HIILFDFHVY 3XWOH\ HW OLWFKHOO SDU
GpFULW HQ GpWDLO DX &KDSLWUH ,, GDQV OH EXW GH P



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

GILQIOXHQFH PDMHXUH GH OD FRPSHQVDWLRQ VXU — VL FI
PDWpULDX[ OHV SOXV FRQWDPLQpV 1pDQPRLQV OHV VLOLFL
GRSDQWYV LQIpULHXUHV GH ] GpFDGHV SDY ®&JIDSSRUWP j FHO

HW OD SOXSDUW GH OHXUV PHVXUHV pWDLHQW FRQGXLW
BWVXOWDWWIDXKWRPSpUDWXUH DPELDQWH QYHVW GRQF SDV St

8QH GL]DLQH GIDQQpHV SOXV WDUG )DOLFRY D SXEOL]
WHQHXUV HQ GRSDQWL SPREKHMW GX GR*JHUPDQLXP >)$/,&2¢
MIDJLVVH SDV GH VLOLFLXP FHV GHX[ PDWpULDX[ SUpPVHQW
VWUXFWXUH FULVWDOOLQH« 9LD GHV PHVXUHV GH — SDU }
PLV HQ pYLGHQFH XQH FKXVOH W QMW FSURRERD MR W HOHY SRUW
PWXGH j OTDSSURFKH GH OD FRP'S HQ \RDWH WQI RVRW DO M S BB W.IC
®V FRQFHQWUDWLRQV HQ LPSXUHWpPV GRSDQWHV j FDUDFW
JDOOLXP &HV UpVXOWDWV PrPH VL DVVH] pORLJQpV GX
GpWHUPLQHU OHY 6+ B8DQETED HRWLPHU OfLQIOXHQFH VXU
KRWRYROWDWTXHV

Figure 16 : Variations de & dans le germanium autour de la compensation totale &¢Np) tiré de [FALICOV67].
L es point expérimentaux sont notés (a) tandis que (b)-(e) sont des modeles.

$ OTpFKHOOH GH OD FHOOXOH SKRWRYHROWBWQGCHH OO HWMH
IRUWHPHQW GHV SURSULpWpV GH GRSDJH GX VXEVWUDW (Q I
TXHMAHAVW UHOLpH j OD GHQVLWSDGBH SRUWHXUV GH FKDUJH S
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&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

RPbQ HVW OD GHQVLWpPp GH SRUWHXUV H[FpGHQW HMWH D DRXH®L
H SRUWHXUV GH FKDUJHI LWULQV.gBXH5S5@77 @rHYW GRQF
PIDOHPHQW VXVFHSWLEOH GYfrWUH LQIOXHQFpHG6IDU OD FRPS

(Q FRQFOXVLRQ LO DSSDUDVW FODLUHPHQGL TREK YH B
®V SURSULpWpPV pOHEWULTXHV GX VXEVWUDW HW OHV SHUI
FRPSUHQGUH OYLQIOXHQFH GH OD FRPSHQVDWLRQ GX G
SKRWRYROWDWTXHYV LO HVW QpFHVVDLUH GH VIDWWDUGHU
TXDQWLILHU OfHIIHW GH OD FRPSHQVDWLRQ VXU FKDRXQH G
tyy S &HOD IDFLOLWHUD OD FRPSUPKHQVLRQ GHV HIIHWV GH
FHOOXOH &HWWH DSSURFKH © HQ GHX[ WHPSV 2 GYDERUG
FHOOXOH SKRWRYROWDWTXH D pWp DGRSWpH GDQV OH FDGUI

/ 11(# $% &

‘DQV FHWWH SDUWLH OfYLQIOXHQFH GH OD FRPSHQVDWI
KDUJKBIKE OD SODTXHWWH HVW SUpVHQWQpPH

/ $% & " "$T*

2Q TXDOLILH OH VLOLFLXP GJLQWULQVQGTXH ORUVTXfLO
MLOLFLXP HVW HQ SUDWLTXH LPSRVVLEOH j REWHQLU 'DQV X
TXH GIpOHFWURQV OLEUHV VXVFHSWLEOHV G i HS/DA W/IURGLVS HOUL
WPSpUDWXUH DPELDQWH WL BMKHP@R TIXTHX 19 DG X pPvIL W WULRYR X/ Bl V W
GHQVLWHPHQPSULPH HQ IRQFWLRQ GH GHQVLWpV GIpWDMW BHHI
® EDQGH GH oYAKWYEHTXIH OfpQHUJLH GHHIDRPGH .LGWE Y GLI
$=( @

E,
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N=yNcN, H[S
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1¢HW YRQW IRQFWLRQ GH 7 HW VIH[SULPHQW



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH
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'DQV FHV H[SUHVVLRQV K HVW OD FRONWYY @WHNGMMR D QHN

PDVVHV HIITHFWLYHV GIXQ pOHFWURQ HW GIXQ WURXWXWLOL

YOOHQW UHVSHFWHWHPHB&W5% (P @ >6=( WWWWOP PDVVH GH C
T NJ

'DQV OH VLOLFLXP QRQ FRPSHQVp; ONPQEXHLBYGIF DBQGR
HIHW HVW GH WUqV IDLEOH LQWHQVLWp SRXU OHV
>9$129(5675%$(7(1 @ ,0 VHUD GRQF QpJOLJp

| + '$ &1 )SHL"'S' %
181"$ " # #11 ('

/IRUVTXH OH VLOLFLXP FRQWLHQW GHV LPSXUHWpV GRSI
GHX[ W\SHV GILPSXUHWpV GRSDQWHY FHOOHV j FDUDFWqU
SULQFLSDOHV LPSXUHWpV GRSDQWHY j FDUDFWqUH GRQQH X
FRORQQH 9 GX WDEOHDX GH OHQGHOHWHY HW VRQW OH SKR\
VXEVWLWXWLRQQHOOH HOOHV SRVVGGHQW XQ pOHFWURQ ¢
SHXYHQW GRQF IRXUQLU XQ pOHFWURQ OLEUH TXL SDUWLFL
D\DQW OLEpUp OHXU pOHFWURQ VRQW FKDUJpV SRVLWLYH
Q@IJDWLYHPHQW FH GRSDJH HVW DSSHOp GRSDJH GH W\SH Q

Figure 17 : Principales impuretés dopantes a caractére accepteur (en bleu) et donneur (en rouge) dans le silicium
(en noir).



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

$ OJLQYHUVH OHV LPSXUHWpPV GRSDQWHV j FDUDFWqU
VLWXpHV GDQV OD FRORQQH ,,, ERUH JDOOLXP RX HQFRUH
GH YDOHQFH GH PRLQV TXH OHV DWRPHV GH VLOLFLXP /RUV
OH VLOLFLXP LOV © DFFHSWHQW 2 XQ pOHFWURQ GH OD EDC
SHXW SDUWLFLSHU j OD FRQGXFWLRQ pOHFWULTXH /HV DFI
QpJDWLYHPHQW DQLRQV &H GRSDJH HVW DSSHOp GRSDJH
JpQpUpV LFL OHV WRMNRUDWLWHRRHQWKDUJpV S

&RQWUDLUHPHQW § (MWW FKRPSROVp SXLVTXILO SUpVE
RQWHQLU j OD IRLV GHV GRQQHXUV HW GHV DFFHSWHXUYV
FRQILIXUDWLRQV pOHFWURQLTXHYV GH FHV GHX[ LPSXUHWpV
VLOLFLXP VRQW SUpVHQWPHYV VXU OD )LIJXUH

Figure 18 : Comportement dopant du bore (B) et du phosphore (P) dans le silicium

'‘DQV OH VLOLFLXP FRPSHQVp SDU OH ERUH HW OH SKRV

. ] SDUWLU GHV FRQFHQWUDWLRQV HQ ERUH HW SKRVSKRUH
K= P+ RQ s

B - K@
1RXV DYRQV DGRSWpH FHWWH H[SUHVVLRQ SDUFH TXY{HOOH
GILPSXUHWpPpV GRSDQWHV DX QXPpUDWHXU DLQVL TXH G
GpQRPLQDWHXU '"fDXWUHV H[SUHVVLRQV VRQW GLVSRQLEC¢
>5$< @ RX HQFRUH . >3@ >%@ >3@ >'8%2,6 @



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

/1 38)()*'$ " $1
%'$ &1 )$HL"'$

8QH YDOHXU DSSUR[LPDWLYH &HX Q p@HHRW UR G H >XOQ DALR/@
WRX j XQ DFFHSWHXU SHXW rWUH FDOFXOpH GDQV OH FDGUL}
DSSOLFDWLRQ LQLWLDOH &H PRGqOH SHGRAHH®IGOGHE WIURQ HD
RQVWLWXDQW OH QR\DX GH OfYDWRPH GYfK\GURJgQH >7$11(5

E_I“CI_' eV _
H h e I-14

e HVYW OD SHUPLWWiLY LNUgP GXVY LKW K OD FRQVWDQWH-&H 30D

'DQV OH VLOLFLXP OD PDVVH GH OfpOHFW UR QL & VGWH WHHPG
FRPSWH GHV IOXFWXDWLRQV GH SRWHQWLHO OLpHWXDWLGHV
RLW rWUH UHPSODFpH SDU @fH GH WRION PYM &M R S LHOWFOD L
SHUPLWWLYLWp UHODWLYH GX VLOLFLXP HW YDXW >6=( ¢
SULV j SDUWLU GX YLGH PDLV j SDUWLU GHV H[WUpPLWp\
FRUUHVSRQGDQW j GHV QLYHDX[ HQHPD K UD RV @RIWHD/V UGHTIVSH |
JpQHUJLH GH OLDLVRQ GH 9 TpOFHFWHRDORIUM SKpULTXH (

— m,
E _E -
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Re RHVW OD PDVVH HIIHFWLYH GH RFRRQGRFRQ YREWA HERK 9@ $
'DQV OH FDV GT1XQ RFFHBWHMYWHWYHA BH OLDLVRQ GX WURX
PH9 (Q UpDQLGWY SHUQFLSDOHV LPSXUHWpPVY GRSDQWHYV VRQ
@JQUHPHQW GpSHQGDQWHY GH OfLPSXUHWp FRQVLGpUpH
>68&+8%(57 @ (OOHV VRQW UHJURXSpHV VXU OD )LIJXUH

Figure 19 : Niveaux d’énergie introduits par différentes impuretés dopantes dans le silicium (en eV). Reproduit
depuis [SZE81]. Les valeurs sont données a faible concentration, lorsque les interactions dopant-dopant sont
négligeables.



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

/IHV YDOHXUV DIILFKpHVY QH VRQW FHSHQGDQW YDODEO

TXH GDQV OH VLOLFLXPLRR@XHR®BHQVYH (OH GRSDJH DXJF
&HW HIITHW VHUDLW G€ j OTLQWHUDFWLRQ JUDQGLVVDQWH HC
ORUVTXH OH GRSDJH DXJPHQWH HW GRQF TXH OD GLVWDOQFF
LO HQ UpVXOWH TXH OH QLYHDX HQ pQHUJLH LQWURGXLW ¢
SURFKH

/D )LIXUH D UHJURXSH OHV UpVXOWDWY REWHQXV SDI
YDULDWLRQ GDQV OH VLOLFLXP QRQ FRPSHQVp GH OD SRVL\
QRWpDOYHF OH GRSDJH >% @ 3RXU O HVDWUNRL \H [PWHOANWH G B
HSpULPHQWDOH GH OD GHQVLWp GH SRUWHXUV GH FKDUJH D
+DOO ,0 DSSDUDVW XTXTBR GHOEGIGH Q% UDSLGHPHQW SRXU
YHUV~%x% @ FP FRQFHQWUDWLRQ FULWLTXH TXL PDUTXH OD
POWDOOLTXH GX VLOLFLXP WUDQVLWLRQ GH ORWW

/H FDV GX VLOLFLXP QRQ FRPSHQVp GRSp DX SKRVSKRU}
YLIXUH E /H QLYHDX QWHRGPWWT$BU OH SKRVSKRUH VH
FROQGXFWLRQ ORUVTXH OH GRSDYH DR PHROPSR IDXHE® HQWGWL §
HOXL GX ERUH /D WUDQVLWLRQ GH ORWW LQWHUYLHQW SR
FDV GX ERUH xYHW\P >3@ (50$77 @

'DQV OH VLOLFLXP FRPSHQVp OD GHQVLWp GH SRUWHXU
TXH OD GHQVLWpP GILPSXUHWpPV GRSDQWHY LRQLVpPHV ,0 H(
LPSXUHWpV GRSDQWHV TXL HVW VXVFHSWLEOH GH PRGLILHL
LPSXUHWpV GRSDQWHV >$/7(50$77 @ (Q FRQVpPTXHQFH L
SRVLWLRQMVWBHYHF OD FRQFHQWUDWLRQ GX GRSDQW FRQVL
PRQWUpPHV VXU OD )LIJXUH &H SRLQW pWDQW IRQGDPHQWD
GpWDLO DX FKDSLWUH 9,

Figure 20 : Variation de la position des niveaux énergétiques a) du bore et b) du phosphore avec le dopage dans
le silicium non compensé. La figure de droite est tirée de la référence [ALTERMATTOE].



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

0O "$)#1U "$# 2 (%5'$
#'$% % & 1&1™F)
&H FKDSLWUH WUDLWH HQ GpWDLO GH OD SK\VLTXH

DUWLFXOLqQUHPHQW GH OTLQIOXHQFH GH OD FRPSHQVDWLRC
OLEUHYV

0 I55% )#6! 1 !"#6"" 3
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/ID SUREDELOLWp GTfRFFXSDWLRQ SDU XQ pOHFWURQ GTX
$SHU OD VWDWLVWLTXH GH )HUPL 'LUDF

FE

+ H [§;<TEF -16

( HYW OH QLYHDX GH )HUPL ,0 HVW OH SDUDPqWUH GHW DW|
Q DLQVL TXH OfpWDW GH FEBNWH r&HW IGPIKHWHRL®D GDQV OH
XQLTXH j SDUWLU GH OfpTXDWLRQ GH QHXWUDOLWpP YRLU &k
VRQW FRQQXHV $0OWHWD [FW QWIRPM QSO W UBSSRUW RX QLYHDX

E=- kT O% 117

/D YDULDWLRQ GH ) ,( HUWHS U ViF@WMH (VXU OD )LIXUH
WXV RQW XQH SUREDELOLWpP GIRFFXSDWLRQ SDU XQ pOHFW
SOXV pQHUJpWNVRQHW RKFHXSpVY DYHF XQH SUREDELOLWDp LQIpUL

Figure 21 : Probabilité d'occupation d'un niveau d'énergie E par un électron en fonction de la température.



