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"-,5-U *(5 %5&-**=+(/$5 )*(&+$%,-./(5U N-(, ./( N),)6&-=,+ 4( +(&',%*%7-(5 N-(, 8=R+$-5)(5

(+ #%/3=,+ T%,&+-%,,($ F +(8#)$=+/$( =8N-=,+(U %,+ (,&%$( N(5%-, 4( 8%,+($ (, T$)./(,&(

(+ 4<S+$( =&&%$4=N*(5 5/$ /,( #*/5 7$=,4( #*=7( 4( T$)./(,&(! h( #*/5U *<=_%/+ 4<=8#*-6a

&=+(/$5 =#$>5 *<%5&-**=+(/$ $(,4 (,&%$( #*/5 &%8#*(e( *= $)=*-5=+-%, 4( +(*5 4-5#%5+-T5!
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 !"#$%&' () *+, -./01+23+, ,4516+, -+ 178422+9+23 3017:+13;

 !"# ()< = '373 -+ >?713 +2 @AAB -+, CC$ D#" .,,5, -+ EFG

 ! !" #$%&' ( ')'* *+,,'- ./0%,,1,*

*7 -.4-+ H +/+3 3522+> 10,422723 IJ%&K +,3 52 -.LM>+ L10,+23723 52+ 10,.,3726+ -./0D

1+23.+>>+ 20N73.O+P 6?+,3DHD-.1+ Q5+ L451 52+ 6+137.2+ L>7N+ -+ 3+2,.42 >?.23+2,.30 -5 6451723

-.9.25+ >41,Q5+ >?42 75N9+23+ >7 3+2,.42) '>>+ +,3 642,3.350+ -?52 L5.3, -+ L43+23.+> +3

-+ -+5R S711.T1+,) *?+/+3 -+ 10,.,3726+ -./01+23.+>>+ 20N73.O+ +,3 -U 75R 2.O+75R -?02+1N.+

Q5723.V0, -72, >+ L5.3, Q5. L+19+33+23 >+ L7,,7N+ -+, 0>+63142, L71 +/+3 3522+> 10,422723)

*+ L1.26.L+ -+ W4263.422+9+23 -+ 6+ 649L4,723 +,3 .>>5,310 ,51 >7 VN51+ ()F) *?.-0+ +,3

-?53.>.,+1 6+ 649L4,723 -72, >7 ;42+ -+ 10,.,3726+ -./01+23.+>>+ 20N73.O+ 7V2 -?+231+3+2.1

52+ 4,6.>>73.42) *7 W10Q5+26+ -+ 6+33+ 4,6.>>73.42 +,3 +2 L713.+ VR0+ L71 >+, 0>09+23, 67D

L76.3.W, +3 ,513453 .2-563.W, +R301.+51, S.+2 Q5+ >?42 L5.,,+ 75,,. 53.>.,+1 >7 67L76.30 -+ >7

-.4-+) X2 ,6:097 0Q5.O7>+23 L+3.3 ,.N27> -?52+ J%& +,3 L10,+230 ,51 >7 VN51+ ()(AE(YG)

*?.2-563726+ Ls +,3 179+20+ L71 >+, 9.614D,45-51+,P >7 10,.,3726+ Rs 6411+,L42- 75R

10,.,3726+, -?766T,P >7 67L76.30 C 6411+,L42- 75R 67L76.30, L717,.3+, -+ >7 -.4-+ +3 >7

10,.,3726+ -./01+23.+>>+ 20N73.O+ +,3 ,89S4>.,0+ L71 >7 10,.,3726+ −R) '2 (FZFP [14\2  !

"# E(]G L14L4,+23 52 7531+ 94-T>+ 0Q5.O7>+23 IVN)()(AK Q5. 3.+23 649L3+ -5 3+9L, -+ O.+ -+,

0>+63142, -72, >+ L5.3,P 6+ 3+9L, -+ O.+ 03723 94-0>.,0 L71 52+ .2-563726+) *7 W10Q5+26+

>.9.3+ -+, 4,6.>>73.42, fmax -?52+ J%& +,3 -4220+ L71 >7 W10Q5+26+ L451 >7Q5+>>+ >7 L713.+

10+>>+ -+ >?.9L0-726+ 0Q5.O7>+23+ -+ >7 -.4-+ +,3 25>>+P 6?+,3DHD-.1+ Q5?+>>+ 2?+231+3.+23 L>5,

@@



 ! ! "##$%&'( )*(&+$%,-./(

 !"#  !0 1 2&')34 5-3#*-6) 78/, %5&-**4+(/$ #/5'9#/5'

:(&',%*%;-( ft <=>?@ ft <=>?@ A$)./(,&( <=>?@ B/-554,&( 7( 5%$+-( <µC@

=4"5 >DE: FG  HG  IJ HI 

K,B >DE: ILG MLGG  JJ  G

N I  

OEP2 1 1  FN  G

2-=( >Q: NGG MNGG  LG HI 

 JG I H

2-=( >Q: NGG NRJ  0G I H

2-=( >Q: NGG NRJ  FN IJJ

K,B >Q: ING N0G  0L  GGG

N J HI

K,B >Q: LGJ IIJ N G M JGG

NIJ M NJG

N0J MIF0

$%&#  ! 1 S)5/*+4+5 78%5&-**4+(/$5 7( +T#( #/5'9#/5' U%,&+-%,,4,+ 4/ 7(*V 7(  GG =>?

W IX
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 !"#$%&' () *+, -./01+23+, ,4516+, -+ 178422+9+23 3017:+13;

 !"# ()< = #1.26.>+ -+ ?4263.422+9+23 -@52+ A%&

 !"# ()(B = C6:097 0D5.E7F+23 >+3.3 ,.G27F -@52+ A%&

F+, 4,6.FF73.42,) A+, >7179H31+, .9>413723, >451 52+ A%& ,423 F7 -+2,.30 -+ 6451723 +3

F7 3+2,.42 75 >.6 +3 I F7 E7FF0+) '2 +/+3J 6+, >7179H31+, >+19+33+23 -@+,3.9+1 F7 >5.,,726+

-0F.E10+ >71 F7 -.4-+ K Pmax ≈ 3
16
(Ipic − Ivallee)(Vpic − Vvallee)L(MN) A+ >F5, 52+ -+2,.30 -+

6451723 75 >.6 0F+E0+ >+19+3 -+ 10-5.1+ F7 -.9+2,.42 -+ F7 -.4-+J +3 -426 F7 642,3723+ -+

3+9>, & J 3453 +2 642,+1E723 52+ .23+2,.30 -+ 6451723 6411+63+) *+ 37OF+75 ()P >10,+23+

-./01+23, 10,5F373, 4O3+25, I >713.1 -+ A%&J 42 1+971D5+ D5+ F7 >5.,,726+ -+ ,413.+ +,3

G02017F+9+23 .2?01.+51+ 75 9.614Q733 75 -+FI -+ RBB S!; +3 D5+ >451 733+.2-1+ F+ %!;J

42 7 G02017F+9+23 1+6451, 75T :71942.D5+,)

%+6:24F4G.+ %8>+ U10D5+26+ #5.,,726+ -+ A+2,.30 -+

&0?01+26+ -@4,6.FF73.42 VS!;W ,413.+ VµWW 6451723 75 >.6

(Jpic/Jvallee)
$2",X"FCO L(YN U42-79+237F+ Y(P BJZ ZYB kA/cm2(≈ 3)
$2S7",X"F",L([N U42-79+237F+ R[Y [ \BB kA/cm2(≈ 2)
$2S7",X"F",L(<N U42-79+237F+ Z\P PZ ZBB kA/cm2(≈ 2)

!71942.D5+ Z (JBP %!; BJM

$2S7",X"F", U42-79+237F+ ZPY (J< PBB kA/cm2(≈ 3)
LPBN U42-79+237F+ ZP< PJM PBB kA/cm2(≈ 3)

U42-79+237F+ ZP( RJ(

 ! "#$"%& '$()*+%&,

$%&# ()P = #5.,,726+ -+ ,413.+ +3 ?10D5+26+ -@4,6.FF73.42 -+ A%& 1+>4130+, -72, F7 F.330]

17351+

P\



 ! ! "##$%&'( )*(&+$%,-./(

 !"#  !  0 12+-34+-%, 5( *4 #/-224,&( 5)*-6$)( #4$ /,( 789

 ! !" #$%&'(%')*&'+, -. /012$.,).

:(2 &%3#%24,+2 4&+-;2 <+$4,2-2+%$2= 5-%5(2> ,( #%/64,+ #42= #%/$ *( 3%3(,+= $)(**(3(,+

;%,&+-%,,($ 4/ 5(*? 5@(,6-$%, ABB CDE= /,( 4/+$( 4##$%&'( &%,2-2+( ? /+-*-2($ 5(2 2%/$&(2

? #*/2 F422(2 ;$)./(,&(2 #/-2 ? 3/*+-#*-($= /,( %/ #*/2-(/$2 ;%-2= &(++( ;$)./(,&( #4$ G)H

,)$4+-%, 5@'4$3%,-./(2 4I, 5@%F+(,-$ /, 2-G,4* 54,2 *4 G433( 8DE! :4 3/*+-#*-&4+-%,

5( ;$)./(,&( 2( ;4-+ 54,2 /, &%3#%24,+ #$)2(,+4,+ /,( ,%,H*-,)4$-+)! J(2 5-2#%2-+-;2 %,+

)+) #4$3- *(2 #$(3-($2 ? K+$( /+-*-2)2 #%/$ *4 G),)$4+-%, 5( 8DE= (22(,+-(**(3(,+ (, 6/(

5@4##*-&4+-%,2 5( $45-%42+$%,%3-( (+ 2#4+-4*(2! "/L%/$5@'/-= *( 3/*+-#*-&4+(/$ (2+ 4++4./)

#4$ /, 2-G,4* 5( *@%$5$( 5( *4 &(,+4-,( 5( 3-**M4++2 ? /,( &(,+4-,( 5( G-G4'($+ENIG! ! OP!

Q, )+4G( 5( 3/*+-#*-&4+-%, 5( ;$)./(,&( (2+ G),)$4*(3(,+ &%,2+-+/) 5@/, G/-5( 5@%,5( (,

(,+$)(= /, )*)3(,+ ,%,H*-,)4-$(= /,( *-G,( 5( +$4,23-22-%, (+ (,I, /, G/-5( 5@%,5( 5( 2%$H

+-( 5%,+ *4 ;$)./(,&( 5( &%/#/$( (2+ 2/#)$-(/$( ? &(**( 5/ G/-5( 5@%,5( 5@(,+$)( NIG! ! OP!

:4 ;$)./(,&( 5( #%3#( (2+ ,4+/$(**(3(,+ I*+$)( #4$ *4 ,4+/$( #422(H'4/+ 5/ G/-5(! "I,

5@4++(-,5$( *4 ;$)./(,&( 5)2-$)(= &(2 )+4G(2 #(/6(,+ K+$( 3-2 (, &42&45(! J(#(,54,+ &(2

5-2#%2-+-;2 #$)2(,+(,+ 4/22- 5(2 -,&%,6),-(,+2 +(*2 ./@/, ;4-F*( $(,5(3(,+= 5)#(,54,+ 5/

,%3F$( 5@)+4G(= /,( $(*4+-6( ;$4G-*-+) 3)&4,-./( 4-,2- ./( *4 ,)&(22-+) 5( 5(6%-$ 2/##%$+($

/,( ;%$+( #/-224,&( #%/$ *(2 #$(3-($2 )+4G(2= /,( &%3#*(R-+) 5( 3%,+4G( NIG S ! AP (+ /,

&%T+ $(*4+-6(3(,+ )*(6)!