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

/D FRQQDLVVDIFHWGHGpPFULUH OHV FRQFHQWUDWHRQV H
S 3RXU GHV UDLVRQV GH VLPSOLFLWp QRXV FRQVLGPHRQV
IDLVDQW GH PDQLQUH DQDORJXH 6RLW J( OD GHQVLWp G
SHXYHQW RFFXSHU GDQV OD EDQGH GH FRQGXFWLRQ HQWUH
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&HWWH H[SUHVVLRQ HVW REWHQXH SDU GHV FRQVLGpUL
PRHUJpWLTXHYVY SRVVLEOHV GDQV OTHVSDFH GHV QRPEUHV G
GIrWUH RFFXSp SDHVW) POAHFNOPRIQH@ VRPPDQW OHV SRSXOD
WDQFKH GTpQHUJLH G( GH OD EDQGH GH FRQGXFWLRQ

¥
n= gE” FEdE

Ec

/ID UpVROXWLRQ GH FHWWH H[SUHVVLRQ HVW FRPSOH]
1pDQPRLQV OH OHFWHXU LQWpPUHVVp SRXUUD VH UplpUHU j C
GpWDLOV 3RXU OH VLQLFIR (QRQNGpJP@pVWDWLVWLTXH GH
WGXLW j FHOOH GHH¥WRBQWPBRQQPMV G ODBQFWLRQ GH (
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$ QRWHU TXH GDSUqV OD ORL GY{DFWLRQ GH PDVNH HHV GH.
b6=( @
0+ # 2 (# &1
#!1|| |$
/IH FDOFXO GHV FRQFHQWUDWLRQV HQ GRSDQWYV DFWLI

DRDORJXH DX FDWFXOQ GOD GHQVLWp GIfpWDWV GLVSRQLEOHYV
HQVLWpPp GH GRQOBXANWQNV LWpR GMHOFFEQ OMHHWUSHIGILPSXUHWDp F



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

8Q DWRPH DFFHSWHXU HVW LRQLVp HW DJLW FRPPH XQ
PTXLYDOHQW GH GLUH TXYLO HVW LRQLVp VJLO HVW RFFXSp
LRQLVp HVW REWHQXH HQ PXQVEIDS0 DDQ BURBDGEHQ MWW pG G B
) s ,QYHUVHPHQW XQ DWRPH GRQQHXU HVW LRQLVp VIL
SUREDELOLWpP SRXU TXJLO VRLW LRQLVp HVW DORISYDWRBWH (
SUREDELOLWpP GH QRQ RFFXSDWLRQ F HVW j GLUH ) (
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2¢ ¢ HWVRQW OHV SRVLWLRQV GHV QLYHDX[ pQHUJpWLTXHV L
@QV OD EDQGH LQWHUGLWH GX VLOLFLXP
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,O HVW LPSRUWDQW GH QRWHU TXH OD VWDWLVWLTXH G
GIXQ IDFWHXU GH GpJpQpUHVFHQFH J GHYDQW OYH[SRQHQWL
GH GpJpQpUHWWDRHRQHQW FRPSWH GHV VSpFLILFLWpV GHV C
HV OHV DFFHSWHXUV SDU UDSSRUW DX[ QLYHDX[ SHUPLV G
$LQVL JIJSXLVTXH OH QLYHDX GRQQHXU SHXW DFFXHLOOLU >
RZQ >:,1./(5 @ 3RXU OHV QLYHDX[ DFFHSWHXUV LO IDXW
GpJpQpUHVFHQFH GH OD EDQGH GH YDOHQFH WURXV&ERXUC
YDOHXUV VRQW FRPPXQpPHQW DFFHSWpHV SRXU OHV LPSXUH
SHXYHQW SUHQGUH GYDXWUHYV YDOHXUV SRXU OHV FHQWUH)
TXH FHUWDLQV DXWHXUV GplILQLVVHQW OH HH WXLX BEEHE KIp\Wp
HV J

0/ "# % #'$ )# 1 ' $
#2(3 % '&l)

'‘DQV OH VLOLFLXP FRPSHQVp OD SUpVHQFH VLPXOWDQp
HQVLWp GH SRUWHXUM RFKDHWR BFRWPHOQMWUDBWLRQV HQHWBGWSD (
JPQpPUDOHPHQW REWHQXH YLD OH SULQFLSH GIpOHFWURQH X\
QRPEUH GH FKDUJHV SRVLWLYHV SUpVHQWHV GDQV OH PD
QpJDWLYHV 6RQ DSSOLFDWLRQ DX VLOLFLXP FRPSHQVpP FRQ(



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH
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'DQV OH FDGUH GH FH WUDY D RY XU VORIX WILROXUWLAL XOFD G HH WHSHNV S
WUPHYV OHV PDWpPULDX[ pWXRLPWRIZU PV HRS\PRU WXHFEHEX BV D QW

Q FPKRUV H[FLWDWLRQ (Q LQVpUDQW , HW , GDQV Of
AHYLHQW
pT = - : b
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&HWWH H[SUHVVLRQ SHXW rWHH V& DN PGWjDWH oM FEDVIVIK p\M H P Q
GRQQHXUV VRQW LRQLVpY HW OD IUDFWLRQ GH GURIHMHNVG H
ISSUR[LPDWLRQ HVW MXVWLILpH VL RQ FRQVWDWH TXH OH V
TXDVL QXO SXLVTXH OH QLYHDX GH HUPL HVW VLWXp GDQV
VLOLFLXP GH W\SH S 3K\VWLTXHPHQW OHV WURXV SURYHQD(
GHV pWDWV GH EDVVHV pQHUJLHV RIIHUWV SDU OHV pWDW
GRQQHXUV VRQW GRQF WRXMRXUV LRQLVpPV )LQDGINRHQW O

pT=

N, - SN,
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$X FKDSLWUH 9, QRXV SUpVHQWRDQS/L &€ HG A YWHERREHHIG W UL
@V OHBAR*TXL UHSRVH VXU OfDMXVWHPHQW GH OfH[SUHVYV

& Sl 7 GDQV OD JDPPH GH WHPSpUDWXUH . $XVVL LO F
MRRPSRUWHPHQWGEHR SpUDWXUH HQ GLVWLQJXDQW OHV GLIIpU

$ WUQV KDXWH WHPSpUDWXUH OfpQHUJLH WKHUPLTXH HVW
EDQGH GH YDOHQFH GDQV OD EDQGH GH FRQGXFWLRQ $LQVL

pT»n 1-27
&H UpJLPH HVW DSSHOp UpJLPHH.R@DTRNQDXHL @DV WU PISh Q W
VXEVWUDW SOXV LO HVW pOHYp SOXV FH UpJLPH VIREVHUYI

$ SOXV IDLEOH WHPSpURQWXWMH 3$RYWUOBWPXIQMO MM UV
®V DFFHSWHXUV V\RTHWSIUR ® HVY VP SIMHBH QW
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IRUVTXH OfpFKDQWL OCGHFQ RHWV GXHIDRWGGHSOD QHXWUD
OFFHSWHXUV FfHVW OH UpJLPH GH JHO GHV SRUWHXUV &H
DPELDQWH SDUWLFXQLUHRUWWPERQAVOREBRSORUYVY OTXWLO
, VRXYHQW YXH GDQV OD OLWWpUDWXUH QYHVW SDV MXYV

8QH PDQLqUH SOXV SUDWUVXEXGIHPSEHF HSREWHXUYV HVW
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'DQV FH UpJLPH OKSWHRFIRGHWARD7GH 7 SUpVHQWHUD
LQFOXDQW OD YDYHPWLRQ GUDWLTXH FH UpJLPH QfHVW T
REVHUYp SRXU GHY 6L OLFIL SRV BREHQW GHV >%@ HW >3@ G X
SRXU OHVTXHOV ODoFRIPS LYMIZTRQLQTHVW GH IDLW MDPDLV UHQ

/IRUVTXH OD WHPSpUDWXUH GLPLQXH GDYDQWPBHRWODM WH
OWDSLGHPHQW DYHF OD WHPSpUDWXUH &H UpJLPH HVW DSSH
FRPSHQVDWLRQ ,0 VXUYKHQW RMRUBRXN FHWWNMIFRQGILRH R Q
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/H WUDFp GB ORY IRQFWLRQ GH 7 SUpVHQWHUDp FHWWH
@WHU TXH OfDQDO\VH GH OD SHQWH DVVRFLpH DX[ GLIIpUH
VRXYHQW XWLOLVpH GH GpWHUPLQHU OD SRVLWLRQ GX QLY]
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/IHV GLIIpUHQWY UpJLPHV VRQW PRQWUpPV VXU OD )LJIXL
IRUWHPHQW HW XQ IDLEOHPHQW DLQVL TXH SRXU XQ VLC
SUpVHQWHQW OH PrPH GRSBPH DX ERUH >%@ 1
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OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

'DQV FH WUDYDLO OD WRWDOLWp GHV pFKD QW3 RKW |
SEPVHQWHQW GRQF XQH HAKYHWVHOW Wi M RBEDh®IIDGAHXGH SSHQWH (

Figure 22 : Variations de la densité de porteurs gpobtenues depuis I'équation I1-29 pour 3 siliciums ayant
[B]=5x%10" cm®. La courbe bleue représente un silicium fortement compensé avec [P]= 2¥16ém?, tandis que la
courbe mauve est associée a un silicium faiblement compensé avec [P]= 2%a®>. Par comparaison, le cas d’un
échantillon non compensé ([P]= 0 cif) est montré en noir. La contribution de la densité de porteurs intrinséques

n; est également tracée en rouge. A haute température, gst dominé par cette contribution intrinséque.
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3RXU OHV DSSOLFDWLRQV j WHPSpUDWXUH DPELDQWH
SRXU OHV VLOLFLXPV IRUWHPHQW GRSpV /IXWLOLVDWLRQ G
DPELDQWH OfpFKDQWLOORQ HVW GDQV OH UpJLPH GYfpSXL
LRQLVpPY 2U LO D pWp PRQWUp WKpPpRULTXHPHQW HW H[SpU
> @ FBEDQV OH VLOLFLXP QRQ FRPSHQVp OHV GRSDQWYV
[PELDQWH DXWUKRRHQWL GI8WMWWH LRQLVDWLRQ LQFRPSOqWF
REVHUYpH DX GHRO$GH50$77 .8=0,&= @ 3RXU XQ PDWpULDX
JH[SOLFDWLRQ DYDQFpH SDU 3 $OWHUPDWW SRXU H[SOL
PpFDQLVPHV RSpUDQW VLPX0WDQPBSQRFKHXGH SDUBD QGH G
QRSDJH DXJPHQWH YRLU pTXDWLRQ |, 3DUDOOQGOHPHQW
UDSSURFKHPHQWLGW WREKDW S§DU OH ERUH YHUV OD EDQGH
YLIXUH &HV GHX[ PpFDQLVPHV VRQW VXVFHSWLEOHV GYr
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EDQGH LQWHUGLWH DX[ IRUWV GRSDJHV >9$129(5675%$(7(1 @
LQWURGXLWY SDU OHV GRSDQWYV TXL FRQGXLW j OD IRUPDW

/D )LIXUH UHSUpPpVHQWH OD @ DPMA RIQQL RRILAMI HR®H GEXR G
PDWpULDX QRQ FRPSHQVp HW SRXU GLIIpUHQWYV PRGQOHYV
GI$OWHUPDWW FRQVWUXLW j SDUWLU GH YDOHXUV H[SpUI
PRGqOH HVW HQ ERQ DFFRUG DYHF GIDXWUHV PRGQOHV GH U
/TDPSOLWXGH GH OJLRQLVDWLRQ LQFRPSOqWH SRXU OH ERL
i FP FRQFHQWUDWLRQ j ODTXHOOH OH VLOLFLXP DFTXLqg
(QSOXV GX PRGqOH GI$OWHUPDWW OfLRQLVDWLRQ LQFRPS(
PRQWUpH ORUWIFRQVLGpUpH FRQVWDQWH HW pJDOH | =
YDULDW IsRMYBH QH GRSDJH )LJXUH WHOOH TXYREVHUYpH
IOFOXVH HQ WUDLWV QRLU FRQWLQX $ IRUWV GRSDJHV RQ
, GH OD YDUYIDWHEFQOBHGRSDJH QTHVW SDV VXIILVDQWH
HSPpULPHQWDOHY GI$OWHUPDWW HQ EOHX VXU OD )LJXUH

PRGqJOH GI$OWHUPDWW LQFOXW GIDXWUHV PpFDQLVPHV WFE
LQGXLWH SDU OD IRUPDWLRQ GTXQH EDQGH GILPSXUHWp :
UHQFRQWUpDPV 6DQWIORFRRUG REWHQX HQWUH OHV GLIIpUHQW)

Figure 23 : Comparaison des modéles d’ionisation incompléte du bore dans le silicium non compensé a
température ambiante.

,O0 QYH[LVWH SDV GH PRGQgOH GpFULYDQW OfLRQLVDWL
1pDQPRLQV FRPPH OH VXJJgUH $OWHUPDWW FH SKpQRPQQ|
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PDWpULDX >$/7(50$77 @ MXVWLILDQW VD SUALYHGRQ W RG
WQHXUV HQ ERUH VRQW VRXYH®WPGDQV OD JDPPH >
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/ID PRELOLWp GHV SRUWHXUV GH FKDUJH — WUDGXLW
@QV OH VLOLFLXP /HV QRPEUHX[ PpFDQLVPHV GH GLIIXVLR
YDOHXUV GH — VRQW GpWDLOOpV GDQV FH FKDSLWUH /9D

GIRSpUHU GDEYV OH 6R*
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(Q 3DXO 'UXGH SURSRVH XQH PRGLILEFDWLRQ GH OD
UYDGDSWHU DX[ PpWDX[ DILQ GJHQ GpFULUH OHV SURSULpPW[
SRUWHXUV GH FKDUJH VRQW DFFpOpUpV SDU OH FKDPS pOHF
UpVHDX &HV FROOLVLRQV OLPLWHQW DLQVL OHXU — /HV SL

,O QT\ D SDV GILQWHUDFWLRRBUHWUH SRUWHXUV GH FKELC
/IHV ORLVY GH 1HZWRQ VRQW KWVYB IHM HOH § R U DG/pHRM. B HUGA

8Q SRUWHXU SULV DX KDVDUROJOX @ LIRQV WO @ WHWW N B/L WDG:
GtWtypWDQW OH WHPSV GH UHOD[DWLRQ FYHVW j GLUH O]
PV FRQIRQGUH DYHF OD GXUpH GH YLH &H WHPSV Gp!
SRUWHXUV GH FKDUJH TXL RSqUHQW YRLU VHFWLRQ VXL
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Figure 24 : Vitesse de dérive de I'électronga) sans champ électrique b) sous I'action d'un champ électrique
/IRUVTXH OH PDWpULDX QYfHVW VRXPLV j DXFXQ FKDPS

GPSODFHQW HQ PR\HQQH DXWRXU GIXQH SRVLWLRQDISSH DprHH |
YWHVVH WKHRURLTXHVSRXU OHV WURXNF MWBRXU TOHV pOHFW
/I MDSSOLFDWLRQ GYXQ FKDPS pOHFWULTXH H[WHUQH LPSULPI
GDQV OD GLUHFWLRQ GX FKDPS pOHFWULTXH &YHVW FH G|
FRXUDQW GDQV OH PDWpULDX /D YLWHVVH GH GpSODFHPH(
DSSHOpH YLWHY WVH QGH IGp B8 IHYH DrQJODLY — HVW DORUV GplL
URSRUWLRQBO®LWD BIRWAHIG'X FKDPS pOHFWULTXH DSSOLTX
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%LHQ TXYLO SHUPHWWH GH GX¥XRMWUWL®PHPHGIHW PHDANOBOX [H VWD HD P R
SHUPHW SDV GH UHQGUH FRPSWH ILGgQOHPHQW GH OD YDULD
HQ LPSXUHWpPV GRSDQWHY GDQV OH VLOLFLXP &HV OLPLWD
QDWXUH RQGXODWRLUH GHV SRUWHXUV GH FKDUJH HVW Q
UpSDUWLWLRQ HQ pQHUJLH GHV SRUWHXUV HVW LQVXIILVD
FDSDFLWp GT1XQ W\SH GH GpIDXW SDUWLFXOLHU j DITHFWHU -
QH SHUPHW SDV GH OD FKLITUHU SUpFLVpPHQW
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/H WHUPH ©GLIIXVLRQ @ HVW XWLOLYV gcattéring GDQN OBV V|
FRQIRQGUH DYHF OD GLIIXVLRQ DWRPLTXH 'DQV OH VLOLF
SULQFLSDOHV TXL IL[HQW — VRQW

OHV SKRQRQV >025,1 @ FIHVWGQ\VGGHN OMAR PH ¥ URHY
LQGXLWHV SDU OD WHPSpUDWXUH

OHV LPSXUHWDpPV LRQLVpHV >&21:(// @

OHV SRUWHXUV GH FKDUJH HX[ PréfHMO MBBWOR® | C
POHYpV FJIHVW j GLUH ORUVTXH OD8 SHS XQ DM IR
Q @®Q VRQW SURFKHYV

$ WUQV IRUWV FKDPSV pOHFWULTXHV — GpSHQG GH Of
SRUWHXUV GH FKDUJH VRQW FRQWUDLQWY GH GpULYHU VR
FHOOXOHV SKRWRYROWDWTXHV FHSHQGDQW OD YDOHXU G.
YRLVLQDJH GH O® ER('H IDLW OHV SRUWHXUV GH FKDUJH W
WXWHV OHV GLUHFWLRQV GH OfHVSDFH ORUV GH OHXU GpUL
SHXW rWUH QpJOLJpH

(Q SOXV GHV PpFDQLVPHV GH GLIIXVLRQ PHQWLRQQpV
OTLQIOXHQFH GHV GpIDXWV FULVWDOORJUDSKLTXHV pWHQG
PXOWLFULVWDOOLQ >3$/$,6R@VANTOGOHFLVRRMD WQRWYVqV IR
HHPSOH GDQV OH VLOLFLX%P(;DGUq@ YXH FRUODHFMSHVUDWLRQ)
GLORFDWLFRE®YV OH OLEUH SDUFRXUV PR\HQ GHV SRUWHXUV H
A VORFDWLRQV 2Q SHXW GRQF FRQVLGPUHU TXH OHV SRUW!
GRQF OfHIIHW GH FHV GHUQLQUHV VXU — HVW QpJOLJHDEO
WUDYDLO GH GRFWRUDW OfLQIOXHQFH GHV LPSXUHWpV
SUPSRQGPUDQWHYV

IRUVTXH SOXVLHXUV PpFDQLVPHY GH GLIIXVLRQ RSqQUHQ
FDV OD UqJOH GHV LQYHUVHVY GH ODWWKLHVVHQ SHUPHW G
WRWDOH — j OfYDLGH GH OYfH[SUHVVLRQ VXLYDQWH
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Re— L Q VRQW OHV PRELOLWpPYV OLPLWpPpHYV SDU OHV GLIIpUH
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JHV IUpTXHQFHV SRVVLEOHV GH YLEUDWLRQ GX UpVHDX
QRUPDX[ GH YLEUDWLRQ (Q PpFDQLTXH TXDQWLTXH OH TX
SKRQRQ (Q GLVWRUGDQW OH FULVWDO OHV SKRQRQV HQWL
SPULRGLTXH &H SKpQRPqQH HQWUDVQH OYDSSDULWLRQ GH
SRUWHXUV GH FKDUJH /RUVTXH OD WHPSpPpUDWXUH DXJPHQW
SOXV pQHUJpWLTXHV DSSDUDLVVHQW HW OD GLIIXVLRQ GH\
SKRQR@LPLQXH GRQF DYHF OD WHPSpUDWXUH 'DQV OH VLC
HPSLULTXHV VXLYDQWHY UHVSHFWLYHPHQW SRXU OHV pOHFV
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&HV H[SUHVVLRQV RQW pWp REW HOXHN B RN UGE M VPIXW P
LPSXUHWpPV LRQLVpPHYV VXU OD PRELOLWp SHXW rWUH QpJOLJ
HVW UHVSHFWLYHPHQWRGH OHVWVPRPOHFWURVSRWUGHHYV WPR X
YDOHXUV FRQVWLWXHQW OHV PRELOLWpPV PD[LPDOHV REVHUY
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JHV LPSXUHWpPV SUPVHQWHY GDQV OH VLOLFLXP FULVWDC
FKDUJH TXJHOOHV VRLHQW LRQLVpPHV RX QHXWUHV /HV LPS
FKDPS pOHFWULTXH TXJHOOHV FUpPHQW LQGXLW SDU OH FK
7RXWHIRLY OHXU LQIOXHQFH VXU OHV — UHVWH JpQpUDOHP
DPELDQWH GDQV OH &] 6L QRQ GRSp SRXUWDBQWFW UGWR IRV W
H) DFFRUG DYHF OHV YDOHXUV SUPGLWHVY SDU OHV H[SUHVVL
GLIIXVLRQ GHV SRUWHXUV SDU OHV LPSXUHWpPV LRQLVpPHV HV
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'‘DQV OH FDV GHV LPSXUHWpPV LRQLVpHY OTLQWHUDFWLF
HVW SOXV GLUHFWH TXH SRXU OHV LPSXUHWpPV QHXWUHYV
FRQVpPpTXHQW — HVW WKpRULTXHPHQW XQH IRQFWLRQ GpFUF
1 /D YLUXOHQFH GH FHWWH DWWUDFWLRQ FRXORPELHQQH
IDLEOH SXLVTXY{DORUV OD YLWHVVH WKHUPLTXH GLPLQXH H
OfLPSXUHWpPp >&+3$7723%'+<$< @ &HW HIIHW OYHPSRUWH GH
LPSXUHWpV GRSDQWHYV LRQLVpHV ORUV GH OD EDLVVH HQ W
UpVHDX OD PRELOLWp OLPLWpH SDU OHV LPSXUHWpPV LRQLYV
GHV pOHFWURQY {HW Q3 HPV. WpIHR/ XS DY OHV LPSXUHWpPV LRQLVpPpH
HPSLULTXH VRXV OHV IRUPHV VXLYDQWHYV >/21* @ >%$525% @
GH + %URRNV HW & +HUULQJ >%522.6 @

3RXU OHV pOHFWURQVY PDMRULWDLUHYVY Re Q HVW OD FRC
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&HV H[SUHVVLRQV VRQW GpUIHYplHAD f 5 BWHWGE Ul IGN LR \GHHRWILF
I fTH[SUHVVLRQ GX WHUPH E LQFOXW OH PpFDQLVPH GH Gp)\
SRUWHXUV GH FKDUJH &H PpFDQHYPHQWXUNLEQM ®HRYIDVQWH
QLPSXUHWpPV LRQLVpHYVY FH TXL HVW I[UpTXHPPHQW OH FDV C
GDQV OD VXLWH GX PDQXVFULW

9/ % $ I"# % &I5% )

,O HI[LVWH GH WUqV QRPEUHX[ PRGqQOHV GH — GDQV OH \
S +85%(5 @ >'25.(/ @ >%$525% @ >0%6(77, @ >./$%$66(1 @
>5(**,$1, @ TXL LQFOXHQW OD GLIIXVLRQ SDU OHV SKRQRQV
OHV PRGgOHV VHPL HPSLULTXHV GY$URUD >%$525%3 @ HW
PDMRULWDLUHPHQW XWLOLVpY SRXU OHV GLVSRVLWLIV j FKD
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/H PRGJOH GJf$URUD SUHQG HQ FRPSWH OfHIIHW GHV St
GHV LPSXUHWpPV LRQLVpHVY HVW PRGpPpOLVp SDU XQH H[SUHV\
TXL QH SUHQG SDV HQ FRPSWH OH GpVpFUDQWDJH GHV LPSX
OH PDWpULDX QYpWDLW SDV FRPSHQVp &H PRGQOH SUpPVHC
XWLOLVHU HW GH IRXUQLU XQH H[SUHVVLRQ Re OD GpSHQGTE

LRQLVpHVY HVW H[SOLFLWH — HVW GRQQY GDUNE PIS[SUHVXUR
o7
» . MHepr Up oy
uT :uPL-E‘u + PD[” MPLQ r;Tnb
N N, + N 1-39
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/IHV FRQVWDQWHYV XWLOLYVpHFH®MNQ & H IDW WHD W PSUUH GWHIVR ®
WURXV HW GX FDUDFWqUH PLQRULWDLUH RX PDMRULWDLUH
WDEOHDX VXLYDQW

Tableau 1 Parameétres utilisés dans le modéle d'Arora [ARORAS82].

Phonons Impuretés ionisées

Figure 25 : Evolution de la mobilité avec le dopage a 300K dans le silicium monocristallin non compensé, pour
les électrons et les trous, majoritaires ou minoritaires (valeurs calculées avec le modéle d’Arora). p est limitée
par les phonons pour les faibles dopages et par les impuretés ionisées pour les forts dopages.

$ IRUW GRSDJH OD )LJXUH HQVHLIJQH TXH OD PRELOL)
HVW PLQRULWDLUH 'fDSUqV $ 6SURXO HW 0 *UHHQ FHWWH
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OHV LPSXUHWpPV LRQLVpHV HVW DWWUDFWLYH SRXU XQ SRU
>63528/ @

3DU UDSSRUW DX PRGQgOH GY$URUD OH PRGQqOH GH
VXSSOpPHQWDLUHV 3DU H[HPSOH OD GLIIXVLRQ pOHFWURQ
FRQVLGpUpH ,0 VHUD GRQF SULYLOpJLp ORUVTXH OYLQMHFW
PFODLUHPHQW 'H SOXV OH PpFDQLVPH GH GpVpFUDQWDJH ¢
FHWWH IRLV SULV HQ FRPSWH GDQV OD IRUPXODWLRQ GH OD
FH PRGQOH WUDLWH VpSDUpPHQW OD GLIIXVLRQ GHV SRUWH X
GH FHV UDLVRQV¥ prietd PG P P riPHWGH GpFULUH OHV — GDQV O

/H FRQWHQX GX PRGqOH GH .ODDVVHQ FRQVLVWH HQ XQ
GpWDLO VHUDLW ORXUG 1RXV QRXV OLPLWHURQV LFL DX[ JU
i OTDUWLFOH >./$$66(1 @ SRXU GDYDQWDJH GH SUpPFLVLRQV
'fDSUQV FH PRWENYHQW rWUH REWHQXHY FQHM @F WQ RQNGE L
®L GH ODWWKLHVVHQ

— = + + + = +

H liJ'L L‘rlD H‘A H i “1 L ui D+A+]
L HVW XQ SRUWHXU GH FKDUJHW pFOHEG M\ KBQ 11 plU RAWWUWRK UR H
LOQWHUDFWLRQ SDUWLFXOLqUH LQWHUDFWLRQ DYHF OHV SK
RX HQFRUH DYHF OHV SRUWHXUV GH VLIJQH RSSRVp M /HV
GDQV XQ VHX@uwWHUBHHQG HQ FRPSWH OHV PpFDQLVPHV GH
®»V DXWUHV SRUWHXUV GH RKRWIHK LMPHW [SDB VDYV HZH VR C
HSUHVVLRQ |, HW | SURSRVpHV SDU $URUD 3RXU OD GI
LRQLVpHY XQH H[SUHVVLRQ VLPLODLUH j FHOOH GH %URRN
GHV LPSXUHWpPV LRQLVpHV HVW XWLOLVpH

3RXU GHV GRSDJHVFIPQ R MAKWRMHI H{SULPH

a
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FRPSWH j OYDDQGHWHBES QL HW LF MRQW UHVSHFWLYHPHQW OH)
HIHFWLYHYVY GH FHQWUHY GLIIXVDQWY FKDUJpV SRUWHXUV G
UHJURXSH OHV SDUDPgQWUHV j] XWLOLVHU

[-40

[-41



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

Mn, D+A+p | Mh, D+A+n
Hmax (cm2.V1.s7)
Umin (cm2.V1.sh)
Nref,l (Cm_3) T T
ai
I\li,sc 1$ 1 S g- 1 Q
Ni,sc eff * & 1$ 1 S d 1$ *§< 1 Q §

Tableau 2 Paramétres du modele de Klaassen [KLAASSEN92].

/HV WHYRHW $DQV OH WHEPHQQHQW HQ FRPSWH OD GLIIpUH
RQQHXU RX XQ DFFHSWHXU DLQVL TXH OD GLIIXVLRQ VXU
PDMRULWDLUHV RX PLQRULWDLUHV /H GpWDLO GH FHV W
> /$$66(1 @

9 O 1 % "o #I % !&1|u$ !u $ %
&5 % )

JIXWLOLVDWLRQ GX PRGqOH GERQ@ODPVUHY +QGDDWH OMK
WGXLWHY ORUVTXH OH VLOLFLXP HVW FRPSHQVp 3DU H[HPS
X FPVHUD DVYRFLPPPp 9/HW, — FP38 ¥ &HV YDOHXUV VHURQ!
— FPd Y HW; — FP3d Y¥GDQV XQ VLOLFLXP FRPSHQDYHRDQ
%@ FP HW x3@FP &HWWH UpGXGRQLRQ GDYV OH VLOLFL>
QHQYLURQ LFL HVW GLUHFWHPHQW OLpH j OD SUpVHQFH

,O HYW LQWpUHVVDQW GH FRPSDUHU OHV YDOHXUV FDO|
PRGqOHV SUpVHQWpPV DILQ GH GpJDJHU XQ HIIHW SRWHQWLI
'DQV FHWWH RSWLTXH OHV SUpPGLFWLRQV GHV GHX[ PRGQC
VLOLFLXP D\DERHWY%@ @ YDULDOQEWBHRPSHQ¥BVWRPGHQVDWLE
SDUIDLWH /fLRQLVDWLRQ GX ERUM HY® VXSSRVpH FRPSOqQW
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Figure 26 : Variations des mobilités des porteurs majoritaires et minoritaires dans un silicium avec [B]=1cm*

en fonction de [P]. Les valeurs sont données a température ambiante. Les courbes tracées en noir sont calculées a

I'aide du modéle de Klaassen [KLAASSEN92] ; celles tracées en rouge sont obtenues a I'aide du modéle d’Arora
[ARORAS82].

&RPPH OTHQVHLJIJQH OD ILIXUH BIUBGEHMWNKYV SOHIV OYHD/O 8 K X |
WqV VLPLODLUHYV &HFL PMWHPRIL QHY WYIDIOBRX¥NM FDOFXOpHV Q
®@® FRPSHQVDWLRQ WRWDOH >%@ >3@ &RPPH OH PRGgOH G
OLpV j OD FRPSHQVDWLRQ GpVpFUDQWDJH GHV LPSXUHWpPV (
RX XQ DFFHSWHXU OH WUqV ERQ DFFRUG DYHF OH PRGqgOl
VXJIqUH TXIDXFXQ HIIHW SDUWLFXOLHU GH OD FRPSHQVDW
DWWHQGXH GHV — j IRUWYV GRSDJHV OLpH j OfDXJPHQWDWL
FH SRLQW GHPDQGH j rWUH YpULILp GDQV OD PHVXUH Re DXF
GHV PRGgOHV XWLOLVpY DX VLOLFLXP FRPSHQVp &H VHUD O

(Q SUDWLTXH OH ERQ DFFRUG HQWUH OHV GHX[ PRG((
GIT$URUD SOXV IDFLOH j LPSOpPHQWHUY HW G HXMFYWHUPH QXWY/ LU
HPSODFHPHQW GX PRGqOH GH .ODDVVHQ



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH
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'H OD PrPH PDQLqUH TXH SRXU — tOBV@WXOhRLGH HY ISH U |
PpFDQLVPHYVY TXL LPSOLTXHQW WRXV OD UHFRPELQDLVRQ G¥.