OU



 !"#$%&' () *+, -./01+23+, ,4516+, -+ 178422+9+23 3017:+13;

 !"# ()(< = >6:097 -?52 @020173+51 -?:71942.A5+, +3 -?52 -45BC+51 -+ D10A5+26+E<(F

 !"# ()(G = #:434@17H:.+, -+, -./01+23, 037@+, -?52+ 6:7I2+ -+ 95C3.HC.673.42 -+ D10A5+26+

+3 95C3.HC.+51 -+ D10A5+26+ 9., +2 B4I3.+1E<(F

 !"#$%&' %(%)!*%"+*,$'

J+5K 38H+, -+ 649H4,723, ,423 53.C.,0, H451 C7 95C3.HC.673.42 -+ D10A5+26+ L C7 -.4-+

>6:433M8 N7176341 +3 C7 -.4-+ !OP

 

) *7 -.4-+ >6:433M8 +,3 B7,0+ ,51 C7 Q4263.42 +231+ 52

,+9.642-563+51 D7.BC+9+23 -4H0 +3 52 9037C) 'CC+ H10,+23+ -+5K 38H+, -+ 242RC.2071.30 S10R

,.,3.N+ +3 10763.N+T ,+1N723 U @0201+1 C+, :71942.A5+, -5 ,.@27C -+ H49H+) *7 242RC.2071.30

10,.,3.N+ H14N.+23 -+ C7 -0H+2-726+ +KH42+23.+CC+ -5 6451723 H71 17HH413 U C7 3+2,.42)  +R

H+2-723V C+ 1+2-+9+23 97K.959 -?52+ 242RC.2071.30 10,.,3.N+ +,3 -+ 1/n2 4W n +,3 C+ 172@

-+ C?:71942.A5+ -+ ,413.+E<<F) ".2,.V C7 242RC.2071.30 10763.N+ +,3 HC5, 53.C.,0+ +2 H173.A5+

671 +CC+ H+19+3 -?733+.2-1+ 52 9+.CC+51 1+2-+9+23) *7 242RC.2071.30 10763.N+ -+ C7 -.4-+

>6:433M8 +,3 -5+ U C7 N71.73.42 -+ C7 ;42+ -0HC030+ +2 D4263.42 -+ C7 3+2,.42 U ,+, B412+,)

*?52+ -+, H1.26.H7C+, -.X65C30, 3+6:24C4@.A5+, -72, 6+ 38H+ -+ -.,H4,.3.D, +,3 -+ 105,,.1

C?7-7H373.42 +2 +2310+ +3 +2 ,413.+ -+ C7 -.4-+ +3 -+ Y 64513R6.165.3+1 Z C+, D10A5+26+, 242 -0R

,.10+,) [5,A5?75K 7220+, (\]^R(\_^V 42 53.C.,7.3 -+, 6423763, H71 -+, Y 945,376:+,

!"

Z 7`2
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 ! ! "##$%&'( )*(&+$%,-./(

0( $)0/-$( &(1 $)1-1+2,&(1 +%/+ (, 232,+ /,( +$41 52-6*( 1/$52&( 0( 7%,&+-%, (+ 0%,& $)0/-$(

*2 &2#2&-+) 0( *2 0-%0(! 8(1 0($,-($1 %,+ )+) $(9#*2&)1 #2$ 0(1 0-%0(1 #*2,2-$(1: ./- %,+

)+) #2$ *2 1/-+( $(#%$+)(1 1/$ /, 1/61+$2+ (, ./2$+; 1/$ *(./(* 1%,+ $)2*-1)1 *(1 *-<,(1 0(

+$2,19-11-%,!=>?@! A(/B 2/+$(1 +(&',-./(1: 0-+( C D(96$2,( E =F<! ! GH2I@ (+ C J/61+$2K

+(*(11 E =F<!  ! GH6I@ %,+ )+) 9-1(1 2/ #%-,+ #2$ *( LMN

  

! O**(1 &%,1-1+(,+ P 9-,-9-1($

*Q)#2-11(/$ 0/ 1/61+$2+ 0( R2"1 %/ P *( $(+-$($ (B&(#+) 2/B (,0$%-+1 %S 1( +$%/T(,+ *(1

0-%0(1 +%/+ (, &%,1($T2,+ /,( &20$( 1($T2,+ 0( 1/##%$+ 9)&2,-./(! N(1 2T2,+2<(1 0( &(++(

+(&',-./( $)1-0(,+ 02,1 *(1 *-<,(1 0( +$2,19-11-%, ./- 1%,+ 2*%$1 1/1#(,0/(1 (+ #$)1(,+(,+

0%,& 9%-,1 0( #($+(1 0-)*(&+$-./(1 92-1 2/11- 9)+2**-./(1 0/ 52-+ ./( *(1 *-<,(1 0%-T(,+

U+$( #*/1 *2$<(1 #%/$ &%,1($T($ *2 9U9( -9#)02,&( ./( 1/$ 1/61+$2+ =>G@! V,( 2*+($,2+-T(

 !"#  ! G W O+2#(1 0( $)2*-12+-%, 0Q/,( 0-%0( 9(96$2,( H2I (+ 1/61+$2+(*(11 H6I=> @

#%11-6*( P *2 0-%0( 1&'%++X3 T2$2&+%$ (1+ *2 0-%0( YZ[! N2 0-%0( YZ[: 1+$/&+/$( #$%K

#%1)( (,  \]\ #2$ ^%*06($<  ! "# =>>@ (1+ /, (9#-*(9(,+ 0( +$%-1 1(9-&%,0/&+(/$ 232,+

$(1#(&+-T(9(,+ /,( #(+-+(: /,( <$2,0( (+ /,( #(+-+( 62,0( -,+($0-+( =F<!  ! _@! N%$1./(

*Q%, 2##*-./( /,( +(,1-%, 2/B 6%$,(1 0( *2 1+$/&+/$(: *( 92+)$-2/ P <$2,0 <2# 2<-+ &%99(

/,( 62$$-4$( &$)2,+ /,( 2&&/9/*2+-%, (+ /,( 0)#*)+-%, 0( #%$+(/$1 02,1 *(1 92+)$-2/B P

#(+-+ <2# 9%0-F2,+ *2 &2#2&-+) 0( *2 1+$/&+/$(! 8(+ (`(+ (1+ ,%,K*-,)2-$( (+ (1+ /+-*-1) #%/$

*2 9/*+-#*-&2+-%, 0( 5$)./(,&(! A( #*/1: *( 52-+ 0Q2T%-$ /,( 1+$/&+/$( 139)+$-./( #($9(+ 0(

,( <),)$($ ./( 0(1 '2$9%,-./(1 -9#2-$1 (+ 0( 0-9-,/($ *( ,%96$( 0( $)1%,2+(/$1 02,1 *(

  

 !" #$%&'()*%+ ,-.%$-"%$/
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 !"#$%&' () *+, -./01+23+, ,4516+, -+ 178422+9+23 3017:+13;

 !"# ()(< = >.7?1799+ -+ @72-+ ,6:0973.A5+ -B52+ -.4-+ !CD E FB0A5.F.@1+G E ?756:+G

+3 ,45, H4F71.,73.42 E -14.3+

6.165.3) "I2 -B75?9+23+1 F7 3+25+ +2 H5.,,726+ -+ 6+, ,3156351+,G .F +,3 H4,,.@F+ -+ 107F.,+1

HF5,.+51, @711.J1+, +2 ,01.+G 6+ A5. 7 H+19., E D5K5,.6  ! "# -B733+.2-1+ 52+ H5.,,726+ -+

(L< 9M E ((N O!; G 1+2-+9+23 -+ (<PG 7Q+6 52 31.HF+51 @7,0 ,51 -+, !CDRS<T)

*+ 37@F+75 ()N H10,+23+ A5+FA5+, 10,5F373, 106+23, 4@3+25, E H713.1 -+ 95F3.HF.673+51,

-72, F7 @72-+ 3017:+13;) U7F?10 -+, H5.,,726+, -+ ,413.+ 1+F73.Q+9+23 .9H413723+,G -+

&0V01+26+  42I?5173.42 W10A5+26+ XO!;Y #5.,,726+ -+ ,413.+

XC72-+ H7,,723+ XPYY X9MY

RS(T ZSZSZSZS ([L\ X]Y ^(_µW E %`(S_ a

RS\T ZSZSZS bb< X]Y (G( X61c3+Y

RS\T ZSZSZN (S__ X\Y _G( X61c3+Y

RS\T ZSZSZSZS (<_[ X\Y _G_(< X61c3+Y

RS\T ZSZNZN (\[_ X[Y _G_S( X61c3+Y

RSbT ZSZNZN (\<bG< XSGS<Y O!; ^<µW d S(µWcrête

ZSZNZN (\\bG< X[Y O!; ^(_µW E %`(S_ a d ]\µWcrête

RSbT ZSZNZN (\[SG< X<G\Y O!; ^(_µW E %`(S_ a d (__µWcrête

RS]T (G]< XNY %!; (dN µW

$%&# ()N = #5.,,726+, %!; ?02010+, H71 -./01+23, 95F3.HF.673+51, -+ V10A5+26+

FB41-1+ -5 9.614e733 75 9.FF.e733G 6+, ,4516+, 206+,,.3+23 52+ H5.,,726+ -+ H49H+ -+

FB41-1+ -+ F7 6+237.2+ -+ 9.FF.e733 3453 +2 H10,+23723 52 V7.@F+ 1+2-+9+23G 6+ A5. 642-5.3

E -+Q4.1 -.,,.H+1 52+ 6+137.2+ H5.,,726+)  +, 6:7f2+, 2+ ,423 ?02017F+9+23 H7, H49H0+,

H71 -+, H5.,,726+, 75 -+FE -+ (__ 9M H451 -+, 17.,42, -+ -510+ -+ Q.+ +3 -+ I7@.F.30

RS(TG 6+ A5. F.9.3+ F+, H5.,,726+, -+ ,413.+) %453+V4.,G 6+6. +,3 E 25726+1 H71 F7 94230+ +2

V10A5+26+ -+, 79HF.I673+51, E 3172,.,341, R()()ST) C.+2 A5+ 6+, ,4516+, ,4.+23 76641-7@F+,G

F7 H5.,,726+ 4@3+25+ +2 ,413.+ Q71.+ V413+9+23 +2 V4263.42 -+ F7 V10A5+26+ RI? g()(\T)

S]
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 !"#  ! 0 1 23$-3+-%, 4( *3 #/-553,&( 4( 5%$+-( 46/,( &'37,( 4( 8/*+-#*-&3+-%, 4( 9$)./(,&(

5/$ *3 #*3:( 463&&%$43;-*-+) (, 9$)./(,&( <=>?

=@



 !"#$%&' () *+, -./01+23+, ,4516+, -+ 178422+9+23 3017:+13;

 !" #$$%&'() &$*+,-)

<2+ -+5=.>9+ 7??146:+ 642,.,3+ @ 76614A31+ B7 B42C5+51 -D42-+ -D09.,,.42 -+ ,4516+

E B7,+1 F

 !