SHFRPELOQDLVRQV UDGLDWLYHV

/ID UHFRPELQDLVRQ UDGLDWLYH HVW OD UHFRPELQDLYV
VXLYDQW OH PpFDQLVPH LQYHUVH GH FHOXL GH SKRWRJpQpL
OD EDQGH GH YDOHQFH OLEqUH GH OfTpQHUJLH VRXV SIRRWR Q
HXW pYHQWXHOOHPHQW rWUH DEVRUEp HW HQJHQGUHU OD
[fH[SUHVVLRQ JpQpULTXH , SHUPHW GH FDOFXOHU GDQV X!
SDU FH PpERQIPVMWW j GLUH OD GXUpH GH YLH TXL VHUDLW P
3RXU OH VLOLFLXP GH W\SH S >6&+52'(5 @ HWMHDODIDEVHQFF

t

“ Ap +oi A5 @il 2
%LHQ TXYLO VIDQWHQWIEBQLWRRIMWGH UHFRPELQDLVRQ UHVW

GX IDLW GH OD QDWXUH LQGLUHFWH GH VRQ JDS 'H IDLW C
VHPLFRQGXFWHXUEBY VHVE &HDEW (12772 @

S5SHFRPELQDLVRQV $XJHU

/D UHFRPELQDLVRQ $XJHU IDLW LQWHUYHQLU XQ WURL)
OTpPQHUJLH LVVXH GH OD UHFRPELQDLVRQ GH GHX[ SRUWHX!
GLVVLSpH SDU LQWHUDFWLRQQD YHF ®HYVp IS KR RQM GL PI MEHH
tsx)HuGDQV OH VLOLFLXP GH W\SH S VIH[SULPH >$/7(50%$77 @
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&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

Re & HVW OH FRHIILFLHQW GH UHFRPELQDLVRQ $XJHPVWSRXU (
j IDLE@H'=,(:,25 @ HW FPiV)  IPDQWQ!S >6,1721 @

SHFRPELQDLVRQV YLD GHV GpHDXWV GDQV OD EDQGH LQV

$ORUV TXH OHV GHX[ SUHPLHUV PpFDQLVPHV VRQW LQW
LQpYLWDEOHY OD UHFRPELQDLVRQ YLD GHV GpIDXWV LQWU
LOQWHUGLWH GX VLOLFLXP HVW GLUHFWHPHQW OLpH j OD T
SLqQJHQW GHV pOHFWURQV HW GHV WURXV OLEUHV TXL VL
GpIDXW VH UHFRPELQHQW &HV FHQWUHV UHFRR EQE D@MWW DIV,
H) pQHUJLH TXJLOY GRAURSRUVHRSSRUW DX VRPPHW GH OD
DU OHXUV VHFWLRQV HIILFDF4bV HOM G B8 YWKIRHK BHAS (p OHHFQWUH
IBWLWXGH j FDSWXUHU OfXQ RX OfDXWUH W\SH GH SRUWHXL
OH VLOLFLXtRsGH WNSEBRQpH SDU OTH[SUHVVLRQ VLPSOLILpH
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—n

tspn = > +Dn 1-44

$ QRWHU TXH FHWWH H[SUHVY¥YLR K UXHXEN VD InmVWWU H XAMAL G Il X QH
YDOHXU GX SRUMBIMBH 3DU ' ODFGRQDOG >0$&'2 @ FRQG
ODEVHQFH GH SLpJHDJH VLJQLILFDWLI GpWDLOOp DSXH&ZWD S L
HHFRUH XQH IRLV rWU@& P3H®@ SODFYHOBDAD¥ % X VLOLFLXPWRPS
ts VRQW GRQQpV SDU
g =spNtvthh o =SnNtVthe -45

2 YxkHWKWRQW OHV YLWHVVHV WKHUPLTXHYVY GHVY pOHFWURQV
HV ¥FRQW OHV FRQFHQWUDWLRQV GYfpOHFWURQV HW GH WURX
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'X IDLW GHV WHQHXUV HQ LPSXUHBR§PSL FRBVPPREQMMPH GI
JJQpPUDOHPHQW OD UHFRPELQDLVRQ GDQV FH PDWpULDX $ Q
FHQWUHV GH UHFRPELQ@DLMBRQ $5+

2Q FRQVLGQUH JpQpUDOHPHQW TXH OHV PpFDQLVPHYV
GIDGGLWLYLWpP GHV LQYHUVHV FH XL FRQGXLW SRXU OD YL
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&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

S+ %M H % 181MS 'S %'$
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&RPPH OH PRQWUHQW OHV H[SUHVVLRQVWRXYHUQH Gy LGH
@ FKDFXQ GHV PpFDQLVPHV HW $p U H\RQDUIDDHALVR QO/D GHDC
FRPSRVDQWHWHBHRQW PRQWUpPHV VXU OD )LIJXUH SRXU XQ
DYHF >%@P SHVW YDULpH SDU DMRXW GH SKRVSKRUH FRQI
WSSRVH TXH FH PDWpULDX QH SRVVgGH TXTXQ GpIDXW LQ
OTREFXUUHQFH OH |HI® LFQRWQF B W LAV ARRQ)HMUR SULpWpV GH UH
G FHWWH 9P SXUHWRpIsE 1 FP DLQVL TXH OP(WDPOHMNY GH (
\RQW WLUpPHV GH >,675$729 @ 3DU DLOOMBXUVFP HX QHYHDXHX
WSLTXH HQ FRQGLWLRQV GH IRQFWLRQQHPHQW UpHB®IOHV GH

Figure 27 : Variations det ag, t auger tsrh tty, lorsque I[Fg]=10" cm®. Les durées de vigy et tsgy SNt
confondues.

&RPPH OH PRQWUH OD )tJHVW ODODHPBIQMXGRPHLQpH SDL
65+ FRPPH FYHVW JpQpUDOHPHQSNL O FHVW GmMyWp UHY VBIRG W
JLQWURGXFWLRQ SURJUHVVLYH GH SKRVWIKFERK G X¥LHVPDWQH L
APLQXWLRQ GH OJLQWHQVLWpP GHV WURLV PpFDQLVPHV GH U
/D YDOHXVIE® WURXYH QRW DLEQHPHQW. DPIpOH. FBDHH [THIIH
FRRPSHQVDWLRQDVEKWpPOB[SOLTXp SDU OD GLPLQXWLRQ GH Ofl
SRUWHXUV GH FKDUJH OLEUHV FRREDp FOOSHSRIVG2OAI( @RLIQHPH



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

&HW HIIHW ELHQ TXYLO QH FRQIGXL QM HWINP B H'S H X@BIQWp G
XVVL EpQpILTXH TXH GBQVYVOIWDWXEX QB )LIXUH 1RWI
IQWURGXLVDQW GHV QLYHDX[ SURIRQGY VLWXpV j SOXV GH

ORUVTXH ¥®B@HW H9 VIFP%@$&'21$/' @ HW SRVVPGDQW G
SeSs SUpPVHQIWHQ@RVYQNLEOH j OD FRPSHQVDWLRQ FRPPH Of
@QV OH VLOLFLXP GH W\SH S OD SOXSDUW:GRYWDDDONLTK
0$&'21$/' @ FRPSQKEE,%2@ OQH VRQW SDV GH FHWWH FDWp.
GHV LPSXUHWpPV SRUWHQW XQH FKDUJH SRVLWLYH GDQV OH
FDSWXUHU XQ pOHFWURQ TXTXQ WURX 3DU FRQVpPpTXHQW
JPQPUDOHPHQW YLVLEOH

$ QRWHU TXH SRXU GHV GpIDXWV LQWURGXLVDQW GHYV
GLVORFDWLRQV GRSDQWV« OfHEHBHEW © DP H RRSHO \BDW V/F
HQFRUH TXH GDQGHIBFDVIGXNHH

Figure 28 : Variations relatives detsgn avec p pour différentes valeurs du rapports,/s,, dans le cas d'un centre
recombinant profond, situé a E=E,+0,4 eV.

; TS &1 )SHIL"'S
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1RXV QRXV LQWpPUHVVRQV PDLQWHQDQW j OD IRUPDWLF
ARSDQWHV HW OHV GpIDXWV GX UpVHDX FULVWDOOLQ &HV F



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

wuUqV DFWLIV GDQV OH VLOLFLXP 'H SOXV LOV VRQW VXVFH
GDQV OWHWL6RLFKHY HQ LPSXUHWpPpV 3RXU FHV UDLVRQV

IRQFWLRQQHPHQW GH OD FHOOXOH SKRWRYROWDWTXH ,0 DS
LOWHUDFWLRQV HQWUH LPSXUHWpV SRXU RULHQWHU OHV SL
GH FHOOXOHYVY HQ YXH GH QHXWUDOLVHU RX GX PRLQV OLPL\

&HV FHQWUHV UHFRPELQDQWYV VH IRUPHQW JpQpUDOHF
GLIIXVLRQ DWRPLTXH SXLV D¥WAFLOQ VFRRG HIBV® B RIDSR G WV
VFKp®#Db ab. /D IRUFH PRWULFH GH FHWWH IRUPDWLRQ S
FRXORPELHQQH TaXH\WXNVVER UHVOMQM GHY FKDUJHV GH VLJQHYV
QRXV LOOXVWURQV OD IRUPDWLRQ GH WHOV FRPSOH[HV DX V
GH UHFRPELQDLVRQ YLUXOHQWY GDQV OH VLOLFLXP_ 1RXV
YUDLVHPEODEOHPHQW IRUPp VXU FH VFKpPD HW GRQW OfDF
GpJUDGDWLRQ GHV SHUIRUPDQFHV SKRWRYROWDWTXHV GH
JLQDOHPHQW QRXV GUHVVHURQV XQ pWDW GH OfDUW FRP
OYDVVRFLDWLRQ GH FHV FRPSOH[HV HW SOXV SDUWLFXOLqU|
OYDUW VHUYLUD GH EDVH j OfpWXGH GH VLPXODWLRQ SUpVH

; $1 '$ < <

'DQV OH VLOLFLXP GH W\SH S OHV SDLUHV )H% HW &U%
POWDOOLTXH HQ SRVLWLRQ LQWHUVWLWLHOOH DYHF OJDWRI
HQ IHU LQWHUVWLWLHO REPNSPWp HOMWFIGRRGIVOG >0$&'21$/° @
QQJRWYV PXOWLFHLVHDUNUPWERR*LQGLTXH TXH OHV WHQHXU
® JDPPH FP VXLYDQW OH W\SH GH VLOLFLXP PXOWLFULV
QAQUHFWLRQQHOOH « >,675%$729 @ 'DQV OD JUDQGH PDMRU
OfYHVSqQFH PpWDOOLTXH HVW GRQF JpQpUDOHPHQ& &@ UI\WPH
XD @

/H FKURPH HW OH IHU GLIIXVHQW HQ SRVLWLRQ LQWHUVV
3DUFH TXH OD GLIIXVLRQ HQ SRVLWLRQ VXEVWLWXWLRQQHOC
PPpFDQLVPH GH © NLFN RXW 2 OH ERUH GLIIXVH EHDXFRXS ¢
YJLIXUH 3HQGDQW OD UpDFWLRQ GYDVVRFLDWLRQ OHV [
FRPPH IL[HV /D GLHWVGRREWK \&UILVDPPHQW pOHYpHV SRXU ]
i WHPSpUDWXUH DPELDQWH



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

Figure 29 : Variation avec la température des coefficients de diffusion du chrome et du fer interstitiels, ainsi que
du bore substitutionnel. Les références associées aux expressions utilisées sont données.

/IHV SURSULpWpV UHFRPELQDQWHYV GHV SDLUHV )H% HW &
OD EDQGH LQWHUGLWH VRQW UpVXPpHVY GDQV OH 7DEOHDX

S, (cm?) S, (cm?) E:
B x X (& H9 >,675%$729 @
N$&'21%/' @HND%&'21%/' @
o x X (v H9 >&21=(/0%$11 @
0,6+5% @ >'8%2,6 @

Tableau 3 Niveaux d'énergie et sections efficaces de captures a 300 K pour CrB et FeB.

&HV GHX[ LPSXUHWpPV VRQW SDUWLFXOLqQUHPHQW YLUXOHQWH®
LO VXIILW GHFEPHBRBR®AU URGXLUH-V | XQ QLYHDXQ GJE@MHFWL
BLPLODLUHPHQW XQH FRQFHQWUDWLRQ LGHQWQYXKHRQD BR LR

/HV GHX[ SDLUHV SHXYHQW rWUH GLVVRFLpHV WKHUPLT
~ f& /D SDLUH )H% SUpVHQWH ©DVSREMHLF VRXWL WHO 6
$0* SDU H[HPSOH /RUV GH OYpFODLUHPHQW HQ HIIHW Ot
UHMRLQW OH PLOLHX GH OD EDQGH LQWSDG LAVDIS WX\W IS HAPH
/TILQWHUDFWLRQ FRXORPELHQQHWQY B P%%\N DQRV HFVOX \D BIRWW B L
MV GX &U% OH SVHXGR QLYHDX GH )HUPL GHPHXUHK GXMHWW |
MDSWXUH GIXQ pOHFWURQ OD SDLUH &U% QH SHXW rWUH GL



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

: + ' 181%'8' < L B "SS
) % '&" # % # ) #3'31%&*

/IRUVTXTXQH SODTXHWWH IRUWHPHQW GRSpH HQ ERUH
PFODLUHPHQW VD GXUpH GH YLH YROXPLTXH SHXW rWUH U
DVVRFLDQW OH ERUH HW OfR[\JgQH TXL LQWURGXLVHQW X
VLOLFLXP &HWWH GpJUDGDWLRQ HVW FRXUDPPHQW DSSHO
GpJUDGDWLRQ VRXV pFODLUHPHQW $ OfpFKHOOH GH OD FH
DWWHLQGUH DEVROX /HV VHKEWWYREX GpIDKWFBW &R EW SS/DX
IDLW GH OD GLIILFXOWp j TXDQWLILHU OD- GHBR L\ p SMUQV DI [
PHVXUp ©sUDWLRW OH QLYHDX LQWURGXLW SDUWU OH BRSODXW
$(,1 @

/TH[LVWHQFH GHV FRPSOH[HV ERUH R[\JgQH D pWp VXS
>0221(< @ GDQV OH VLOLFLXP LUUDGLp GRSp DX ERUH OE

FRPSOH[HV OHXU QDWXUH PrPH UHVWH REVFXUH (Q 6
5o HQ \WGX GpIDXW UHVSRQVDEOH GH Q® d/,> 5p(WID LAW 3 UR BEYR LD\
WUG . %RWKH HW - 6FKPLGW RQW PLV HQ pYLGHQ®HHWH I L