 !"# $%#&'#%(%)# "*%#("+( &',- $"# .'+/,",-# $0'+$" $, $'12%+" %+)-23-',/"4 566

+1 7λ 7 8 11 4$, $'12%+" $" .2 .,1%9-" :%#%;."4 380 nm < λ < 700 nm4 "( ,.(-23:%'."(4

10 nm < λ < 380 nm <:2+( $" +',# %+(=-"##"- 2,* #',->"# ?@A ;2#="# #,- ." -2B'++"3

1"+( .2#"-4 +',# 2..'+# ;-%9:"1"+( -2&&"."- ." &-%+>%&" $" )'+>(%'++"1"+( $0,+" #',->"

.2#"- 

C+ .2#"- "#( >'+#(%(,= $0,+ 1%.%", 21&.%D>2(",- $2+# ."E,". 2 .%", .0=1%##%'+ #(%1,.="4 "(

$0,+" >2:%(= &"-1"((2+( ."# 2.."-#3-"(',-# $" .0'+$" .,1%+",#" $2+# ." 1%.%", 21&.%D>23

(",- FD/ 8 85G H021&.%D>2(%'+ "#( ;2#=" #,- ." &I=+'19+" $0=1%##%'+ #(%1,.="4 ,+ &I'('+

 !"# 8 85 J K"&-=#"+(2(%'+ #>I=12(%E," $0,+ .2#"-

%+>%$"+( $0=+"-/%" hν = E1 −E0 L=>2-( "+(-" $",* +%:"2,* $0=+"-/%"M :%"+( %+("-2/%- 2:">

,+ =.">(-'+ '>>,&2+( ,+ +%:"2, $0=+"-/%" "*>%(= E,%4 "+ -":"+2+( 2, +%:"2, $0=+"-/%"

)'+$21"+(2.4 =1"( ,+ &I'('+ %$"+(%E," "+ =+"-/%"4 &I2#"4 $%-">(%'+ "( &'.2-%#2(%'+ 2,

&I'('+ %+>%$"+( <D+ E," .0"N"( .2#"- 2&&2-2%##"4 %. )2,( E," .0=1%##%'+ #(%1,.=" #'%( &.,#

%1&'-(2+(" E," .02;#'-&(%'+ >" E,% "#( &'##%;." .'-#E," .0'+ -=2.%#" ,+" O %+:"-#%'+ $"

&'&,.2(%'+ P FD/ 8 8QG !"((" %+:"-#%'+ $" &'&,.2(%'+4 E,% >'+#%#(" R 2:'%- ,+" &'&,.2(%'+

&.,# %1&'-(2+(" #,- ." +%:"2, "*>%(= E," #,- ." +%:"2, )'+$21"+(2.4 "#( -=2.%#=" &2- ,+

1=>2+%#1" $" &'1&2/" E,% )',-+%( $" .0=+"-/%" 2, 1%.%", 21&.%D>2(",- $, .2#"- S. "*%#("
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5)%8 4+*8.,,+ 48-5 ,) '(8$.*%) L! B20-) 68-.G%) 7+-+%8,)> ,) $(&*&4+*)'*)0% 4)3%8 ;*%)

*%G5 %8$.4) )* '8$8A,) 4) 50$$&%*)% 4) 9&%*)5 $0.558-')5 &$*./0)5 K58*0%8*.&-> 4.55.$8*.&-

*()%6./0)>! ! !N ') /0. )5* 5&03)-* 4.P'.,) I '&-'.,.)% I '805) 4)5 98.A,)5 4.6)-5.&-5 40

$(&*&4+*)'*)0%!

 !"! #$%&'( $)*+,%( )$%& -. /010&.*+$1 +2)%-3+$11(--( ).& 4$+(

$)*$0-('*&$1+,%(

Q- ,85)% )5* 0-) 5&0%') 4) %8D&--)6)-* '&(+%)-* $8% +6.55.&- 5*.60,+)! R, )5* '&-5*.*0+

420- 6.,.)0 86$,.C'8*)0% )* 420-) '83.*+ &$*./0)! R, 980* -&*)% /0) ,) 78.- 40 6.,.)0

86$,.C'8*)0% 38%.) )- 9&-'*.&- 4) ,8 ,&-70)0% 42&-4) )* /0) ,8 '83.*+ -280*&%.5) /0)

')%*8.-5 6&4)5 K9%+/0)-')5 4.5'%G*)5N! 1&%5/0) $,05.)0%5 6&4)5 5&-* 505')$*.A,)5 4) 3+%.C)%

,8 '&-4.*.&- 4) 5)0.,> ,8 %),8*.&- )-*%) ,)0%5 $(85)5 )5* 8,+8*&.%)! S- $)0* 8055. .687.-)%

%),.)% ,8 $(85) 4)5 6&4)5 $%&'()5 )- 9%+/0)-') 4) 98T&- I ') /0) ')0H='. .-*)%9G%)-* 4)

68-.G%) '&-5*%0'*.3) $)-48-* 0- A%)9 .-*)%38,,) 4) *)6$5 )* 4) 68-.G%) 4)5*%0'*.3) I *&0*

80*%) .-5*8-* U &- &A*.)-* 8,&%5 0-) .6$0,5.&- ,06.-)05) $8% ? A,&'87) 4) 6&4) @! O)

A,&'87) 4) 6&4) $)0* ;*%) %+8,.5+ 4) 98T&- 8'*.3)> )- $,8T8-* 0- 6&40,8*)0% 4286$,.*04)

48-5 ,8 '83.*+ $8% )H)6$,)> &0 4) 98T&- $855.3) $8% ,2)6$,&. 420- 8A5&%A8-* 58*0%8A,)! Q-

8A5&%A8-* 58*0%8A,) $)0* ;*%) 4+'%.* '&66) 0- .-*)%%0$*)0% 4) ,06.G%) '&668-4+ $8%

,8 $0.558-') ,06.-)05) 48-5 ,8 '83.*+! # 98.A,) $0.558-')> ,8 ,06.G%) 5)%8 8A5&%A+) *8-4.5

/0) $&0% 4)5 $0.558-')5 +,)3+)5 ,) '&)P'.)-* 428A5&%$*.&- 4.6.-0) )* 58*0%) ,8.558-* 8.-5.

$855)% ,8 ,06.G%)! 18 '&-4.*.&- 4) 5)0., -) 5)%8 8,&%5 %)6$,.) /0) $&0% 4)5 6&4)5 $%&'()5

4&-* ,2.-*)-5.*+ ,06.-)05) 52844.*.&--) ? %+8,.58-* @ 4) ')**) 98T&- ,) A,&'87) 4) 6&4)

VC7 U !WLX! R, '&-3.)-* 8055. 4) -&*)% /0) $,05 ,2.6$0,5.&- 5)%8 '&0%*)> $,05 ,) 78.- 40
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 !"#$%&' () *+, -./01+23+, ,4516+, -+ 178422+9+23 3017:+13;

9.<.+5 79=<.>673+51 -+?17 645?1.1 52 <71@+ ,=+631+)

 !"# ()AB C D+,61.=3.42 -5 E<467@+ -+ 94-+ =7,,.F G <H7.-+ -H52 7E,41E723 ,73517E<+

 !"#$ "%&'(# ) "!*+'$ (%*, -'-!.#

*+ <7,+1 .9=5<,.422+< F+934,+642-+I <+ =<5, 6451799+23 53.<.,0 -72, <+, <7E41734.1+,

-+ 1+6:+16:+I +,3 <+ <7,+1 ,4<.-+ G ,7=:.1 -4=0 3.372+ J%. KL7M) *7 <71@+51 G 9.N:753+51

-+, .9=5<,.42, -0<.?10+, =71 <+, <7,+1, %. KL7 645?1+ 52+ @799+ 7<<723 -+ O5+<O5+, =,

P5,O5+ 94.2, -+ (Q F, +3 =451 52+ 02+1@.+ =71 .9=5<,.42 -H52+ -.;7.2+ -+ =R G O5+<O5+,

-.;7.2+, -+ 2R) D+ =<5,I .< ,H7@.3 -H52 <7,+1 76641-7E<+ +2 <42@5+51 -H42-+ ,51 52+ =<7@+

7<<723 -H+2?.142 SQQ 29 P5,O5+ ( µ9)  +=+2-723I .< 206+,,.3+ 52 <7,+1 -+ =49=+ -423

<7 <42@5+51 -H42-+ -H09.,,.42 ,+ ,.35+ -72, <+ ?+13 JTUA 29M 6+ O5. 75@9+23+ <+ 64V3I <7

649=<+W.30 +3 <H+2649E1+9+23 -+ <H+2,+9E<+ -+ <7 6:7X2+ <7,+1 671 <+ <7,+1 -+ =49=+ +,3

-45E<0 +2 F10O5+26+ J@020173.42 -+ ,+642-+ :71942.O5+M +3 -4.3 <5. 9Y9+ Y31+ =49=0

4=3.O5+9+23I +2 @02017< =71 -+, -.4-+, <7,+1 -+ F413+ =5.,,726+ G ZQQ 29 +2?.142)

 !"#$ "%&'(# ) (%*!/# 0--#$1'23

">2 -+ =7<<.+1 G <H+2649E1+9+23 -V 75 <7,+1 -+ =49=+I <+ 9.<.+5 79=<.>673+51 -5

<7,+1 +,3 642,3.350 -H52 97301.75 J["\I ?+11+I) ) )M -4=0 G <H[33+1E.59) *H[33+1E.59 7 -+,

2.?+75W -H02+1@.+ O5. =+19+33+23 <+ =49=7@+ -.1+63 =71 -+, -.4-+, <7,+1 Jλ ] ^ZQ 29M

10-5.,723 7.2,. <H+2649E1+9+23 97., 75,,. <+ 64V3) *+ E<467@+ -+ 94-+ ,+ F7.3 @02017<+N

9+23 =71 52 7E,41E723 ,73517E<+ G ,+9.642-563+51) D+, 94-_<+, 6499+16.75W 106+23,

F4512.,,+23 52+ 02+1@.+ -+ AQ G TQQ 2R =71 .9=5<,.42 =451 -+, -510+, -H.9=5<,.42 7<<723

1+,=+63.?+9+23 -+ AQQ G TQQ F, +3 09+33723 G 52+ <42@5+51 -H42-+ -+ (QUQ 29 +2?.142

`TAa)

BA



 !"! #$$%&'() &$*&+,)'*%&-./0)

 !"#$ % &'$# ()*+# ,$'-./

1) 2+3),&$$)4)-* 2)5 *)'(-&,&6.)5 78%+)5 9 .-'.*+ ,9 4.5) 90 $&.-* 2) ,95)% : 78%)

;)4*&5)'&-2)! 1<.-*%&20'*.&- 2<.&-5 *)%%)5 %9%)5 Er3+ )* 2<0- 5.6-9, &$*./0) 2) $&4$) :

=>? -4 29-5 0-) 78%) &$*./0) $)%4)* 2<&8*)-.% 0-) +4.55.&- 5*.40,+) :  @AA µ4 29-5 ,9

78%)! B- $)0* 2&-' )-3.596)% 2<0*.,.5)% ')* 94$,.7'9*)0% : 78%) 2&$+) '&44) 4.,.)0 9'*.;

2<0- ,95)%! #7- 2<&8*)-.% 0- ,95)% .4$0,5.&--), ;)4*&5)'&-2)@ &- $)0* $,9')% 0- 985&%89-*

59*0%98,) : 5)4.'&-20'*)0%@ '&4$&5+ 2<0- 40,*.C$0.*5 /09-*./0)5 )* 2<0- 4.%&.% 2) D%966

EA"F@ 29-5 ,9 '93.*+ ,95)% E76! !GAF H- 4&2I,) '&44)%'.9, 2) ,9 5&'.+*+ J9,49% B$*'&4

 !"#  !GA K L0) 5'(+49*./0) 2<0- ,95)% ;)4*&5)'&-2) : 78%) 2&$+) M%8.04 EA"F! 19 '93.*+

,95)% )5* 2+,.4.*+) $9% ,) 4.%&.% 2) D%966 )* $9% ,) ',.396) 2) ,9 78%) )- 5&%*.) 2) ,9 '93.*+

;&0%-.* *N$./0)4)-* 2) /0),/0)5 2.O9.-)5 : 0-) ')-*9.-) 2) -P $9% .4$0,5.&-! 19 ,9%6)0%

: 4.C(90*)0% 2)5 .4$0,5.&-5 6+-+%+)5 )5* 2) /0),/0)5 ')-*9.-)5 2) ;)4*&5)'&-2) $&0% 0-

%9N&--)4)-* : 0-) ,&-60)0% 2<&-2) 2<)-3.%&-  AA? -4 EAQF!

 !"!# $%&%'()*+%, ,-' )., /01+12%+.3+.-', '(/*2.,

19 $(&*&2+*)'*.&- 29-5 ,)5 5)4.'&-20'*)0%5 )5* 895+) 50% *%&.5 +*9$)5 R ,9 6+-+%9*.&- 2)

$&%*)0%5 ,.8%)5 $9% 985&%$*.&- 2<0- S0T 2) $(&*&-5 .-'.2)-*@ ,) *%9-5$&%* 2) ')5 $&%*)0%5

$(&*&6+-+%+5 )* ,<.-*)%9'*.&- 20 5.6-9, +,)'*%./0) .-20.* 93)' ,) U '.%'0.* V! 1&%5/0<0-

5)4.'&-20'*)0% )5* 5&04.5 : 0- S0T ,04.-)0T 2&-* ,<+-)%6.) 2)5 $(&*&-5 )5* 50$+%.)0%) :

5&- +-)%6.) 2) 89-2) .-*)%2.*) WEgX W)/! !YX@ 2)5 $9.%)5 +,)'*%&-5C*%&05 5&-* 6+-+%+)5 $9%

*%9-5.*.&- .-*)%89-2) E76! !GZF!

Eg = hν =
hc

λc
W !YX

1<985&%$*.&- 2) ,9 ,04.I%) )5* $9%*.'0,.I%)4)-* .-*)-5) ,&%5/0) ,) 4.-.404 2) ,9 89-2)

2) '&-20'*.&- 5) 5.*0) 90 4[4) 3)'*)0% 2<&-2) /0) ,) 49T.404 2) ,9 89-2) 2) 39,)-')

W69$ 2.%)'*X! #7- 2) /09-*.7)% ')**) $%&$%.+*+ 2<985&%$*.&- 2) ,9 ,04.I%)@ &- .-*%&20.*

,) '&)\'.)-* 2<985&%$*.&- &$*./0) 20 5)4.'&-20'*)0% W)T$%.4+ )- 4

−1
&0 )- '4

−1
X!

J),0.C'. $)0* [*%) 2+*)%4.-+ $9% ,<)T$+%.)-') 2+'%.*) : ,9 760%)  !GY! H-) *%9-'() 2)

5)4.'&-20'*)0% 2) 50%;9') S )* 2<+$9.55)0% ∆z %)]&.* 0- $(&*&- 2<+-)%6.) ~ω! 1) %9$$&%*

)-*%) ,<+-)%6.) 985&%8+) $)-29-* 0-) 20%+) ∆t 29-5 ,) 3&,04) S ×∆z )* ,<+-)%6.) /0. 9

Q"



 !"#$%&' () *+, -./01+23+, ,4516+, -+ 178422+9+23 3017:+13;

317<+1,0 =7 ,51>76+ +,3 0?7=+ @ α(~ω)∆z ,4.3 +2641+ ABBC D

α(~ω) =
E5.,,726+ 7F,41F0+ E71 52.30 -+ <4=59+

E5.,,726+ .26.-+23+ E71 52.30 -+ ,51>76+

 !"# ()GH I #1.26.E+ -5 67=65= -5 64+J6.+23 -K7F,41E3.42 α

 !"# ()GL I $==5,3173.42 -+ =7 E:434?020173.42 -+ E413+51, =.F1+, -72, 52 ,+9.642-563+51

@ ?7E -.1+63

M72, =+ 67, -+, E:434-03+63+51,N =7 642<+1,.42 O E:4342,IE7.1+, 0=+63142,P3145, Q+,3

R5723.>0+ E71 G ?172-+51, R5. ,423 =+ 1+2-+9+23 R5723.R5+ +3 =+ 64+J6.+23 -+ 10E42,+)

#71 =7 ,5.3+N 42 ,+ =.9.3+17 @ 52+ 7EE146:+ 52.-.9+2,.422+==+ =+ =42? -+ =K7S+ -+ E14E7P

?73.42 -5 >7.,6+75 =59.2+5S T ! U +3 =K06=7.1+9+23 ,+17 ,5EE4,0 52.>419+)  42,.-0142, 52

,+9.642-563+51 .==59.20 E71 52 V5S -+ E:4342, -K02+1?.+ hν > Eg 6499+ E10,+230 @ =7

W?51+ ()GX) M72, =+ ,+9.642-563+51N =K0<4=53.42 -5 V5S -+ E:4342, TΦ0 +2 69
−2
),

−1
@ =7

,51>76+ -5 ,+9.642-563+51U +,3 +SE42+23.+==+9+23 -0614.,,723+ T+R)()LU +3 -0E+2- -+ α)

Φ(z) = Φ0exp(−αz) T()LU

" 243+1 R5+ ,. =K42 3.+23 649E3+ -5 64+J6.+23 -+ 10V+S.42 R -+ =K.23+1>76+ 7.1Y,+9.P

642-563+51N .= >753 95=3.E=.+1 =+ V5S E71 =+ 64+J6.+23 1 − R ≈ 0, 7 E451 =7 E=5E713 -+,

ZZ



 !"! #$$%&'() &$*&+,)'*%&-./0)

 !"#  !12 3 40) 5'(+67*./0) 80 $(&*&8+*)'*)0%

5)6.'&-80'*)0%5 999:4! ;<7=5&%$*.&- 80 >0? 8) $(&*&-5 $7% ,) 5)6.'&-80'*)0% @7 8&--)%

,.)0 A ,7 '%+7*.&- 8) $7.%)5 +,)'*%&-3*%&0 7@)' ,) *70? 8) B+-+%7*.&- )- cm−3s−1 50.@7-*

C)/ D !2E

G(z) = αΦ0exp(−αz) C !2E

F&0% ')5 $&%*)0%5 $(&*&B+-+%+5G 8)0? $&55.=.,.*+5 5&-* )-@.57B)7=,)5 D 5&.* .,5 5) %)'&6:

=.-)-* 87-5 ,) 5)6.'&-80'*)0%G 5&.* .,5 5&-* )?$0,5+5 80 $(&*&8+*)'*)0% C,)5 6+'7-.56)5

8.H+%)-* 5),&- ,) *I$) 8) $(&*&8+*)'*)0%E )* $7%*.'.$)-* A 0- '&0%7-* 87-5 ,) '.%'0.* )?:

*+%.)0% 7J- 8) %+*7=,.% ,7 -)0*%7,.*+ +,)'*%./0) 80 5)6.'&-80'*)0%! K- $)0* 7,&%5 8+J-.%

,) %)-8)6)-* /07-*./0) η '&66) +*7-* ,) %7$$&%* 80 -&6=%) 8<+,)'*%&-5 '&,,)'*+5 50% ,)

-&6=%) 8) $(&*&-5 .-'.8)-*5 C)/! !LE! M)$)-87-*G &- '7%7'*+%.5) $,05 '&660-+6)-* 0-

$(&*&8+*)'*)0% $7% 5&- '&)N'.)-* 8) %+$&-5) S C)- #OPE! M)5 8)0? B%7-8)0%5 5&-* ,.+)5

)-*%) ),,)5 D

η =

Iph
e

Popt

hν

=
Iph
Popt

×
hν

e
= S ×

hν

e
C !LE

7@)' h = 6, 62.10−34 Q!5G ,7 '&-5*7-*) 8) F,7-'R )* e = 1, 6.10−19 M ,7 '(7%B) +,+6)-*7.%)!

#  GSS µ6G 0- $(&*&8+*)'*)0% 8) %)-8)6)-* /07-*./0) 0-.*+ 7 0- '&)N'.)-* 8) %+:

$&-5) 8)  G1S #OP!

;7 %7$.8.*+ 8<0- $(&*&8+*)'*)0% )5* 8+*)%6.-+) $7% 8)0? '&-*%.=0*.&-5! ;7 $%)6.T%) 8+:

$)-8 8)5 6+'7-.56)5 $(I5./0)5 6.5 )- U)0 87-5 ,) $(&*&8+*)'*)0% C*)6$5 8) *%7-5.* &0

*)6$5 8) @.) 8)5 $&%*)0%5 5),&- ,) *I$) 8) $(&*&8+*)'*)0%E! ;7 5)'&-8) $%&@.)-* 8)5 75:

$)'*5 '7$7'.*.V5 80 $(&*&8+*)'*)0% )* $)0* W*%) 7$$%&?.6+ '&66) +*7-* ,) $%&80.* 8) ,7

'(7%B) +/0.@7,)-*) 70 '.%'0.* '&--)'*+ 70 $(&*&8+*)'*)0% $7% ,7 '7$7'.*+ 8) ') 8)%-.)%!

X7-5 ,7 50.*)G &- 5<.-*+%)55)%7 A 8)0? *I$)5 8) $(&*&8+*)'*)0%5 $7%*.'0,.)%5 D ,)5 $(&*&'&-:

80'*)0%5G 7055. 7$$),+5 $(&*&'&660*7*)0%5 87-5 ,) '75 8<0- V&-'*.&--)6)-* )- %+B.6)

YS



 !"#$%&' () *+, -./01+23+, ,4516+, -+ 178422+9+23 3017:+13;

.9<5=,.422+= +3 =+, <:434-.4-+,>  !"!# +3 ? 3172,<413 52.<4=7.1+ @A% B#C

 !

 !"# $%&'()

*+'&,-%$ ,*($ .% /0*1#)&% $"#2*()3 4% 1&#(/#1% ,% 5'(/)#'((%6%() ,7"( 10')'/'(,"/)%"&

%$) +*$- $"& .* 6',#8/*)#'( ,% .* /'(,"/)#2#)- ," $%6#/'(,"/)%"& .'&$!"% /%."#9/# %$) $'"9

6#$ : "( -/.*#&%6%()3 ;( ,7*")&%$ )%&6%$< #. 1%") =)&% *$$#6#.- : "(% &-$#$)*(/% 2*&#*()

$'"$ -/.*#&%6%()3 > .7#(2%&$%< "(% 10')',#',% ")#.#$% "(% ?'(/)#'(  !" '" @/0'))AB 1'"&

%C1".$%& .%$ 1'&)%"&$ 10')'D-(-&-$3 >#($#< /'()&*#&%6%() : "( 10')'/'(,"/)%"&< '( 1%")

*2'#& "( 10')'/'"&*() ('(9(". %( .7*+$%(/% ,% 1'.*&#$*)#'( %C)-&#%"&%3

 !"!" #$%&%'%()*'&+*,- . /0-+ )+ -+123'%()*'&+*,- . &+14- )+

52+ '%*,&

4%$ 10')'/'66")*)%"&$ $'() ,%$ ,#$1'$#)#5$ #()-&%$$*()$ 1'"& .* D-(-&*)#'( ,7#61".9

$#'($ -.%/)&'6*D(-)#!"%$ ".)&*9&*1#,%$ /'66% 1'"& .* D-(-&*)#'( ,% $#D(*"C EFG HI3 J(

10')'/'66")*)%"& /'($#$)% %( ,%"C /'()*/)$ '06#!"%$ ,-1'$-$ : .* $"&5*/% ,7"( 6*)-&#*"

$%6#9/'(,"/)%"&3 4%$ 1*#&%$ -.%/)&'($9)&'"$ D-(-&-%$ $'() *.'&$ -2*/"-%$ 1*& *11.#/*)#'(

,7"( /0*61 -.%/)&#!"% %()&% .%$ ,%"C -.%/)&',%$3 4'&$!"% .% 10')'/'(,"/)%"& %$) -/.*#&-<

#. B * D-(-&*)#'( ,7-.%/)&'($ %) ,% )&'"$ ,% ,%($#)-$ &%$1%/)#2%6%() (')-%$ K ∆n = n− n0