2.@0 >6&+0,'7 @ GDQV GX VLOLFLXP QRQ FRPSHQVp $ SDUW
FH GpIDXW HVW IRUPp SDU DVVRFLDRMIRQI E BRY LGN PYHPHRWR [ \
& WFKDUJp QpJDWLYHPHQW DYHF SRVVLEOHPHQW OfLQWHL
@IIXVHUDLW UDSLGHPHQW GDQV OH VLOLFLXP SDU FDSWXUH
FKDQJHPHQW IUpTXHQW GH FRQILIXUDWLRQ VSDWLDOH IDYF
&RUEHWW

-XVTXYj UpFHPPHQW FH PRGgOH pWDLW FRPPXQpPHQW
UHPLVY HQ TXHVWLRQ GHSXLV OHV UpFHQWHV pWXGHV GH (
SOXVLHXUV pTXLSHV GH FKHUFKHXUV RQW PLV HQ pYLGHQFH
OH VLOLFLXP FRPSHQVp TXH GDQV OH@LORRIP QR S DARPISHX
GHQVLWp HVW SURSRUWLRQQHOOH QRQ SDV j >%@ PDLV SC
FRPSHQVpP PRGPUPPHQWFBRSP$&BIB/'1 @ >/,0 @ 6LPLEPLUHF
VHUDLW SURSRUWLR@PHPDEN GREY SPVXOMWDOWY PRQWUHQW X
FRPSHQVDWLRQ VXU OD FLQPWLTXH HW OfDPSOLWXGH GH OD



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

8QH SUHPLQUH K\SRWKgqVH DYDQFpH FRQVLVWDLW | V>
FRQFHQWUDWLRQ VXIILVDPPHQW pOHYpH HOOHV SRXWUDLH
QAVSRQLEOHV SRXU IRUP®RU GHMLY¥RPRFEH[HVH %-HV SDLUHV
RRQVPTXHQFHV 3DUPL FHOOHV FL OD IRUPDWLRQ GH FHV S
YLUXOHQWHY HQ WHUPH GH GLIIXVLRQ GHV SRUWHXUV GHY
SDU UDSSRUW j XQ VLOLFLXP FRQWHQDQW XQLTXHPHQW GH
7RXWHIRLVY FHFL QYD SDV pWp PLV HQ pYLGHQFH >0$&'21$/°
SDLUHV %3 GHYUDLW FRQGXLUH j XQH DEVHQFH WRWDOH GH
SKRVSKRUH (Q HIIHW GDQV XQ WHO PDWpPULDX R* >3@!>% @
DXFXQOWEUH LPSOLTXDQW XQH DEVHQFH GH /," &HWWH K\S
BFKXW] .XFKO\ >6&+87= .8&+/< @ TXL D REVHUYp XQH Gp
PFODLUHPHQW GH OD GXUpH GH YLH GHV SRUWHXUV GH FKD
SKRVSKRUH /H GpIDXW j OfRULJLQH GH FHWWH GpJUDGDWL
GDQV OH W\SH S &HV UpVXOWDWV PRQWUHQW TXH VL OD
FRQFHQWUDWLRQ GDQV OH VLOLFLXP FRPSHQVp SUFPHQWDQ

)DFH j OfpFKHF GX PRGgJOH GpYHORSSp SDU - 6FKPLGW
SURSRVp XQ PRGgOH DOWHUQDWLI HQ VIDSSX\DQW VXU OH
>92521.29 @ 'DQV FH PRGqOH OH ERUH LPSOLTXp GDQV OH
LOQWHUVWLMAL MBOBLW IRUPp SDU © NLFN RXW 2 VXLWH j OfLC
JQpUpV SDU OD IRUPDWLRQ GH SUpPFLSLWpV, GH@ [pITKQID LSEHIHS
®V DJIJORPpUDWVUDEHQ@W HQ FRQFHQWUDMHEBRD BREGRIUW LERQ
FRRQFHQWUDWLRQ GX GpIDK®W BBERSRG WLYRFEQHOWREVHUYDWLR
FRPSHQVp GH W)\SHMDYVRPALBHUDLHQW DYHF OHV GLPqUHV GTR]
IRUPHUW20OWRXEY XQH IRUPH GLWH ODWHQWH F HVW j GLUH QRC
DDRUV DFWLYpH VRXV pFODLUHPHQW 'H SOXV DPSOHV pWXG
GDQV OH VLOLFLXP FRPSHQVp GH W\SH S HW Q

)/ ) HS ) 'S H6$H I
a=b ab%& )$1 % # $!"
'H QRPEUHX[ FKHUFKHXUV VH VRQW LQWpUHVVpV j OD

RPDLQHV DXVVL YDULpV TXH OD FRVPRORJLH >72866%,17 @
FKLPLH >9%$1.%03(1 @ 'DQ¥ HWWUROQOWQNRER®HY GDQV GIDXWI



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

GHX[ HVSgFHV HVW PRELOH (Q JpQpUDO OHV FDV WUDLWpPV
ab HVW SXUHPHQW OLPLWpH SDU OD PDUFKH DX KDVDUG GHYV
OD IRUPDWLRQ GX FRPSOH[&H BWRWUH TXH BRIXYW D WRW HH/V®B/HV XS S|

'‘DQV OD OLWWpUDWXUH VRQW WUDLWpPV OHV GHX[ FDV VXLYD
&b\ HVSgFHacLBPREH OH MHR/EIQGH

& HvW SDU H[HPSOH OH FDV GHV SDLUHV )H% HW &U% |/
DWWLUHQW j HX[ OHV LPSXUHWpV PpWDOOLTXHV TXL VRQW
FDOFXOHU j OYDLGH GH QYH[(QSUHVHORMHVW IJRKWLYWHLYHPHQW
S! FP FRQGLWLRQ UHRS®LH GDQV OH 6R*

'DQV FH FDV OD FLQpPWLTXH G%b VY RPLP WILPRFQ LEGHYV HQRF
PRGpOLVpH SDU + 5HLVV HW DO >5(,66 @ GDQV OH FDHWGH V
VL OHV LPSXUHWpPV VRQW LQLWLDOHPHQW UpSDUWLHYV DOpD
PRQWUH TXH OD FRQFHQW U DBV HR/QV H® H U B @FHV PR Q RHS\R Q HIK
GX WHPSV FDUDFWpPULVWLTXH GTXQH UpDFWLRQ GX SUHPLH
FDUDFWpULVpH SDU O vERRYWMHQSMHIGH WHPSYV

=eerkT
=" 4D, 2@ -48

DYHF OD GLIIXVLYLWp GH 1O THMBGE B HH B ICHRXA N G Mb & aridri >
VXUSUHQDQWH SURY LbHGD 8@ G HQOB | IFHRQ GEIWQRQFBWWH FRQGL
ODTXHOOH GRLYHQW GRLIYRUNUQHI[LRWERP HRUPHU XQ FRPSOI
GLVWDQFH TXL OHV VpSDUH LOV QH VH © YRLHQW & MDPDL
SDUWLU GH OD ORL GH GLIIXVLRQ GH )LFN DIXSWQ@IDTYXpUHV j GOHDV ¢
GH FDSWXUH GHSHAWRRABYW ®TK\SRWKqVH TXH OD UpDFWLRQ

G6® GhW@pvvrHW TXH FKDTXMWWREWXCBHbSDWAL VRQ SOXV SURFKI

/TH[SUHVVLRQ , D pWp YDOLGpH H[SPULPHQWDOHPHQW
GH OD s R 7H @ SRXWODH{HOOH H9 N7 >,675%$729 @ /HV
RAW PLVY DX SRLQW XQH WHEKRQROTRHGCGGHGHHPF KV NKUGH MXFFHVYV
QAIIXVLRQGHY SRUWHXUV PLQRULWDLUHYV SDU 639 6XUIDFH
sUgV GLVVRFLDWLRQ WKHUPLTXH & GREWVIBDYpHY YR W/ K
IRUWHYV GLIIpUHQFHY HQWUH OHV SHW S®WX pW @V /EHYDIDHXRE W
X VXLYL GH OTpYROXWLRQ GH OD ORQJXHXU GH GLIIXVLRQ p



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

ODFGRQDOG HW DO RQW IDFLOLWp OTXWLOLVDWLRQ GH
RQIXHXU GH GLIIXVLRQ SDU GHVY PHVXUH GH GXUpH GH YLH
FHWWH WHFKQLTXH 7DQ HW DO RQW UpFHPPHQW SURSR
tovwr7$1 @

T eV
oo = HS
asso B@ [ KT 1-49
&H UpVXOWDW H[SpPULPHQWDO HVW HQ ERQ DFFRUG DYHF OfF

$ WLWUH GTH[HPSOH OfpYROXWQRQ BRIPS Q@R DWHRWYY B\
WU OD )LIXUH j . HW FP HORBYH>PP@YDOHXUV W\SLTXH)
6R% 6L /TH[SUHVVLRQ , D pWp XWLOLVpH $ QRWHU TXH O
GIDVVRFLDWLRQ HVW WUQV FRQVPTXHQW SXLVTXH OD GLIIXV

Figure 30 : Evolution de la concentration en atomes de Fminoritaires non complexés d’apred-48.

&DV@a @ HWPIRELOHYV

,O D pWp WUDLWp GH PDQLqUH DQDO\WLTXH SDWY "§RXVVD
SXLV SOXV/WH BIGV DU GDQV OH FDOV Ih@EPUWDNALFXODULWpPp GH
@V OH IDLW TXH OHV FRQFHQWUDWLRQV VRQW pJDOHV LQI
ORUV GH OD IRUPDWLRQ GYXQH SDLUH LO a BW FE¥XWQ®H W L
aHWVRQW GLVWULEXpHV DOpDWRLUHPHQW /HH HW &DUG\ F
GpFURLVVWE@EQW¥NKLBHXQH ORL SXLVVDQFH WHOOH TXH

bt=@a @an't_ I-50



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

3RXU GHV WHPSV FRXUWV OD FLQpPpWLTXH GH UpDFWLI
VSDWLDOHYV GDQV OHV GLWWUHEXWDLRWN PEHTDWRBPHNWHGIUREO(Q
SDU FDV HW DXFXQ PRGgOH QH SHUPHW GH VLPXOHU FHV SU

&DvV@ae@ HWPIRELOHV

/H FDV Jp@p@D GIB¥PRELOHV, DDYEAPHXUH LUUPVROX 7RX\
EFRUQHV RQW pWp SURSRVpH® WRXRDOYHIBVHIYNURDRGBHV>QH F
% /<7+( @ 3RXUWDQW FHWWH FRQILIJIXUDWLRQ SHXW rWUH U
OH FDV GH OD SDLUH %3 REVHUYpH SDU FHUWDLQV FKHUFKH:
GRSDQWWP ,0 QfHVW SDV LPSRVVLEOH TXH FHWWH SDLUH
PrPH HQ IDLEOH FRQFHQWUDWLRQ (QILQ LO HVW SUREDEOH
UHVSRQVDEOH GH OD GpJUDGDWLRQ VRXV pFODLUHPHQW P
WUDYHUV FH FDV JpQpUDO

‘DQV OH FKDSLWUH ,,, LO VHUD SUpVHQWp XQ DOJRULMW
GPWHUPLQHU OD FLQPWLTXH &IDX¥XMRFLOM VRRQ W FD\H FFRDR/S G H [ |
FHX[ TXL QH SRVVgGHQW SDV GH VROXWLRQ DQDO\WLTXH

> $H# % 181" I'$ WS
1' 1&"'$)% *'$# % %% %'

> M & %

/IH ORJLFLHO GH VLPXODWLRQ 3& ' >&/8*6721 @ D pWp X\
MRPSHQVDWLRQ GX GRSDJH VXU OHV SHUIRUPDQFHV GH OD
FRPSHQVDWULRAGWXMXEB OHV — VRQW SULV HQ FRPSWH WHO'
YUpFpGHQWHYV 'DQV OH VXEWRUDIW PPHAW HNFW DULQjGH FRXYU
SOXSDUW GHV BDOMWMpODEWXHOR* 3RXU FKDFXQH GHV WURLV YD!
P FRUUHVSRQGDBOW|j>B0@FP S FP 3& " QTRIIUH FHSHQGD



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

SRVVLELOLWp GH VSpFLILHU >3@ HQ SOXV GH >%@ SRXU OH
FHWWH OLPLWDWLRQ HQ XWLOLVDQW XQH GLIIXVLRQ GH SKR!'
OTpPHWWHXU TXTRQ FKRLVLUD XQLIRUPH VXU WRXWH OD SU
OD SUPVHQFH GIDWRPHV GH SKRVSKRUH GDQV OH YRCHPH p\
GV — FDOFXOpHV j OfDLGH GX PRGgOH GI$URUD /JfLRQLVDYV
LOQWHQVLWp FP>%@XV FRQVHUYHURQV OHtP rP W DR DXHQ HO L) P
FRQFHQWWDMFKPQ@ Ip FRGHHY UpVXOWDWY REWHQXV VRQW SUpV

/H .t HVW SULQFLSDOHRHGOW DRXYNDQMXSDW GHV — 3RXU
PWXGLpVY OD FRPSHQVDWLRQ GHV GRSDQ@WaHWRWHMW] NQWH IR
BHODWLRQ GLUHFWH DYHF OfHIIHWtEPQYI HX b YA 6 HODF i RIP)S 5
, TXL VXUSDVVH OD FKXWH GH — GLVFXWpH DX , &RPP]
SOXV RX PRLQV FRQVpPTXHQW VX4{LYDQW OH V GpIDXW V OLPL

3RXU XQ pPHWW HHY \8 RRUQ® FREDOHPHQW JRXYHUQpP SDU
EDVH HW tGRGIMVS®D KDXWHXU GH OD EDUULQUH GrHR ISR \W QDML
, 6XU OD )LJIJXUH SOXVLHXUV FRPSRUWHPHQWY VRQW
>%@ 1 FP OHRDXJPHQWH GH PDQLqUH PRQRWRQH DYHF OD FI
UpSRQGPUDQFH GH 1@ IODXU RMHB\E B WWRQO®HG RF/L Q K W LGRHX [G Bl XSV
RO REVHUYH XQH GkPIRQXROAHRERPSS\@ W GK® jSOD SUpSRQG
FKXWH GH OD EDUULQUH GH SRW® QMELHD WL QWU YV QSIH X$ MR Q\
FRRPSHQVDWLRQ GDQV OH FDM RVY\DIQESFKYIHWp @ X IH W LO [ MIHH W
WGXFWLRQ GH OD EDUULQUH GH SRW 8 QRVLQXH LENYEDMOR-E QH\H-P
FRQVLGPUDEOHPHQW j XQ VROHLO HW &R GRB RS RU\WHPHQWpBE
IRLV GPpSHQGDQW GHt@ILPSXUHWp OLPLWDQW

4XDQW DX )) OHV FRPSRUWHPHQWY REVHUYpV GpSWQGH
RQF j WUQV IRUWH FRPSHQVDWLRQ OD FKXWH GX )) HVW
RKPLTXHV LQGXLWHYV SDU OfDXJPHQWDWLRQ GH OD UpVLVWL
H/W OLp Dtgs!IDUWHL BN WHIRUWHPHQQG pG HXGLY Q HEDAG B R U Y WX B
SXLVVDQFH PD[LPXP GH OD FB®OXGPGEBAV UMY FRYGDNG [ p
IDLEOH HQYLURQ XQH GpFDGH LFL TRQHQ FRQGHWDR® GOl
FMDUDFWpPULVWLTXH , 9 SUPVHQWH XQH GpIRUPDWLRQ YHUYV
GLPLQXWLRQ GRYUHWUSRQGDQW j OfDSSDULWLRQ GH FH PLQ



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

tes+ YLV | LV YK GRQF GH OD QDWXUH HW GH OD FRQFHQWUD
GLVFXWp SDU GH QRPEUHX[ DXWHXUV >0$&'21%/' @ >6&+0,'7

Figure 31 : Influence de compensation du dopage dans la base sur les paramétres de la cellule photovoltaique de
type p, pour différentes valeurs de [B] dans la base.