1'"& .%$ -.%/)&'($ %) ∆p = p − p0 1'"& .%$ )&'"$ Ln0 %) p0 $'() .%$ /'(/%()&*)#'($ ,7-.%/9

)&'($ %) ,% )&'"$ : .7-!"#.#+&% M%! KN3OP3 4%$ -!"*)#'($ ,% /'()#("#)- L%!3N3NQ ,-/&#2%() .*

/#(-)#!"% ,% /%$ 1&'/%$$"$3

∂n

∂t
= G(z)−

∆n

τn
+
1

e

∂

∂z
Jn

∂p

∂t
= G(z)−

∆p

τp
−
1

e

∂

∂z
Jp

LN3NQ 

'R τn, τp &%1&-$%()%() &%$1%/)#2%6%() .% )%61$ ,% 2#% ,%$ -.%/)&'($ %) ,%$ )&'"$ %) 'R

.%$ ,%($#)-$ ,% /'"&*() Jn %) Jp $'() ,'((-%$ 1*& .%$ -!"*)#'($ N3NN3

Jn
e
= Dn

∂n

∂z
+ nµnE

Jp
e
= −Dp

∂p

∂z
+ pµpE

LN3NN 

'R µ %) D $'() .* 6'+#.#)- %) .% /'%S/#%() ,% ,#T"$#'( ,%$ ,%"C )B1%$ ,% 1'&)%"&$ *2%/

D
µ
= kT

e
3 U*($ .% /*$ ,%$ $%6#/'(,"/)%"&$ VVV9W< '( &%6*&!"% !"% µn >> µp %) Dn >> Dp3

X'"$ *..'($ ,'(/ ('"$ #()-&%$$%& *" $'&) ,%$ -.%/)&'($3

 !"#$% !%&%'()# * +&', -# "./%/$/,-)$%'/, ;( &-D#6% 1%&6*(%()< %) %( $"11'$*()

!"7*"/"( /0*61 -.%/)&#!"% (7%$) *11.#!"-< '( '+)#%() .* ,%($#)- $"&5*/#!"% ,7-.%/)&'($ %(

 !

 !"#$%&'())"!*#+&%%"(% ,-./.0".0(

YZ



 !"! #$$%&'() &$*&+,)'*%&-./0)

.-*+1%2-* ,3+/02*.&-  ! 4 50% ,3+$2.55)0% d 6) ,2 '&0'() 6) 5)7.'&-60'*)0%!

∆nt = Φ0τn(1− exp(−αd)) 8 ! 9:

;&05 ,3.-<0)-') 630-) *)-5.&- 6) $&,2%.52*.&- 8Vb = E × l: )-*%) 4 )* l= &- 2 2,&%5 0-

$(&*&'&0%2-*! >) $(&*&'&0%2-* )5* 2,&%5 6&--+ $2% ,2 %),2*.&- 50.?2-*) @

Iph = e∆ntµnEW = e(1− exp(−αd))Φ0τnµnW 8 ! ":

A2 $0.552-') &$*./0) .-'.6)-*)= Popt= )5* +12,) B hνΦ0Wl= ,) '&)C'.)-* 6) %+$&-5) 630-

$(&*&'&-60'*)0% )5* 2,&%5 6&--+ $2% @

S =
Iph
Popt

=
e(1− exp(−αd))τnµnE

lhν

S = (1− exp(−αd)) e
hν
× τnµnE

l

8 ! D:

E- 6+F-.* @

g =
τnµnE

l
=

τn
τtr

A) '&)C'.)-* g )5* 2$$),+ 12.- 6) $(&*&'&-60'*.&- )* 53)G$%.7) '&77) +*2-* ,) %2$$&%*

)-*%) ,) *)7$5 6) ?.) 6)5 $&%*)0%5 $(&*&1+-+%+5 )* ,)0% *)7$5 6) *%2-5.* τtr =
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'%2< +2(7+):)2& .8*%-81* '.2* ,. 5%2) (2&-(2*;7+)= <%2*&(&+.2& ,. :.F%-(&1 ') ,. GHI= )&

012;-)2& ')* /.(-)* 1,)<&-%2*9&-%+* 7+( *%2& *1/.-1)* /.- ,) <$.:/ 1,)<&-(7+)! E) <$.:/

1,)<&-(7+) /-%?()2& ') ,. /%,.-(*.&(%2 )B&1-()+-) )& '+ /%&)2&(), (2&)-2) Vbi ') ,. F%2<&(%2

J  "#"! K! E. L0+-)  ! -)/-1*)2&) +2 '(.0-.::) ') 8.2') *<$1:.&(7+) '3+2) /$%&%9

'(%')  "#"! M $1&1-%F%2<&(%2! E)* /%-&)+-* 1&.2& /,+* -./('):)2& )B/+,*1* /.- ,) <$.:/

 !"#  ! N O&-+<&+-) ') 8.2') '3+2) /$%&%'(%')  "#"!

1,)<&-(7+) 7+) /.- +2 /-%<)**+* ') '(P+*(%2= %2 /)+& 210,(0)- ,) <%+-.2& ') '(P+*(%2 )&

,) /$%&%<%+-.2& )*& '%2< +2(7+):)2& <%2*&(&+1 '+ <%+-.2& ') '1-(?) ')* /$%&%/%-&)+-*

<-11* '.2* ,. GHI!

Jphoto = −q

∫ W

0

Φ(z)dz = −eΦ0(1− e−αW ) Q !CR

S /.-&(- ') ,317+.&(%2 Q !CR= %2 %8&()2& ,. -1/%2*) .(2*( 7+) ,) -)2'):)2& 7+.2&(7+) ') ,.

/$%&%'(%')  "#"! T

S =
Iph
Popt

= η × q

hν
Q !UR

η = (1− e−αW ) Q !VR

D, )*& (2&1-)**.2& ') 2%&)- ,. *(:(,(&+') )2&-) ,. -1/%2*) '3+2) /$%&%'(%')  "#"! )& <),,)

'3+2 /$%&%<%2'+<&)+- QH$./(&-) " "!WR! X.2* ,) <.* '3+2) /$%&%'(%')= ,) 0.(2 ') /$%9

&%<%2'+<&(%2 /)+& Y&-) <%2*('1-1 <%::) 1&.2& 10., M "! S(2*(= *( ,31/.(**)+- ') ,. 5%2)

(2&-(2*;7+) QW R )*& *+Z*.::)2& 0-.2')= ,) -)2'):)2& 7+.2&(7+) '3+2) /$%&%'(%') &)2'

?)-* "!

 !"#$%& ,-$(.)*+& ,($% /& 0!1).& "&')' %)1$(/ [%+* .,,%2*= M /-1*)2&= 2%+*

(2&1-)**)- .+B /.-.:;&-)* ,(:(&.2& ,. -./('(&1 '3+2) /$%&%'(%')  "#"!! SL2 ') *(:/,(L)-

,)* 17+.&(%2*= 2%+* <%2*('1-)-%2* 7+) ,)* '%/.0)* *%2& *+Z*.::)2& 1,)?1* /%+- 210,(0)-

UV



 !"#$%&' () #*+,+-.+-/0 123.-/0 3+41 52 678712,.+8 -9+8-/0 ,712*/1,:

59/;,/80.+8 -/ 52 < ' -280 5/0 :+8/0  /, ! =−dn = dp = 0> /, ?4/ 5/0 3+1,/410 +8, 48/

@.,/00/ A+80,28,/ -280 ,+4,/ 52 A+4A*/ =176.B/ -/ 02,412,.+8>) C2 3*+,+-.+-/ /0, 3+521.07/

321 48/ ,/80.+8 V /, A*2167/ 321 48/ .B37-28A/ Z A+BB/ 3170/8,7/ 041 52 D641/ ()E)

C2 -/80.,7 -/ A+4128, ,+,25/ -280 5/ A.1A4., /;,71./41 =J> /0, 52 0+BB/ -/ 52 -/80.,7 -/

 !"# ()E F G,14A,41/ 7,4-.7/ 3+41 52 -7,/1B.82,.+8 -/0 3212BH,1/0 5.B.,28, 52 123.-.,7

-948/ 3*+,+-.+-/  "#"!

A+4128, -/ A+8-4A,.+8 /, -/ -7352A/B/8, =/?)()I> J

J = Jn + Jp + ǫ
∂E

∂t
=()I>

G. 59+8 2335.?4/ 52 5+. -9K*B 24 A.1A4., -/ 52 D641/ ()EL +8 +M,./8, 597?42,.+8 04.@28,/ J

V = RI +

∫ W

0

Edz

'8 0/ 352N28, -280 5/ 176.B/ 3/,., 0.6825L 52 -71.@7/ 321 1233+1, 24 ,/B30 -/ 597?42,.+8

317A7-/8,/ 097A1., J

∫ W

0

∂E

∂t
dz = −RS

∂J

∂t
=()O>

S 1/3170/8,/ 52 041P2A/ -/ 52 3*+,+-.+-/ /, 3/4, 09/;31.B/1 /8 P+8A,.+8 -/ 52 A232A.,7 -/

52 3*+,+-.+-/ =C = ǫS
W
>) '8 1/B352N28, 52 041P2A/ -/ 52 3*+,+-.+-/ 321 A/,,/ /;31/00.+8

-280 597?42,.+8 ()OL +8 +M,./8, 597?42,.+8 04.@28,/ J

1

W

∫ W

0

ε
∂E

∂t
dz = −RC

∂J

∂t

 +80.-71+80 Q 3170/8, 5/0 7?42,.+80 -4 A+4128, =A*23.,1/ RL /?)R)RR>L -/ A+8,.84.,7 =A*2S

3.,1/ RL /?)R)RT> -280 5/0?4/55/0 +8 8765.6/ 52 -.U40.+8 -/0 3+1,/410 /, 59+8 A+80.-H1/ ?4/

5/ ,/B30 -/ @./ -/0 3+1,/410 /0, 04V02BB/8, 5+86 3+41 ?4/ A/4;SA. 2./8, 5/ ,/B30 -/

321A+41.1 52 :+8/ .8,1.80H?4/ 0280 0/ 1/A+BM.8/1) W+40 -/@+80 -+8A 170+4-1/ 5/ 0X0,HB/

YI



 !"! #$%&%'(%')* +,&-.-./(')* /%+- ,. 0121-.&(%2 '3%2')* 41-.$)-&5

'316+.&(%2* '(71-)2&(),,)* *+(8.2& 9

1

vn
.
∂Jn
∂t

= −∂Jn
∂z

+ g(z, t) : !";<

1

vp
.
∂Jp
∂t

=
∂Jp
∂z

+ g(z, t) : !""<

J = Jn + Jp + ε
∂E

∂t
: !" <

1

W

∫ W

0

ε
∂E

∂t
dz = −RC

∂J

∂t
: !"=<

%>

vn(p) 8(&)**) ')* 1,)?&-%2* :&-%+*<

Jn(p) ')2*(&1 ') ?%+-.2& '31,)?&-%2* :&-%+*<

ε /)-@(&&(8(&1 '+ *)@(?%2'+?&)+-

E A$.@/ 1,)?&-(6+) '.2* ,) *)@(?%2'+?&)+-

g(z, t) = qΦ0α exp(−αz)g(t) (?( g(t) = exp(jωt)

B /.-&(- ') ?)* C 16+.&(%2*D %2 ?$)-?$) '%2? E '1&)-@(2)- ,. ')2*(&1 ') ?%+-.2& &-.8)-F

*.2& ,. 5%2) ') ?$.-0) '3)*/.?) )2 -10(@) 'G2.@(6+) )2 H%2?&(%2 ') ,. /+,*.&(%2 ') ,.