/HV YDULDWLRQV GX UHQGBPHE W DG H RIPFEGIQH/IDWIRRXQ P R Q
SOXVLHXUV JDAKHAK G BRXYHUQpPH SDU XQ SDUDPgQWUH GH O
HV GRQF j hRIUWPYHOQWH XQH OpJqUH EDRkVRH VIRXY HDDQ B R PSHil
XIJPHOWHRQWUH XQH IRUWH DXJRHOMDWULRRK&WHVGH QRN YOHD
MXVH GHV SHUWHV UpVLVWLYHV GLPLQXDQW OH ))

&HWWH pWXGH PRQWUH H XX IWKRLRIXIUTVX HPHQMWG KEHV DE V|
PWXGLp SDU UDSSRUW DX[ FHOOXOHV SKRWRYROWDWDRHQ
SHXYHQW rWUH DWWHLQWY SDU OH ELDLV GH OD FRPSHQVD
FRPSHQVDWLR G XHWVEHRW r&V UH ULJRXUHXVHPHQW DMXVWpV



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

> + n 1!% $ !ll |I3I $I

/IH FODTXDJH GH OD FHOOXOH HVW OLp j OD YDOHXU GX
® ODUJHXU GH OD =&( YRLU , (Q SUHPLgQUHEeDGS$XQHAKH
MOQFWLRGHXW rWUH SUpGLWH j OD WHPSpUDWXUH DPELDQ
Q@WHUPLQpH SDU % 9DQ =HJKEURHFN >98$1=(*+%52(&. @

Ebz'—ch'
. orR I-51

&HWWH H[SUHVVLRQ SUHQG HQ FRPSWH OHV PpFDQLYV
QIDYDODQFKH /fK\SRWKgVH HVW IDLWH TXH OD MRQFWLRQ
OfpPHWWHXU HW GH OD EDVH VRQW KRVRIHQIHV DIORWMQVLRQ

|Vb=-fi+Eb, e e

ap
R§ HOW EDUULqUH GH SRWHQWLHO fLQWHU QB KD FHUWXOB
MRQFHQWUDWLRQ GH GRQQHXUV GGIMX\G LPHIMW HOD\G MKW BIREOQY
QIPpULHXUHKHW _9SHXW rWHWHH)P UGIVMIRQV HW PRQWUHQ\
HVW XQ IDFWHXU FHQWUDO SXLVTX{LO JRXYHUQH pJDOHPHQ

[-52

/D YLIXUH PRQWUH OHVDWHFGBWVRQN BMHY _OGBXQMHMRQ
1 FP

Figure 32 : Variation de |Vb| avec la densité de porteurs dans la basg pour une jonction n+p abrupte avec
Np=10'° cm™ dans I'émetteur.



&KDSLWUH , /HV LPSXUHWpV GRSDQWHY GDQV OH VLOLFLXP FULVWDOOL
OHV SURSULpWpPpV pOHFWULTXHY GH OD FHOOXOH SKRWRYROWDWTXH

2Q REVHUYH XQH QHWWE RAULMVDXBPS DRWH G&HFAE HVW HQ D
IRUWH GLPLQXWLRQ GH OfLQWHQVLWpP GHV GHX[ PpFDQLVPFL
OYDXJPHQWDWLRQ GH OD ODUJHXU GH OD =&( GIXQH SDUW
GLPLQXWLRQ GX FXTPSWIUGWHIUM (GLPLQXWLRQ GH OfDPSOL
6R% 6L FRQWLHQW JpQpPUDOHPHQW GH IRUWHYV WHQHXSODWWQ L
POHYpHV TXH OH (* 6L 'H IDLW OHV WHQVLRQV GH FODTXI
FULWLTXHV SRXU OD PLVH HQ PRGXOH ,0 DSSDUDVW GRQF
FRPSHQVDWLRQ VXU OHV FHOOXOHV SKRWRY RORLWF KBS LM &
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&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

&H FKDSLWUH SUpVHQWH OHV GLIIpUHQWHYV WHFKQLTXH"
WqgqVH 'DQV XQ SUHPLHU WHPSV VRQW SUpVHQWPpPHYV OHV WHF
GRSDQWHY GDQV OH VLOLFLXP 'DQV XQ GHX[LgPH WHPSV OF
GH GpWHUPLQHU OD FRPSRVLWLRQ HW OHV SURSULpWpV pC
SURFpGp GH IDEULFDWLRQ GHVY FHOOXOHV SKRWRYROWDWT X
POHFWULTXHV TXL SHUPHWWHQW OfpYDOXDWLRQ GHV SHUII
GLUHFWH SXLV HQ SRODULVDWLRQ LQYHUVH

" &M I"HS 1% G
&1 )$#1L"'$

/ID FRQWDPLQDWLRQ GX YROXPH GHV SODTXHWWHV GH V
HIHFWXpH GqV OD SKDVH GH FULVWDOOLVDWLRQ H[FHSWp S
'DQV FHWWH VHFWLRQ OD UpSDUWLWLRQ GHV LPSXUHWpV G
HVW GpFULWH 3XLV GDQV XQ GHX[LgPH WHPSV OHV WHFKQ
VRXKDLWpPH VRQW SUpVHQWpHYV

)1 HSHL S %! $H %
$ %%S$ "

/IRUV GH OfpWDSH GH FULVWDOOLVDWLRQ GYfXQH FK
VRIUHVVLYHPHQW LQFRUSRUpHYV DX OLQJRW GHSXLV OH EDL
SKDVH VROLGH /D FRQFHQWUDWLRQ DWRPLTXH GIXQH LPSXL

FRUUHVSRQGDQW j OD SUHPLqUH SDUWLH FULVWDOOLVpH
*XOOLYHU



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

X f=@k X@ -f°

&HWWH H[SUHVVLRQ VXSSRVH TXH OD FKDUJH HVW HQWLqUF
SOUIDLWHPHQW KRPRJQQH 'D:QWVIAH WV H RHJ 5 H 8 WWLIRMQL RQ @G H
FKDUJH /H FRHIILFLHQW N HVW DSSHOp FRHIILFLHQW GH SDU
k:%g 11-2
> @HW, ¥BQW UHVSHFWLYHPHQW OHV IUDFWLRQV DWRPLTXHYV
QTXLGH j OJLQWHUIDFH VROLGH OLTXLGH HW | OfpTXLOL
FULVWDOOLVDWLRQ LQILQLPHQW OHQWH 6XLYDQW OH SURF
UHPSODFHU N SDU XQ yrRHILLWILHQW WRASWHI HMQWUH DXWUHYV
*$5$1'(7 @ /H UDSSRUW N LQGLTXH SRXU TXHOOH SKDVH Of
7JUXPERUH D FRPSLOp OHV YDOHXUV GH N LVVXHV GH Q
VXLYDQWHV SRXU OHV SULQFLSDOHV LPSXUHWpPV GRSDQWHYV

Donneurs K Accepteurs k
/L %
6 E 7 $0 i
3 *D i
$V , Q T

Tableau 4 : Coefficients de partage k des principales impuretés dopantes pour le silicium [TRUMBORES9]

,O HVW VRXYHQW XWLOH GH FRQQDVW UHHOVH XQ & DVGRHXW \B @
GV IUDFWLRQV DWRPLTXHV PDLV GHY FRQFHQWUDWLRQV '{
SHXYHQW rWUH DWWHQGXHV SDU UDSSRUW DX[ YDOHXUV GH
TXH OD GLIIpPUHQFH HQWUH OHV GHQVLWpPV GHV SKDVHV VRO
FHUWDLQV WUDYDX[ ,0 VRXOLJQH QpDQPRLQV TXH FHV Gl
VXU OHV YDOHXUV GH N UHSRUWpPHVY GDQV OD OLWWpUDWXU
FH WUDYDLO

&RPPH OH PRQWUH OH 7DEOHDX N HVW LQIpULHXU |j
GRSDQWHV GDQV OH VLOLFLXP &HOD WUDGXLW OH IDLW TXt
OH EDLQ GH VLOLFLXP GXUDQW OD FULVWDOOLVDWLRQ /D F
HVW XQH IRQFWLRQ FURLVVDQWH GH OD IUDFWLRQ | GX OLQ.
VXU OD )LIXUH SRXU OH ERUH HW OH SKRVSKRUH GDQV OF



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

PIJDOHN>Z@B@ FP /H PpFDQLVPH GH VpJUpJDWLRQ HVW QRWD
XULILHU OH VLOLFLXP YLD GHV FULVWDOOLVDWLRQV GLUHF
KDXWH GX OLQJRW IRUWHPHQW FRQWDPLQpPH HVW pFDUWRQDLEL
SRXU OHV PpWDX[ GRQW OHV N YROWSIOW%EDHY @GN HVW DX FR
HODWLYHPHQW SHX HIILFDFH SRXU pOLPLQHU OHY, GRSDQW
N

Figure 33 : Variations a) des concentrations en bore [B] et en phosphore [P], ainsi que b) du degré de
compensation K le long d'un lingot cristallisé a partir d'une charge présentant des teneurs en bore Bt
phosphore [P} égales a 18 cm®. Ce lingot présente une transition de type de conductivité vers 85% de sa

hauteur.

'DQV OH FDV GH OD )LJXUH UHSUpVHQWDWLI GH OD S
FHWWH pWXGH OH OLQJRW SUpVHQWH XQH WUDQVLWLRQ
DXJPHQWDWLRQ GX GHJUp GH FRPSHQVDWLRQ . . >%@ >3@
OLQJRW GH W\SH Q QfHVW TXH WUqV UDUHPHQW XWLOLVpH S
GH SURFpGp RSWLPLVp /D IUDFWLRQ GH VLOLFLXP GH W\SH &

+ "1o* 1)L I"H# %
2 (

/ID FRQFHQWUDWLRQ HQ GRSDQWY GDQV OD FKDUJH GF
WSRQGUH DX[ VSPpFLILFDWLRQV GpVLUpHV KDXWHXU GH WUL
'DQV OH FDV GIXQLOLQIJRW FIRW GH FRPSRVHU DYHF OHV WHQ
GIDMRXWHU XQ W\SH GH GRSDQWV SRXU ILQDOHPHQW REWHOQ



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

$ILQ GIpWXGLHU ULIJIRXUHXVHPHQW OHV HIIHWV GH OD F
OD FHOOXOH LO HVW MXGLFLHX[ GH FULVWDOOLVHU GHV OL
DX[TXHOOHV VRQW DMRXWpHVY GHV FRQFHQWUDWLRQV VRXKLEL
6FKHLO *XOOLYHU 'DQV FH WUDYDLO OfYLQFRUSRUDWLRQ
OfLOQWURGXFWLRQ GDQV OD FKDUJH GH SODTXHWWHV GH
SKRVSKRUH DXWRKR OHSSHOpHV © GRSHXUV 2 /H FDOFXO G
IMRXWHU j OPSRKDUOH 8RXH OH SKRVSKRUH HVW FULWLTXH
TEOHDX UHJURXSH OHV QRWDWLRQV XWLOLVpHV GDQV FH F

1RWDW 6LIJQLILFDWLRQ

>% @ Wo >3 @ &RQFHQWUDWLRQV YLVpHVY GDQV OD FKD

>%@Wg>3@RQFHQWUDWLRQV SUpVHQWHY GDQV OD FKDUJH L
6R%H 6L FP

> 0% @ Wo i 3 @ &RQFHQWUDWLRQV j DMRXWHU j OD FKDL
0 ODVVH GH OD FKDUJH J
Py HW P ODVVH GH GRSHXUV | LQWURGXLUH J
> 06 @H We 3 @ &RQFHQWUDWLRQV GDQV OHV GRSHXUYV

Tableau 5 : Notations utilisées pour le calcul des masses de dopeurs a introduire.

&RPPH >9@® W, >3@0HV FRQFHQWUDWLRQV j DMRXWHW,@BI@ER
MIREWLHQQHQW GLUHFWHPHQW SDU HQ FP

B,~8®®@B@ P, 88 PQ@ 11-3
'qV ORUV LO HVW SRVVLEOH GH PROWWPHM[SYHPGI®WPDVVHYV j
B , P ,
mg = @B my = ]@P -4
B 42 @ P - @

&RPPH HQ DWWHVWHQW FHV H[SUHVVLRQV OHV PDVVHV
GHV WHQHXUV HQHBERSPAOW CHM® GRSHXUV /D GpWHUPLQDW
RQF rWUH UL JRXHW X3B@ XYH@W rWUH PHVXUpHV YLD GHYV
VUpIpUHQFH W\SH *'06 RX pOHFWULTXHV PHVXUH GH UpVL
DQDO\WHV pOHFWULTXHV VRQW PHQpHV LO HVW LPSRUWDQMW
SRVLWLRQ VXEVWLWXWLRQQHOOH GDQV OD PDLOOH HW GR
GpWHFWDEOHV SDU PHVXUH pOHFWULTXH &HWWH GHX[LgPH



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

OTXWLOLVDWLRQ GH GRSHXUV GRWWPORXUY X 5 WIMHE B/H T W |
VH VLWXH j OfH[WpULHXU GH OD JDPPH GH GRSDJH FRQFHUC
SHXW DUULYHU TXH OHV GRSHXUV VRLHQW IRXUQLV VRXV I
PFKpDQW HW VL OD PHVXUH GH UpVLVWLYLWp HVW UpDOLVpt
9DQ GHU 3DXZ PpWKRGHV GpFULWHV FL DSUqV LO FRQYL}
DGpTXDWV OLpV j OTpSDLVVHXU

'‘DQV OH FDV GYXQH FULVWDOOLVDWLRQ YLD OH SURFpPG
VROLGLILpH GX IDLW GH OD GLIILFXOWp j FRQWU{OHU OD F
OLQJRW QH UHSUpVHQWH GRQF TXH GH OD FKDUJH LQLWLLE
SUpSDUDWLRQ GX OLQJRW

+

S '#% )$T 3 )

/D UpVLNVWMWWWRH FDUDFWpPpULVWLTXH LPSRUWDQWH G X
VD FRQQDLVVDQFH SHUPHW SRXU XQ VLOLFLXP HMRGRRPSBE
FRQFHQWUDWLRQV >%@ RX >3@ 'DQYHXK FDWI B XG I WHIUPLLXPp F
FRQGLWLRQ TXH OD PRELOLWp GHV SRUWHXUV GH FKDUJH PD

4 )21# 011"'$

3RXU UDSSHOr OHVWpULYMW [ YAWBHQVLWp GH SRUMAMX UV
BXU PREALQYWD OFH[SUHVVLRQ
"0 4 -5
'‘DQV OD PpWKRGH SRIMIJWHWFWRH HONDHGEHGH TXDWUH
HVSDFHPHQW V HQ WXQJVWqQH 8Q FRXUDQW pOHFWULTXH
HW OD YDOHXU GH WHQVLRQ 9 HVW PHVXUpH HQWUH OHV S
SRLQWHY SHUPHW GH VIDIIUDQFKLU GHV UpV IHV@AVPQ FGNX G H
FRXFKH GIpSDLVVHXU G HQ FP HVW REWHOQXH YLD ><$&2%,
P !’d
|

0Q 11-6



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

3RXU TXH FHWWH PHVXUH VRLW YDODEOH LO HVW QpFH
FRPPH LQILQLH x®D UM XMXINILVDPPHEW 6LQFHHY FRQGLWLRQV
BHVSHFWpHV LO VHUD DORUV QpFHVVDLUH GJLQWURGXLUH G
'DQV OH FDV GH OfpTXLSHPHQW 1DSVRQ GLVSRQGEYHK D XWLL
PXOWLSOLpH SDU XQ IDFWHXU GH FRUUHFWLRQ OLp j OfpS
PHVXUpH GpSDVVH HVSDFHPHQW LQWHU SRLQWHV HVW GF
VRQW WDEXOpHV SDU Of$PHULFDQ 6RFLHW\ IRU 7THVWLQJ DQ

Figure 34 : Schéma de fonctionnement de la technique de mesure 4 pointes [YACOBI03].