@%'+,.&(%2! I2 (2J)?&.2& ,316+.&(%2 : !" < '.2* ,316+.&(%2 : !"=<D %2 %K&()2& ,3)L/-)**(%2

') ,. ')2*(&1 ') ?%+-.2& 9

J(ω) =
1

1 + ωRC
× 1

W

∫ W

0

(Jn(z, ω) + Jp(z, ω))dz : !"C<

M)* ')2*(&1* ') ?%+-.2& Jn(z, ω) )& Jp(z, ω) *%2& '1&)-@(21)*D -)*/)?&(8)@)2&D E /.-&(- ')*

16+.&(%2* : !";< )& : !""<! I2 &)2.2& ?%@/&) '+ &.+L ') 0121-.&(%2 ') /.(-)* 1,)?&-%2F&-%+

/-1?1')@@)2& '1N2(D ,316+.&(%2 '(71-)2&(),,) /%+- ,)* 1,)?&-%2* *31?-(& .,%-* 9

∂Jn
∂z

+
ω

vn
Jn = qΦ0 exp(−αz)

'%2& ,. *%,+&(%2 )*& ') ,. H%-@) 9

Jn(z, ω) = An exp
(

− ω

vn
z
)

+
qαΦ0vn
ω − αvn

exp(−αz)

M. ?%2*&.2&) '3(2&10-.&(%2 A )*& '1&)-@(21) /.- ,. ?%2'(&(%2 ,(@(&) )2 z = 0! A%@@) ,.

5%2)  )*& &-.2*/.-)2&)D .+?+2 1,)?&-%2 2) /)+& /-%8)2(- ') ?)&&) 5%2) )& '%2? Jn(0, ω) = 0!

M. ')2*(&1 ') ?%+-.2& '31,)?&-%2* '.2* ,. 5%2) ! )*& .,%-* '%221) /.- 9

Jn(z, ω) =
qαΦ0vn
ω − αvn

[

exp(−αz)− exp(−ω

vn
z)

]

: !"O<

PQ



 !"#$%&' () #*+,+-.+-/0 123.-/0 3+41 52 678712,.+8 -9+8-/0 ,712*/1,:

;/ 52 <=</ >2?+8@ 52 -/80.,7 -/ A+4128, -/ ,1+40 /8 176.</ -B82<.C4/ /0, +D,/84/ 321

59.8,7612,.+8 -/ 597C42,.+8 E()FFG <+-.H7/ I

∂Jp
∂z

− ω

vp
Jp = qΦ0 exp(−αz)

-+8, 52 0+54,.+8 /0, -/ 52 >+1</ I

Jp(z, ω) = Ap exp(
ω

vp
z) +

qαΦ0vp
ω + αvp

exp(−αz)

 +<</ -280 5/ A20 -/0 75/A,1+80@ 52 :+8/  7,28, ,1280321/8,/@ 52 -/80.,7 -/ A+4128, -/

,1+40 /8 J /0, 8455/ EJp(W,ω) = 0G) K2 -/80.,7 -/ A+4128, -/ ,1+40 -/L./8, -+8A I

Jp(z,W ) =
qαΦ0vp
ω + αvp

[

exp(−αz)− exp(−αW ) exp
(ω

vp
(z −W )

)

]

E()FMG

K/0 -/80.,70 -/ A+4128, ,+,25/0 0+8, 25+10 +D,/84/0 321 .8,7612,.+8 041 59/80/<D5/ -/ 52

:+8/ -92D0+13,.+8 /, 0+8, -+887/0 321 I

Jn =
qαΦ0vn
ω − αvn

[

1

α

(

1− exp(−αW )
)

− vn
ω

(

1− exp(−ω

vn
W )

)

]

E()FNG

Jp =
qαΦ0vp
ω + αvp

[

1

α

(

1− exp(−αW )
)

− exp(−αW )
vp
ω

(

1− exp(−ω

vp
W )

)

]

E()FOG

'8H8@ +8 .8P/A,/ 5/0 7C42,.+80 E()FNG /, E()FOG -280 597C42,.+8 E()FQG /, +8 +D,./8, 59/R31/0S

0.+8 6787125/ -/ 52 -/80.,7 -/ A+4128, /8 176.</ -B82<.C4/ -280 52 :+8/ -92D0+13,.+8 I

J(ω) =
1

1 + ωRC
× qαΦ0

W

[

(

1

α
(1− exp(−αW )

)(

vn
ω − αvn

+
vp

ω + αvp

)

− vn
2

ω(ω − αvn)

(

1− exp(−ω

vn
W )

)

− exp(−αW )
vp
2

ω(ω + αvp)

(

1− exp(−ω

vp
W )

)

]

E()FTG

K2 >17C4/8A/ -/ A+4341/ U SV-W /0, 25+10 -7H8./ A+<</ 52 >17C4/8A/ 3+41 52C4/55/ 52

34.0028A/ -75.L17/ /0, -.L.07/ 321 ()

J(ω−3dB) =
J0√
2

X8 3/4, 1/<21C4/1 C4/ 52 -/80.,7 -/ A+4128, /8 176.</ -B82<.C4/ /0, 5.<.,7/ 321 ,1+.0

3*78+<Y8/0 I 5/ ,/<30 -/ A*216/ -/ 52 A232A.,7 .8,1.80YC4/ -/ 52 -.+-/ EZCG@ 5/ ,/<30 -/

,1280., -/0 75/A,1+80 /, A/54. -/0 ,1+40 E

W
vn,p
G) ;280 5/0 0/<.A+8-4A,/410 $$$SZ@ +8 3/4,@ /8

6787125@ A+80.-71/1 C4/ 52 L.,/00/ -/ 02,412,.+8 -/0 75/A,1+80 /0, 3540 6128-/ C4/ A/55/ -/0

N[



 !"! #$%&%'(%')* +,&-.-./(')* /%+- ,. 0121-.&(%2 '3%2')* 41-.$)-&5

&-%+*! 6 &(&-) '3)7)8/,)9 '.2* '+ In0,53Ga0,47As 2%2 (2&)2&(%22),,)8)2& '%/19 ,) -.//%-&

)2&-) :(&)**) ') *.&+-.&(%2 ')* &-%+* )& ;),,) ')* 1,);&-%2* )*& ') ,3%-'-) ') < = >! 6(2*(9

%2 *) &-%+:) )2 /-1*)2;) ') &-%(* /?,)* '%2& ')+7 *)-%2& 2.&+-),,)8)2& 1,%(021* ,3+2 ')

,3.+&-)! @( ,) /?,) ;./.;(&(A /-1'%8(2)9 ,. A-1B+)2;) ') ;%+/+-) = CD 'E ') ,. /$%&%'(%')

 !"!# )*& '%221) /.- F

f−3dB =
1

2πRC

@( ,) /?,) .**%;(1 .+ &)8/* ') &-.2*(& ')* &-%+* '.2* ,. 5%2) '1*)-&1) Gτ = W
vp
H /-1'%8(2)

.,%-* ,. A-1B+)2;) ') ;%+/+-) = C D 'E )*& .//-%7(81) /.- I"J F

f−3dB ≈ 2, 8

2πτ

6(2*(9 '.2* +2) /$%&%'(%')  !"!#9 (, .//.-.K& ;,.(-)8)2& +2 ;%8/-%8(* *+- ,31/.(**)+-

') ,. 5%2) '3.L*%-/&(%2 F /,+* W *)-. 0-.2'9 /,+* ,. ;./.;(&1 ') M%2;&(%2 *)-. A.(L,) )&

8)(,,)+-) *)-. ,. -1/%2*) 8.(* .+ '1&-(8)2& '+ &)8/* ') &-.2*(& ')* &-%+*! 4N/(B+)8)2&9

;)* /$%&%'(%')* /-1*)2&)2& +2) -1/%2*) ') ,3%-'-) ') B+),B+)* 10−1A/W )& +2) A-1B+)2;)

') ;%+/+-) ') ,3%-'-) ') "OO PQ5 I J! R) /,+*9 '.2* ,) ;.* ') ,. 0121-.&(%2 ') 4Q5 /.-

:%() %/&%C1,);&-%2(B+)9 (, A.+& .+**( *3(2&1-)**)- = ,. *.&+-.&(%2 '+ /$%&%'1&);&)+-! S%+*

:)--%2* /.- ,. *+(&) B+) ,. *.&+-.&(%2 2+(& = ,. -./('(&1 ') ,. /$%&%'(%')  !"!# I !"!DJ

 !"! #$ %&'(')*')+ , (-$./%'-( 0.*%'1$*-+

6T2 ') *3.U-.2;$(- ') ;) ;%8/-%8(*9 ,)* ,.L%-.&%(-)* M./%2.(* S44

 

%2& /-%/%*1

,. *&-+;&+-) ') /$%&%'(%') = &-.2*/%-& +2(/%,.(-) G$#"!%&'()**"#+!,'&&")& -./0/1"/1) %+

V4WC#RH! X, *3.0(& '3+2) *&-+;&+-) ') &N/)  !"!# %Y ,3.L*%-/&(%2 %/&(B+) )& ,3)7/+,*(%2 ')*

/$%&%/%-&)+-* *) A%2& '.2* ')+7 5%2)* '(*&(2;&)*! 6T2 B+) ,) ;%8/%-&)8)2& 'N2.8(B+)

'3+2) &),,) /$%&%'(%') 2) *%(& /,+* ,(8(&1 /.- ,)* /%-&)+-* ,)* /,+* ,)2&* G,)* &-%+*H9 ,3('1)

'3X*$(L.*$( )0 '* )*& ') 0121-)- ,)* /.(-)* 1,);&-%2C&-%+ '.2* +2) 5%2) %Y ,)* &-%+* *%2&

'1M= ,)* /%-&)+-* 8.M%-(&.(-)*9 &N/(B+)8)2& +2) 5%2) '%/1) .**)5 A%-&)8)2&  IDJ! Z.

T0+-)  !< -)/-1*)2&) +2 *;$18. ') ,. *&-+;&+-) ') L.2') '3+2) V4WC#R ! Z)* 1,);&-%2*

/$%&%0121-1* '.2* ,. 5%2) '%/1)  9 %+ 5%2) .L*%-L.2&) G[6H9 '(U+*)2& :)-* ,) ;%,,);&)+-9 ,)

;$.8/ 1,);&-(B+) 1&.2& B+.*(C2+, '.2* ;)&&) 5%2)! V2 *)8(;%2'+;&)+- = /,+* 0-.2' 0./ )*&

/,.;1 '+ ;?&1 ') ,3.2%') .T2 ') M%+)- +2) -?,) ') L.--(\-) /%+- ,)* 1,);&-%2* '3%Y ,) 2%8

') ] L.--(\-) ') '(U+*(%2 ^! Z)* 1,);&-%2* .N.2& '(U+*1 M+*B+3)2 *%-&() ') 5%2) .L*%-L.2&)

*%2& )2*+(&) .;;1,1-1* '.2* ,. 5%2) '1/,1&1) *%+* ,3.;&(%2 '+ ;$.8/ 1,);&-(B+) /-1*)2&! Z)

8.&1-(.+ ;%2*&(&+.2& ,. 5%2) ') ;$.8/ *) '%(& '3_&-) &-.2*/.-)2&) = ,. ,%20+)+- '3%2')

'+ A.(*;).+ ,+8(2)+7 (2;(')2&! `2 '18%2&-)-. B+) ,)* &-%+* /$%&%0121-1* '.2* ,. 5%2)

'3.L*%-/&(%2 ;-1)2& +2 ;%+-.2& B+( -1/%2' .+ ;%+-.2& '31,);&-%2*! R) /,+*9 ;)+7C;( 2)

/)+:)2& /121&-)- '.2* ,. 5%2) ') ;$.8/ = ;.+*) ') ,. L.--(\-) /-1*)2&1) /.- ;)&&) 5%2)!