++ Y21#1 " # T %

IRUVTXIXQ FRXUDQW DOWHUQDWLI HVW XWLOLVp SRXU
DODWHUQDWLI DSSHOp FKDPS SULPDLUH SUHQG QDLVVDQFH
DSSURFKpH VXIILVDPPHQW SUqV GH OD VXUIDFH GYfXQ pFKD
SpQgqWUH OH PDWpULDX HW JpQqUH XQ FRXUDQW LQGXLW DS
IRQFWLRQ GpFURLVVDQWH GH OD UpVLVWLYLWp GX PDWPpPULLCL
QDLVVDQFH SULQFLSH GH /HQ] FH FRXUDQW FUpH HQ UpDF
FRQWUDLUH DX FKDPS SULPDLUH >0,; @ &H FKDPS VHFRQC
PDIQpWLTXH WRWDO GDQV OD ERELQH GRQW OYDPSOLWXG]|
UpVLVWLYLWp GX VXEVWUDW

3DU UDSSRUW j OD PpWKRGH SRLOWHYV FHWWH PpWKRC
TRXWHIRLVY VRQ XWLOLVDWLRQ ULJRXUHXVH QpFHVVLWH
GIpFKDQWLOORQV GH UpVLVWLYLWpV GLIIpUHQWHY 3DU D



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

OfpTXLSHPHQW GX OWERU BW FELHG HVW. GWMHQVLWpP GHV FRXUI
SRXU rWUH GpWHFWQpH

—— Champ magnétique primaire

. Champ magnétique secondaire
N
(T )]
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Figure 35 : Principe de fonctionnement de la mesure de résistivité par courant de Foucault (tiré de [MIX05]).

Courants de Foucault
circulaires

/ 'S SH % # ) H#H 3 HS
11 $# 2 (

/ID GXUpH GH YLH GHV SRUWHXUV HVW XQ SDUDPgWUH F
SKRWRYROWDWTXH (OOH SHUPHW GYDSSUpFLHU OD TXDOLW
PWDSHV GH IDEULFDWLRQ GH OD FHOOXOH VXU OHV SURSULP
OHV WHFKQLTXHV GH SDVVLYDWLRQ GH VXUIDFH QpFHVVDLU
SUPVHQWpPHY 1RXV GpFULURQV HQVXLWH OD WHFKQLTXH GH
SKRWRFRQGXFWLYLWp HQ pWDW GH TXDVL pTXLOLEUH ,& 4V
GXUpH GH YLH DYHF OHDQ@LRHDWW G TWOIMKEOWLRY) GH PHVXL
GITHQVHLJQHPHQWY TXDQW DX[ PpFDQLVPHV GH UHFRPELQDL

/ 2 SH1$$3 I'#S
$ 3

/D GXUpH GH YLH PHVXUpH HVW HQ JpQpUDO OLPLWQpPH
pJDOHPHQW SDU OHV UHFRPELQDLVRQV SURFKHV GHV VXUID
QRWpH 'DQV FH WUDYDLO QRXV QRXV LQWpPUHVVHURIQV DX[



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

$XVVL LO HVW QpFHVVDLUH GYfHPSOR\HU GHV WHFKQLTXHV C
GHVY UHFRPELQDLVRQV DVVRFLpHV DX[ VXUIDFHV

&HV UHFRPELQDLVRQV SUHQQHQW SULQFLSDOHPHQW SO
VXSHUILFLH OLDLVRQV © SHQGDQWHV @ GHV DWRPHV GX Up)
GXUpH GH YLH YROXPLTXH HVW pOHYpH (OOHV VRQW FDUD
VXSHUILFLHOOHV VU VO DVLUREEM B YR SWVBK@Y,HORD> 6 XUpH GH
PHVXUpH YpULILH SRXU OH VLOLFLXP GH W\SH S >.,1* @

Ser
(.t W II-7

&RPPH OfLOOXVWUH FHWWH H[SUHVVLRQ OD PHVXUH GH OD
® GXUpH GH YitHTWKROGRAVTXHWHVVHV GH UHFRPELQDLVRQV V.
Q\ SDUYHQLU OHV GHX[ VXUIDFHV GHV SODTXHWWHV VRQW
3(&9' 30DVPD (QKDQFHG &KHPLFDO 9DSRXU 'HSRVLWLRQ G
K\GURJpQpH 6L1 + >'8(5,1&.; @ /TK\GURJgQH FRQWHQX GD(¢
DIILQLWp SRXU OHV OLDLVRQV SHQGDQWHV HW SRXU FHU\
GLIIXVLRQ HW DLQVL SDVVLYHU pOHFWULTXHPHQW 'H SOXV
SHUPHW GH UHSRXVVHU OHV pOHFWURQV PLQRULWDLUHV G
UHFRPELQDLVRQ DX[ VXUIDFHV &H GpS{W GXUH XQH GL]DL
PSDLVVHXU QP

,O H[LVWH XQH DXWUH PpWKRGH GH SDVVLYDWLRQ GH
GILPPHUVLRQ GHV SODTXHWWHV GDQV GH OfDFLGH IOXRUK
SHXYHQW rwWUH REWPEXY 66 O O ><$%/2129,7&+ @ FHWW
PDUJLQDOH HQ UDSSRUW DYHF OHV ULVTXHV LQKpUHQWYV j O

|+ U 5% # &S H
% # ) # 3"

ID WHFKQLTXH GH PHVXUH GH OD GXUpH GH YLH YLD OC
TXDVL pTXLOLEUH VR XV HIFLWDWLRQ OXPLQHXVH ,QGX
SKRWRFRQGXFWDQFH ,& 4VV3& D pWp GpYHORSSpH HQ S
XWLOLVH XQ IODVK OXPLQHX[ GRQW OTLQWHQVLWpP pYROXH
HITHW GIDXJPHQWHU EUXVTXHPHQWsOGBIFRQBAEpWDWERQGEHO



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

FKDUJH H[FpGHQWDLUHY 'DQV OH FDV Re OHV YDULDWLRQV (
thy FRQGLWLRQ MpUWLILpH IRXXNUOpTXLSHPHQW GX ODERUDW
FRQVLGpPUHU TXYTj FKDTXH LQVWDQW GX IODVK OfJLQWHQVLW,
QLYHDX GYLQMHFWLRQ HVW VWDELOLVp OH PDWpULDX HVW
OfHIFLWDWLRQ OXPLQHXVH DD HVDN LFDBWL HR@X I& HS B B QFRXXFS/DIDC
OfpFKDQWLOORQ HW XQ FLUFXLW 5/& &HOOH FL HVW GplLQLI
Dst:st-sequntq m+m W 11-8
2sytHVW OD ¥ BDQHXYDEWMIHQFH GYH[FLWDWLRQ HW : OfpSDLVYV
GHV PRELOGLWYWW FRQQXH FHWWH UHOD®ILRN) S3HUFHWND o30HH 5
JpQpUDWLRQ * HVW PHVXUpH j FKDTXH LQVWDQW YLD XQH Ft
UpJLPH TXDVL SHUPDQ HQWVMWWPDMOW YO VIS HRDUWLU GH OD UHC

Cn
Let =5 11-9

*pWDQW REWHQXH GHSXLV XQH FHOOXOH GH UplpUHQFH LC
DVSHFWV RSWLTXHV WH[WXUDWLRQ FRXFKH DQWLUHIOHW |
PopWKRGH QH SHUPHW SDV OD FDUWRJUDSKLH GH OD GXUpH

IRXUQLU OD t¢DYBRWIHWQCRDOQPpHYV VRQW SUpFLHKINWUIVH G\DRXVY @
IRUWHPHOQYN BOYBVHWLOOHXUV FHWWH WHFKQLTXH HVW ,SDUWLI

6L SRXU OHVeMARHOM BVQPHYOHPHQW LQIpULHXUHYV j —V

Figure 36 : Evolution de I'éclairement et du signal de photoconductance résultant (Cz-Si de @& m).



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

[ fH[SUHVVLRQ ,, IDLW OTK\SRWKgVH TXH OH QLYHDX G
PrPHV &HWWH K\SRWKgqVH SHXW VIDYpUHU HUURQpH HQ SUp
GH FDSWXUHU SXLV UHOkKkFKHU VDQV FHVVH GHV SRUWHXU'
>0$&'21%/" @ (Q SUDWLTXH FHV FHQ@OQUBIX WROQWHYIMW GHOG®IYVD)|
EUXWDOH HWt RUWLILFLHOOH GH

&HWWH PpWKRGH VIDSSOLTXH HQ SULQFLSH DX[ SODTXH
HVW JpQpUDOHPHQW WURS ILQ SRXU LQIOXHQFHU OD PHVXLU
HOOH QH VYDSSOLTXH SDV DX[ SODTXHWWHYV SUpVHQWDQW
FRPPH RQ SHXW VRXYHQW OYfREVHUYHU DX QLYHDX GH OD W
SUpVHQWH VXU XQ OLQJRW GH VLOLFLXP FRPSHQVpDp

0 '$'#% &5% )#$1L ' $
# 2 (

/ID FRQQDLVVDQFH GH OD PRELOLWp GHV SRUWHXUV GH
MPXODWLRQ GHV SHUIRUPDQFHV GHV FHOOXOHV SKRWRY
FDUDFWpULVDWLRQ WHOOHYVY TXH OD PpWKRGH ,& 4VV3& RX F
R[\JgQH LOQWHUVWLWLHO SUpVHQWpP DX &KDSLWUH 9, RX HQI
FKDUJH OLEDHWISU GfXQH VLPSOH PHVXUH GH UpVLVWLYLWp
VURSULpWpPpV SKRWRYROWDWTXHY GHV FHOOXOHV YRLU &KDS
VDYRLU VL GDQV OH FDGUH GH FHWWH WKgVH OD FRPSHQVI
FH SDUDPgqWUH

'DQV OH FDGUH GH FH WUDYDLO GH WKgqVH FHQWUpV V.
OHVTXHOV OHV GRQQpPHV H[SPULPHQWDOHYV PDQTXHQW LO F
DX[ PHVXUHV GH PRELOLWp

0 " %%

/THIIHW +DOO D pWp GpFRXYHUW HQ SDU (GZLQ +HU
AIXQH WHQVLRQ WUDQVYHUVH DX[ ERUQHV GIXQ PDWpULDX V
POHFWULTXH QRQ FROLQpPDLUHYV



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

/fHIITHW +DOO RIIUH OD SRVVLELOLWp GH FDUDFWpULVHU
PRELOLWp /RUVTXH VRQ pWXGH HQ WHPSpUDWXUH HVW SRVYV
WHOOH TXH OD FRQFHQWUDWLRQ HQ GRSDQWYV YRLU FKDSL'
SbuU OH GRSDQW PDMRULWDLUH YRLU DXVVL OH FKDSLWUH !
PDWpULDX VHPL FRQGXFWHXU

IH VEKpPD GH SULQFLSH HVW SUpVHQWp VXU OD )LJXUH

Figure 37 : Schéma de principe de l'effet Hall

8Q FRXUDQW , VXLYDQW O¢YD[H 2[ HVW IRUFp j WUDYHU
SDUDOOgOH OfYpFKDQWLOORQ HVWE_PBIHID[]ITI) D QRUX/Q XFTKDOP S |

FKDUJH HVW SODFp GDQV XQ FKDPS PDJQpPWLTXH kO HAX LW
OD QRUPH GX FKDPS PDIJQpWLTXH DSSOLTXp &HWWH IRUFH

/IRUHGW]HW VIH[SULPH

—_—

F =quUB 11-10

6RXV OYDFWLRQ GH OD IRUFH GH /RUHQW] OHV pOHFWL
IDFH WDQGLYVY TX HQ UpDFWLRQ OHV WURXV VH UDVVHPEOHOQ\

FKDUJHV LQVWDXUH ﬁQ'IF)KLDEQQJ)O_H/\FWQHTDﬂ-UFH GH VHQV RSS
HW GH QRUPH T( /IfDFFXPXODWLRQ GH SRUWHXUV OLEUHV V.
pJDOLWp HQWUH OD IRUFH GH /RUHQW] HW OD IRUFH pOHFWL
HV RQ SHXW pFULUH

-

qvUB+QE,, = 1-11
3DU SURMHFWLRQ VXU OYD[H 2\ RQ REWLHQW OD UHODWLRQ



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

E,=vB 11-12
(Q UpJLPH SHUPDQHQW LO H[LVWH DLQVL XQH GLIIpUHQ
SHUSHQGLFXODLUHV | OfD[H 2\ .DS/$H®KBP\PWOWYOWVRGF REH WD C
JpFKDQWMIBIRSULPH VLPSOHPHQW HQ IRQFWLRQ GH OD ODUJ
V= vB'W 11-13
/ID YLWHVVH Y SHXW V{H[SULPHU IDFLOHPHQW HQ IRQFWLRQ
WV KpPD GH OD )LJXUH 8Q FRXUDQW , VXSSRVp LFL GH wU
VHFWLRQ 6 HW RQ VILQWPpPUHVVH j OD FIGODDLH WRWD OB 4 DXL
IQOWHUYDOOH GH WHPSV GW VHXOV OHV SRUWHXUV SUpVHQV
GpULdYifH HQ DQJODLV .O0Q VMPUEIDAH QLYHDXQ S 7L QM HFRXURMQ V
MIH[SULPH FRPPH OD GpULYpH WHPSRUHOOH GH OD FKDUJH S|

dQ
| =—<= pqgvS
at Pq 11-14

S

Courant | /

v dt

Figure 38 : lllustration du calcul du courant |

3RXU pWDEOLU FHWWH H[SUHVVLRQ XVXHOOH LO HVW
PLFURVFRSLTXH OD WUDMHFWRLUH GHV SRUWHXUV SHQGD
PDJQPWLTXH HW TXJHOOH HVW SXUHPHQW JRXYHUQpPH SDU
&HSHQGDQW LO HVW ELHQ FRQQX TXfXQ SRUWHXU GH FKDU
WUDMHFWRLUH FLUFXOD DX FGH-RQVMH DY HBEpORHQEHPH GX FKD
I T% PSKPpQRPJQH GH UpVRQDQFH F\FORWURQ >-$&2%21, @
®RUVTXH O RURBWWWMH WHPSV GH UHOD[DWLRQ HQWUH GHX
OfTXQLWp 'DQV FH FDV OH SRUWHXU HVW GLIIXVp SOXVLF
UpVRQDQFH VD WUDMHFWRLUH QJHVW GRQF SDV PRGLILpH