`2 /)+& :%(- B+) ;)&&) *&-+;&+-) )*& *)8L,.L,) = ;),,) '3+2 &-.2*(*&%- L(/%,.(-) = '%+L,)

 

 !""#$ %&'&()*"+ *$, %&'&"+#$&

a"



 !"#$%&' () #*+,+-.+-/0 123.-/0 3+41 52 678712,.+8 -9+8-/0 ,712*/1,:

*7,71+;+8<,.+8 -+8, +8 2412., 04331.=7 597=/,,/41) #21 2825+6./ 2>/< </ <+=3+028,? 52

:+8/ .8,1.80@A4/ +4 B2.C5/=/8, -+37/ -280 52A4/55/ 0+8, 2<<757170 5/0 75/<,1+80 /0, 2400.

233/57/ D <+55/<,/41 E)

 !"# ()F G H,14<,41/ -/ C28-/ -948/ 3*+,+-.+-/ I ,12803+1, 48.3+52.1/ JK% L#MN

O8 3/4, -.0,.864/1 -/4P ,Q3/0 -/ R" 0/5+8 A49.5 Q 2., 48 <*2=3 75/<,1.A4/ +4 30/4-+L

<*2=3 JR" 612-4/55/N +4 8+8 JR" *+=+6@8/N) M280 5/ 0<*7=2 -/ 52 S641/ ()F? 52 R"

1/3170/8,7/ <+=3+1,/ 48 30/4-+L<*2=3 +C,/84 321 48 612-./8, -/ <+=3+0.,.+8 -/ 52 R")

 /,,/ =7,*+-/ 89/0, 3+00.C5/ A4/ 0. 59255.26/ 3170/8,/ 48/ >21.2,.+8 -978/16./ -/ C28-/

.8,/1-.,/ 2>/< 52 <+=3+0.,.+8 /, .8,1+-4., -/0 <+8,12.8,/0 -280 52 0,14<,41/) T/ 0/<+8-/

3+00.C.5.,7 /0, -9.8,1+-4.1/ 48 612-./8, -/ -+326/ -280 </,,/ <+4<*/) $5 Q 2 25+10 B+1=2,.+8

-948 <*2=3 75/<,1.A4/ /8,12U828, 5/0 75/<,1+80 >/10 5/ <+55/<,/41) %+4,/B+.0? <+==/ 8+40

5/ >/11+80 3540 5+.8? .5 89/0, 320 0+4*2.,2C5/ -/ -.=.84/1 -/ =28.@1/ ,1+3 .=3+1,28,/ 5/

-+326/)

 !"#$%& '($)*+,-& T2 173+80/ -Q82=.A4/ -948/ 3*+,+-.+-/ K% ? 3+41 48 =+-@5/

I V -.=/80.+8 1/52,.>/=/8, 0.=35/ WX.6) ()YZ? 2 7,7 <25<457/ 2825Q,.A4/=/8, 321 $0*.C20*.

 ! "# WFZJV[[\N /, X/.6.8+> J(]]\NWYZ /8 <+80.-7128, 5/0 -/4P :+8/0 ^ 52 :+8/ -92C0+13,.+8

/, 52 :+8/ -/ <+55/<,.+8) M280 </ A4. 04.,? 8+40 255+80 2-+3,/1 592331+<*/ -/ X/.6.8+>)

 /,,/ 173+80/ 3/,., 0.6825 /0, +C,/84/ I 321,.1 -948 =+-@5/ -/ -71.>/L-._40.+8) T/

<+4128, ,+,25 321<+4128, 52 -.+-/ Jtot /0, 5/ =`=/ /8 ,+4, 3+.8, -/ 52 -.+-/ /, /0, 7625

I 52 0+==/ -4 <+4128, -/ <+8-4<,.+8 /, -4 <+4128, -/ -7352</=/8,) M/ 3540? 5/ <+4128,

J+4 52 -/80.,7 -/ <+4128,N 3/4, `,1/ -7<+=3+07/ /8 48/ 321,./ <+8,.84/ JIdcN /, 48/ 321,./

-73/8-28,/ -4 ,/=30 JiacN W7A)()(]Z)

i(t) = jtotal(t)S = Sj(z, t) + Sε
∂E(z, t)

∂t

i(t) = Idc + iac(ω)eωt
J()(]N

S? E(z, t) /, ε 1/3170/8,/8, 1/03/<,.>/=/8, 52 041B2</ -/ 52 3*+,+-.+-/ Jcm2N? 5/ <*2=3

75/<,1.A4/ -280 52 3*+,+-.+-/ JV.cm−1
N /, 52 <+80,28,/ -.75/<,1.A4/ -4 0/=.<+8-4<,/41

JF.cm−1
N) " 31.+1.? 52 -.0,1.C4,.+8 -4 <+4128, -4 <+4128, /0, .8*+=+6@8/ -280 52 3*+,+L

\(
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 !"#  !6 7 8)/-1*)2&.&(%2 *9$1:.&(;+) '3+2) /$%&%'(%') <4=

'(%') > '.2* 9)-&.(2)* /%-&(%2* ,) 9%+-.2& ') 9%2'+9&(%2 '%:(2)? '.2* '3.+&-)* 93)*& ,)

9%+-.2& ') '1/,.9):)2&! =)/)2'.2& jtot 1&.2& (2'1/)2'.2& ') z? %2 /)+& 19-(-) >

jtotalW =

∫ W

0

jdz + ε

∫ W

0

∂E

∂t
dz @ ! "A

W = Wa + Wc )*& ,31/.(**)+- &%&.,) ') ,. '(%')! B) 9%+-.2& ') 9%2'+9&(%2 &%&., )*&

9%:/%*1 '3+2 9%+-.2& '31,)9&-%2* )& '3+2 9%+-.2& ') &-%+*!

jtotalW =

∫ Wa

0

(

jn + jp
)

dz +

∫ W

Wa

jndz + ωεV ac(ω) @ !  A

B) 9%+-.2& ') &-%+* '.2* ,) 9%,,)9&)+- )*& 210,(01? ,)* &-%+* *%2& C,%;+1* /.- ,. C.--(D-)

/-1*)2&1) /.- ,) 9%,,)9&)+-! V ac(ω) )*& ,. &)2*(%2 .+E C%-2)* ') ,. /$%&%'(%')!

F.2* ,. GH I%-&):)2& '%/1)  ? ,319,.(-):)2& )*& *+//%*1 I.(C,) '%29 ,) 2%:C-) ') &-%+*

/$%&%0121-1* )*& I.(C,) ')J.2& ,. /%/+,.&(%2 ') &-%+* (**+* '+ '%/.0) @p << p0A? ,) 9%+-.2&

') '(K+*(%2 ') &-%+* )*& &-D* I.(C,) ')J.2& ,) 9%+-.2& ') 9%2'+9&(%2 '%29 '.2* ,. GH >

jp ≈ eµpp0E, *%(& E ≈ jp
eµpp0

p0 ≈ NA ')2*(&1 ') &-%+* :.L%-(&.(-)* (9:−3)

µp :%C(,(&1 ')* &-%+* (9:2.M−1.*−1)

@ ! NA

O2 -):/,.P.2& E /.- ,3)E/-)**(%2 %C&)2+) 9(Q')**+* '.2* ,31;+.&(%2 @ ! RA? %2 . >

i(ω)
S

=
(

jn + jp
)

+ ε
eµpp0

ωjp

= jn + jp(1 + ωτr)
@ ! SA

τr =
ε
σ
)*& ,) &):/* ') -),.E.&(%2 '(1,)9&-(;+) ') ,. GH! T( ,3%2 )E/-(:) ,) 9%+-.2& ')

UN
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,1+40; +8 2 -+8< =

jp =
i(ω)
S
− jn

1 + ωτr
>()(?@

" 52 A4/ -/ 597B42,.+8 >()(?@ /, 0. ωτr << 1; +8 2 jp + jn =
i(ω)
S
) C2 0+DD/ -/0 -/4E

<+4128,0 1/0,/ <+80,28,/ B4/5B4/ 0+., z) C/ <+4128, -/ ,1+40 F 173+8- G .80,28,287D/8,

24 <+4128, -975/<,1+8; </ <+D3+1,/D/8, /0, 0.D.52.1/ H </54. -948 D7,25) C2 -/80.,7 -/

<+4128, -/ <+8-4<,.+8 -/A./8, =

j = jn + jp = jn +
i(ω)
S
− jn

1 + ωτr
=

i(ω)
S
+ ωτrjn

1 + ωτr
>()(I@

'8 .8J/<,28, 59/E31/00.+8 -/ j -280 597B42,.+8 >()((@; </55/K<. -/A./8, =

jtotalW =

∫ Wa

0

i(ω)
S
+ ωτrjn

1 + ωτr
dz +

∫ W

Wa

jndz + ωεV ac(ω) >()(L@

M. 59+8 0433+0/ B4/ 52 3*+,+-.+-/ /0, 1/N/1D7/ 041 48/ .D37-28</ 17/55/ <+DD/ 48/

28,/88/ 321 /E/D35/; +8 3/4, 7<1.1/ =

V ac(ω) = −Ri(ω) >()(O@

P8 3/4, 25+10 7<1.1/ =

jtotalW =
i(ω)

S
W =

∫ Wa

0

i(ω)

S

1

1 + ωτr
dz +

∫ Wa

0

jn
ωτr

1 + ωτr
dz +

∫ W

Wa

jndz − ωεRi(ω)

>()(Q@

P8 .0+5/

i(ω)
S
=

i(ω)

S

[

W + ωSεR− Wa

1 + ωτr

]

=
ωτr

1 + ωτr

∫ Wa

0

jndz +

∫ W

Wa

jndz >()RS@

34.0 +8 -.A.0/ 321 Wc =

i(ω)

S

[

Wa +Wc

Wc

+ ωCcR−
Wa

Wc

(

1

1 + ωτr

)

]

=

(

ωτr
1 + ωτr

)

1

Wc

∫ Wa

0

jndz +
1

Wc

∫ W

Wa

jndz

i(ω)

S

[

1 +
Wa

Wc

(

ωτr
1 + ωτr

)

+ ωRCc

]

=

(

ωτr
1 + ωτr

)

1

Wc

∫ Wa

0

jndz +
1

Wc

∫ W

Wa

jndz

>()RT@

2A/< Cc =
S
Wc

ε; 52 <232<.,7 -/ 52 -.+-/ H U200/ N17B4/8</ >/8 V@) W/ 3540; τr 3/4, 09/E31.D/1

0+40 52 N+1D/ -948 31+-4., RC =

τr =
ε

σ
=

ε

ep0µp
=

( Wa

Seµpp0

)( εS

Wa

)

= RaCa >()R(@

LX



 !"! #$%&%'(%')* +,&-.-./(')* /%+- ,. 0121-.&(%2 '3%2')* 41-.$)-&5

62 -)7/,.8.2& τr /.- RaCa9 ,31:+.&(%2 ; !<"= ')>()2& ?

i(ω)

[

1 +
Wa

Wc

(

ωRaCa

1 + ωRaCa

)

+ ωRCc

]

=
Wa

Wc

(

ωRaCa

1 + ωRaCa

)

ia(ω) + ic(ω)

%@ ia(ω) =
S

Wa

∫ Wa

0

jndz )& ic(ω) =
S

Wc

∫ W

Wa

jndz

; !<<=

A)&&) 1:+.&(%2 /)+& *) 7)&&-) *%+* ,. B%-7) '3+2 C(-C+(& 1:+(>.,)2& DE0! !FG! 62 /-.&(:+)9

 !"#  !F H IC$17. 1:+(>.,)2& JA /)&(& *(02., ') ,. /$%&%'(%') C%+/,1) K +2) .2&)22)

,. LJ *)-. /,+* E2) :+) ,) C%,,)C&)+- ;

Wa

Wc
≤ 1= )& *( ωτr << 19 .,%-* ,31:+.&(%2 ; !<"= *)-.