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

PRQWUHU IDFLOHPHQW TXH FHWWH FRQGLWLRQ DSSHOpH FF
ORUVTXH OH SURGRBW >% ./(5 @

(Q FRQGLWLRQ GH IRUW FKDPS PDJPHNL TXMH FR QG XFMNH Y-
IRUWHPHQW PRGLILpH SDU OD UpVRQDQFH F\FORWURQ HW
>-$8&2%21, @ 3RXU OH VLOLFLXP FHWWH FRQGLWLRQ SHX
PDJQPWLTXHV VRQW XWLOLVpV VXU GHV PDWpULDX[ SXUV Jp

,O HVW DLVp SptioG BOWPTRHO UpJLPH QRXV QRXV VLWXF
PFKDQWLOORQV pWXGLpY FRQWLHQQHQW GH IRUWHV WHQHX
PRELOLWpPV SOXW{W EDVVHVV G HOF BHFUHKBPASY FPRA BDX[ Gt
7 P53 9V /HV pFKDQWLOORQV pWXGLpV VH VLWXHURQW GRQF
PDJQPWLTXH HW OHV pTXDWLRQV SUpVHQWpPHV LFL VIDSSOLT

(Q UHPSODODQW Y GDQV ,, SDU VRQ H[SUHYV \PIHR/QX WpLHJ p
H) FRQGLWLRQ GH EDV FKDPS YpULILH
IBR
V, = ]
nEy 1I-15

2¢ 5 HYW OH FRHIILFLHQW GH +DOO
A 11-16
(Q SOXV GH OD GpWHUPLQDWLRQ GH OD GH QGIROMW & HD BRWW]
@WXUH GHV SRUWHXUV GH FKDUJH PDMRULWDLUHVY QpJDW
VLOLFLXP GH W\SH S
%LHQ TXH GLUHFW OH WUDLWHPHQW TXL FRQGXLW | Ot
GHV SRUWHXUV GH FKDUJH HQ IDLVDQW OYJK\SRWKqVH TXH V
TXYILO QYH[LVWH TXTXQ \HFOP MOHP $WENVUEBD [DRWRBXUV (Q
) PQHUJLH GHV SRUWHXUV VXLW © 0 p%¥EH&/ O VRQIHTKH. HG I X) H
FRQVLGpUp FRPPH GX PpFDQLVPH GH GLIIXVLRQ OLPLWDQW
>025.2& @ PRQWUH TXfHQ VRPPDQW OHV FRQWULEXWLRQV G
R =ty 11-17
Re,lHVW DSSHOp IDFWHXU GH +DOO HW VJH[SULPH SDU GHV R

<t >
<t >
&H IDFWHXU GpSHQG pJDOHPHQW GX W\SH GH WRGEHG OPWQRLR WU WV
FKDPS PDIJQpWERPX2 1,6 XORZLF] >6=08/2:,&= @ D FDOFRXOp D(

11-18

My



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

SRXU OHV PpFDQLVPHV GH GLIIXVLRQ SULQFLSDX[ OHV GLII
SKRQRQV VRQW LQFOXVHV GDQV OH VLOLFLXP QRQ FRPSHI
ILGQOHPHQW OHV GRQQpPHV H[SPULPHQWDOHYV REWHQXHV SD
OHV GHQVLWpV GH GRSDQWY HW GRQF OJLQWHQVLWp GHV F
U HVYW ERUQpP HQWUH WHPSpUDWXUH DPELDQWH LQGpPSFH
WPSPpUDWXUH HW IRUW GRSDJWHGG U BU B GOHXIQW. WP HOIRDU WIHOH
XJPHQWH >-$&2%21, @ $LQVL LO HVW WKpPpRULTXHPHQW SR\
5, HQ FRQGLWLRQ GH FKPR®TDRGMW. GH.5% >6&+52'(5 @
1pDQPRLQV OH WUDLWHPHQW SUpVHQWp FL GHVVXV GRLW
F\FORWURQ

/THIIHW GH OD FRRSEONBXWHRPPPRO X 1pDQPRLQV G
VHPEOHQW PRQWUHU TXfLO HVW QpJOLJHDEOH DX PRIHQW SR
SRXU GHV GHJUpV GH FRPSHQVDWLRQ . >528*,(8; @

6XU OfpTXLSHPHQWHMXVCIDAR GPVWRMWI NXBSRVp pJDO | VL
IRXUQLH 6BWMHELDLVpH GTXMLODAWWXQpFKWVVDLUH GH FRUUL

_P
Pran = r_ [1-19

y
/D GPWHUPLQBBURQIBW $DOO HVW JpQpUDOHPHQW FRXS
r SRXU FDOFXOHU ODpB&/MLOphWLpVBH YHDMDOHYW PHVXUpH VHO
3DXZ >9$1'(53$8: @ VXU GHV pFKDQWLOORQV FDUUpV PXQLYV
/D JpRPpPWULH XWLOLVpH HVW SUpVHQWpH VXU OD )LIXUH
OD PHVXUH +DOO 'DQV FH WUDYDLO FHV FRQWDFWV VRQW I
OLTXLGH j WHPSpUDWXUH DPELDQWH TXH OTRQ YLHQV
GIXQH SRLQWH GLDPDQW ,GpDOHPHQW OD VXUIDFH GHV FR
SRXU QH SDV DIIHFWHU OD PHVXUH PP&

1 2

4 3

Figure 39 : Echantillon préparé pour la mesure par effet Hall de pet la mesure da par la méthode de Van der
Pauw [VANDERPAUWS3].



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

3RXU OD PHVXXUHRXUDQW HVW LPSRVp OH ORQJ GIXQHWW®D G
QllpUHQFH GH SRWHQWLHO OH ORQJHFXV BHFRHMX R(5H R'Hp F 6D GV
XQH UpVLVWHRXW 5WUH FDOFXOpH j OTDLGH GH OD ORL GY2KF

R =— 11-20

/ID UpVLVWDQFHHWVY GPWHPPLQpH j SDUWLU GH GHX[ GH FH\
ERUGYV SHUSHQGLFXODLWW 55D D KO[MHRFODWLRQ VXLYDQWH

11-21

/ID UpVLVWLYLWp HVW HQVXLWH FDOFXOpH jrSDBKGL G GH DOV
JpSDLVVHXU GH OD FRXFKH FRQGXFWULFH $ILQ GIDRFURVW
WRQW UpSpWpHV DSUqV LQYHUVLRQ GX VHQV GH SDVVDJH GX
HVW LPSRUWDQW GH QRWHU TXH WRXW FRPPH OD PpWKRGH
DX[ IDFWHXUV GH FRUUHFWLRQ PHQWLRQQpV DX ,,

8QH IRLV OD GHQVLWNE WG D 5 RIpWRHXAWMHQY WY OD PRELOLW
REWHQXH j OfTPdo®MSEdd 3XLVTXH OTRXWLO j HIIHW +DOO
GDSSUR[LPDWH&Q IULgUH GH OD YpULWDEOH PRELOLWp GH Gpl
® IDFWHXU U

Hpyar =H Ty 11-22
3RXU JDUDQWLU ODFXLWp GH OD PHVXUH SOXVLHXUV SRLQV

/IHV FRQWDFWV HQWUH OHV SRLQWHV GH PHVXUH HV
FDUDFWpPpULVWLTXH , 9 OLQpDLUH

I MpFKDQWLOORQ HVW GH UpVLVWLYLWp KRPRJqQH IDFWFE
/ID WHPSpUDWXUH GH OTpFKDQWLOORQ GRLW rWUH XQLIR
/ID WDLOOH GHV FRQWDFWY GRLW rWUH DXVVL IDLEOH TX
IHV pFKDQWLOORQV QH GRLYHQW SDV FRPSRUWHU GH IL\

0+ $&)2HSH &S

4XHOOH TXH VRLW OD PpWKRGH HPSOR\pH OD GpWHL
PDMRULWDLUHYV FRXSOH WRXMRXUV XRBW BHYV& D HJ KN WA G/ HR)Y



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

IHV PpWKRGHV H[SRVpHVRIRX U p@p PHHYXRHQGHVROLGHV

H SVIDYgUH OTpWDSH FULWLTXH $XWUHPHQW TXHS®DU HIIHW

PHVXUHYVY FDSDFLWp WHQVLRQ & 9 6L RQ UpDOLVH XQF
FRQGXFWHXU RX PpWDO VHPL FRQGXFWHXU FDV GH Of%$0
] SDUWLU GH OD FDUDFWpPULVWLTXH & 9 PHVXUpH j OTDLC

ool

A ge e

11-23

/D PHVXUH & 9 HVW VHQVLEOH j OD GHQVLWp GH FKDUJH
X VXEVWUDW LQGXLWH SDU OYDSSOLFDWLRQxGH; OD WH
1. ,R% 13 1 QTHVW DXWUH TXH OD GHQYQWp\GHSBRVMEOX
KDPS pOHFWULTXH LQWHQVH GDQV OD JRQH GH GpSOpW|
HVW GLIILFLOH GYHQ pYDOXHU OfDPSOLWXGH

PHVXUHV GYDEVRUSWLRQ GX UD\RQQHPHQW LQIUDURXJH
MOLFLXP SHXW DEVRUEHU GHV SKRWRQV PRLQV pQHUJp\

H9 ‘DQV FH FDV OfpQHUJLH HVW GLUHFWHPHQW W
GIpQHUIJLH FLOQPWLTXH ,0 HVW DORUV SRVVLEOH GH Gy
GIXQ pFKDQWLOORQ SDU FRPSDUDLVRQ GH OYfLQWHQVI
GRQQpH DYHF FHOOH REVHUYpH VXU XQH EDWWHULH G1Tp
OHVTXHUW FRQQX SDU PHVXUH GH UpVLVWLYLWp JpQpUL

DQDO\WHV FKLPLTXHV SDU H[HPSOH *'06 YRLU ,, &HYV
WWDOH GITXQH LPSXUHWpP LQGPpSHQGDPPHQW GH VRQ |
VROXWLRQ« 6L OYK\SRWKgqVH HVW IDLWH TXH WRXYV
VXEVWLWXWILHQMD HWOOH GHPWHUPLQpPp | OTDLGH GH OTH[SUH



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

9 '$' 1" "$1&
"HSSL 1$11@.

/ID VSHFWURVFRSLH )7,5 SHUPHW GH PHVXUHU GHV FRQF
QDLVRQV DWRPLTXHV 'DQV FH WUDYDLO HOOH D pWp SULQF
R[\JgQH LQWH®V®UMHOWER2GDQV OHV SODTXHWWHYV &] 6L G
FREWHQXHY DYHF OD WHFKQLTXH RULJLQDOH SUpVHQWpPH DX &

/ID OLDLMEYRUEH OHV SKRWRQV DVVRFLpWPRRIZRRBPUGITR
= —P HW HQWUH HQ UpVRQDQFH ,0 HVW DORUV SRVVLEQ
IXDQWLILHU QpSDLDW VB G HELQIDPSOLWXGH GH O DEVRUSWLRQ

Figure 40 : Exemple de spectroscopie FTIR en absorption effectuée sur un échantillon de silicium Cz. La ligne de
base a été retirée pour faciliter I'interprétation des résultats.

/I fDPSOLWXGH GX SLF FRUUHSERQBWOMNO ROV ®H CAD/RRX 6 B
H R[\JgQH LOQWHUVWLWLHO SUpVHQWH GDQV OH PDWpULDX >
A

O =@ ’ q 1-24

$ OIDPSOLWXGH GX SLF G PSDLVVHXU GH OfpFKDQWL
3RXU FH W\SH GH PHVXUH LO HVW HVVHQWLHO TXH Ofr
LGpDOHPHQWP HW TXH OHV VXUIDFHV VRLHQW SROLHV PpF



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

GHQVLWpVY GH SRUWHXUV FHWWH PHVXUH HVW DOWpUpH SDL
UD\RQQHPHQW ,5 SDU OHV SRUWHXUV GH FKDUJH

$'< , (2 <&"#H
"8 0 %l #
# $!||

/ID PHVXUH /%,& FRQVLVWH HQ OD PHVXUH GX SKRWREFR
ORQJXHXU GYRQGH GRQQpH 2Q XWLOLVH LFL OD PHV¥EUH /%,
GHV SRUWHXUV PLQRULWDLUHYV &HWWH PHVXUH V{HIIHFWXH
VWUXFWXUH GH FROOHFWH GHV SRUWHXUV PLQRULWDLUHV C
PHVXUH GX FRXUDQW - JpQpUp VRXV pFODLUHPHQW ODVHU |
QP FKDFXQH pWDQW DVVRFLpH j] XQH SURIRQGHXU GHV3MWQp
DVVRFLpH XQH PHVXUH 8W OHOHFQ\AHNRMWPWS5 TIX D QW ISTSRHU W QG
QRPEUH GIfpOHFWURQV FROOHFWpV HW GX QRPEUH GH SKRWHE

J/
& / (-R/) 11-25
2°F) HVW OH IOX[ GH SKRWRQV LQFLGHQWYV &RQQDaAIVVDQW
LO HVW SRVVLEOH GH FDOFXeHUWORFORMIXHXU GH GLIIXVLRC

RQI / =

RO/ a /L 11-26
/JRUVTXH OD ORQJXHXU GH GLIIXVLRQ H[FqGH OfpSDLVVF
GH GLIIXVLRQuHMX¥EWUH® G HQ FRPSWH OHV UHFRPELQDLVRQ
HQ IDFH DUULQUH GH OD FHOOXOH >.(//(5 @



&KDSLWUH ,, THFKQLTXHV H[SPpULPHQWDOHYV

Figure 41 : Principe de fonctionnement de la mesure LBIC

. "%@$S 28 *SHS " S
#1"$

/ID WHFKQLTXH GH PHVXUH *'06 *ORZ 'LVFKDUJH 0ODVV 6
FDGUH GH FH WUDYDLO SRXU FRQQDVWUH OHV FRQFHQWUDW
PDWpULDX[ pWXGLpV

3RXU FHWWH WHFKQLTXH GH PHVXUH FYHVW OfpFKDQW
GpFKDUJH SODVPD *pQpUDOHPHQW GH OYDUJRQ HVW XWLO
GYDUJRQ FUppV SDU OD GpFKDUJH SODVPD VRQW HQVXLWH I
VXUIDFH j DQDO\WHU /HV HVSQFHV SXOYpULVpPHV TXLWWHOQC
WUDQVSRUWpPHY GDQV OH SODVPHV R+R BT OWHR/Q W IHROQLMHAGHN F
VSHFWURPQWUH GH PDVVH Rs LOV VRQW VpSDUpV HW GpWHF
FRQQDVWUH OD FRPSRVLWLRQ FKLPLTXH GH OD SODTXHWWFE

SSPZ HW GHV FRQFHQWUDWLRQV HQ &U MXVTXTj SSP

PHVXUHV HIIHFWXpHV GDQV OH FDGUH GH FH WUDYDLO OfLC
GIHQYLURQ *
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