-1'+(&) K ?

i(ω)
[

1 + ωRCc

]

=
Wa

Wc

(

ωτr
1 + ωτr

)

ia(ω) + ic(ω) ; !<M=

N.2* ,) C.* '3In0,53Ga0,47As ;εr = 13, 9= '%/1 p = 1018 C7

−3
;µp = 120 C7

2
!O

−1
!*

−1

DE0! !PG=9 %2 %Q&()2& +2 &)7/* ') -),.R.&(%2 '(1,)C&-(:+) ') FM B* *%(& +2) B-1:+)2C) '3)2S

>(-%2  9T 4U5! V, *)-. '17%2&-1 ./-W* :+) ia )*& '+ 7X7) %-'-) ') 0-.2')+- :+) ic9 ,)

C%+-.2& /)+& '%2C9 '.2* C) C.*9 X&-) .//-%R(71 /.- ?

i(ω) ≈ ic
1 + ωRCc

; !<T=

Y2 /)+& -)7.-:+)- :+) C),. -)>()2& K C%+-&SC(-C+(&)- ,. 0121-.&)+- ia ') ,. E0+-)  !F

;Ra = 0=9 C) :+( )*& C%$1-)2& .>)C +2 '%/.0) 1,)>1!

 !"#$%& '%()*&+ ,$# -$ .!%) $/0!#/$%&) 1$%0 -) *!--)*&)"# $2)* -) 3!14-)

1) 1+#'2)51'6"0'!% JE2 ') '1&)-7(2)- ,) C%+-.2& (2Z)C&19 %2 /.-& ') ,31:+.&(%2 ')

PT



 !"#$%&' () #*+,+-.+-/0 123.-/0 3+41 52 678712,.+8 -9+8-/0 ,712*/1,:

 !"# (); < =+>.5.,7 -/ ,1+40 /8 ?+8@,.+8 -4 -+326/ 24 >71A55.4B C ,/B3712,41/ 2B>.28,/

DEF

@+8,.84.,7 3+41 5/0 75/@,1+80 1233/57/ .@. G

∂n

∂t
= G− n

τ
+
1

e

∂jn
∂z

H()IEJ

K2 -/80.,7 -/ @+4128, 0/ -7@+B3+0/ /8 @+4128, -/ -71.L/ /, @+4128, -/ -.M40.+8 G

jn = neµeE + eDe

∂n

∂z
H()I;J

N280 5/ @20 +O 52 P" 3170/8,/ 48/ @+B3+0.,.+8 612-4/55/ 5.872.1/Q +8 3/4, B+-75.0/1 5/

30/4-+R@*2B3 321 48 @*2B3 75/@,1.S4/ 48.?+1B/ 7S4.L25/8, G

E0 =
∆Ec

eWa

=
∆V

Wa

'8 .8T/@,28, 5/0 /U31/00.+80 -/ 52 -/80.,7 -/ @+4128, -280 597S42,.+8 -/ @+8,.84.,7Q @/55/R@.

-/L./8, G

∂n

∂t
= G− n

τ
+

∂

∂z

[

nµe(E + E0) +De

∂n

∂z

]

H()IVJ

n : -/80.,7 -975/@,1+80 3*+,+6787170 B.8+1.,2.1/0 (@B−3)

G : ,24U -/ 678712,.+8 -/0 32.1/0 75/@,1+8W,1+4 (@B−3.0−1)

τ : ,/B30 -/ L./ -/0 75/@,1+80 (0)

E0 : 30/4-+R@*2B3 75/@,1.S4/ 26.0028, 48.S4/B/8, 041 5/0 75/@,1+80 (X)@B−1)

E : @*2B3 75/@,1.S4/ .8-4., 321 5/0 3+1,/410 3*+,+6787170 (X)@B−1)

µe : B+>.5.,7 -/0 75/@,1+80 (@B2.X−1.0−1)

De : @+/Y@./8, -/ -.M40.+8 -/0 75/@,1+80 (@B2.0−1)

N280 5/ @20 6787125Q 5/ @*2B3 75/@,1.S4/ E /0, 1/5.7 24U -/80.,7 -/ 3+1,/410 H /, !J

321 597S42,.+8 -/ #+.00+8) $5 ?24, -+8@ 2400. 170+4-1/ 597S42,.+8 -/ @+8,.84.,7 3+41 5/0

;E
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&-%+*6 7) 8+( 7%9/,):(;) ,) /-%<,=9)! 4%+&)>%(*6 2%+* 7%2*('1-%2* (7( 8+) ,317,.(-)9)2&

-)*&) >.(<,) )& '%27 8+) E ≈ 0! ?) /,+*6 /%+- *(9/,(;)-6 %2 7%2*('=-) 8+) ,. @A )*&

+2(>%-919)2& 17,.(-1) )& 8+) B )*& (2'1/)2'.2& ') z! C318+.&(%2 /)-9)&&.2& ') &-%+D)-

,) -10(9) *&.&(%22.(-) )*& E

De

∂2n

∂z2
+ µeE0

∂n

∂z
− n

τ
+G = 0 F !GHI

J2) -1*%,+&(%2 2+91-(8+) ') 7)&&) 18+.&(%2 . 1&1 >.(&) /.- K*$(<.*$(  ! "# )& +2) >%-9+,)

.2.,L&(8+) )*& '%221) /%+- ,) 7.* E0 = 0 MNO! 4%+&)>%(*6 P)(0(2%D . '1&)-9(21 +2) >%-9+,)

.2.,L&(8+) '.2* ,) 7.* %Q E0 $= 0 )& τ → ∞ MRO! C) &)9/* ') D() ')* 1,)7&-%2* '.2*

In0,53Ga0,47As '%/1) .+ <1-L,,(+9 S p = 1018 79−3
)*& ') ,3%-'-) ') "TT /* )& *+/1-()+-

S "TT /* '.2* GaAs0,51Sb0,49 '%/1 .+ 7.-<%2) S p = 1018 79

−3
MUO6MVO! C)* 1,)7&-%2*

/$%&%0121-1* *%2& *+//%*1* W&-) 1D.7+1* ') ,. @A )2 +2 &)9/* *+X*.99)2& 7%+-& /.-

-.//%-& S ,)+- &)9/* ') D()! Y%+* .,,%2* '.2* +2 /-)9()- &)9/* 2%+* (2&1-)**)- .+ 7.* ,)

/,+* *(9/,) E E0 = 0 F/.* ') 0-.'()2&I )& +2 &)9/* ') D() &-=* ,%20 ')D.2& ,) &)9/* ')

'(Z+*(%2 '.2* ,. @A Fτ →∞I! C318+.&(%2 F !GHI )*& -1'+(&) S E

De

∂2n

∂z2
+G = 0 F !NTI

C. *%,+&(%2 ') 7)&&) 18+.&(%2 '(Z1-)2&(),,) )*& ') ,. >%-9) E

n(z) = − G

2De

z2 +K1z +K0

C)* 7%2*&.2&)* K1 )& K0 *%2& '1&)-9(21)* S ,3.(') ')* 7%2'(&(%2* .+: ,(9(&)*!

[+//+*%2* &%+& '3.<%-' ,)* 7%2'(&(%2* *+(D.2&)* E

jn(0) = 0 C. <.--(=-) ') '(Z+*(%2 <,%8+) ,)* 1,)7&-%2*

n(Wa) = 0 \:/+,*(%2 (2*&.2&.21) ')* 1,)7&-%2* D)-* ,) 7%,,)7&)+-

]2 %<&()2& .,%-* K1 = 0 )& K0 =
G
2De

W 2
a )& ,. ')2*(&1 '31,)7&-%2* . +2 /-%;, /.-.<%,(8+) E

n(z) =
G

2De

(

W 2
a − z2

)

F !N"I

)& ,. ')2*(&1 ') 7%+-.2& 1,)7&-%2(8+) )2 Wa *317-(& E

jn(Wa) = eDe

∂n

∂z

∣

∣

∣

z=Wa

= −eGWa F !N I

^)/)2'.2&6 *+//%*)- 8+) ,)* 1,)7&-%2* *%2& (2*&.2&.219)2& ):/+,*1* D)-* ,) 7%,,)7&)+-

*%+*_)*&(9) ,. ')2*(&1 '31,)7&-%2 )& 7%2'+(& S +2) -1/%2*) /,+* -./(')! K*$(<.*$(  ! "# %2&

*+//%*1 8+) ,) 7%+-.2& ') '(Z+*(%2 ')* 1,)7&-%2* )*& ,(9(&1 /.- +2 /-%7)**+* '319(**(%2

&$)-9%(%2(8+) MNO6 7) 8+( . 1&1 7%2;-91 ):/1-(9)2&.,)9)2& )2  TTT /.- [$(9(5+  ! "# MHO!

UU
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 !"#!$ %& '(")!*!(" +" z = Wa )+,!+"* -

jn(Wa) = −en(Wa)vth #(!*
∂n

∂z

∣

∣

∣

z=Wa

= −n(Wa)vth
De

(. vth =
√

kT
2πm∗

+#* %& ,!*+##+ )/01!##!(" *2+31(!("!45+6 7+**+ '(")!*!(" '(")5!* 8 K0 =

G
[

W 2
a

2De
+ Wa

vth

]

+* 8 5"+ )+"#!*0 0%+'*3("!45+ )+ 93(:% 9&3&;(%!45+ 1&!# "+ #/&""5%&"* 9&#

+" Wa = 0 -

n(z) = G
(W 2

a − z2)

2De

+
Wa

vth
<=6>?@

A& )+"#!*0 )+ '(53&"* 0%+'*3("!45+ +" z = Wa 3+#*+ %& 1B1+6 7+**+ #(%5*!(" +#* ,&%&;%+

)&"# %+ '&# (. %/0'%&!3+1+"* +#* '("*!"5 +* %+ '(53&"* +#* )("' #*&*!(""&!3+6 A(3#45+ %/0'%&!C

3+1+"* +#* ,&3!&;%+ )&"# %+ *+19#$ !% D&5* 30#(5)3+ %/045&*!(" -

De

∂2n

∂z2
+G(t) =

∂n

∂t
<=6>>@

E#2!;&#2!  ! "# %/("* 30#(%5 )&"# %+ '&# )/5"+ 9+*!*+ 9+3*53;&*!(" #!"5#(F)&%+6 G" 3+93+"&"*

%+53 #(%5*!(" &,+' τ →∞$ (" *3(5,+ -

n(z, ω) ≈ Geωt

[

W 2
a − z2

2De

+
Wa

vth

]

1

1 + ω
(

W 2
a

2De
+ Wa

vth

)

+* jn(Wa) ≈ eDe

∂n

∂z

∣

∣

∣

z=Wa

= −eGWae
ωt 1

1 + ωτa

<=6>H@

(. τa =
W 2

a

2De
+ Wa

vth
+#* %& '("#*&"*+ )+ *+19# )+ )!I5#!(" 8 *3&,+3# %& J("+ &;#(3;&"*+6

K" '("#*&*+ 45+ %+ '(53&"* !"L+'*0 )&"# %+ '(%%+'*+53 '(33+#9(") +" 1()5%+ 8 %& ,&%+53

*3(5,0+ 9(53 %+ '&# #*&*!(""&!3+ 9(53 ωτa << 16 M(53 %+# D3045+"'+# 9%5# 0%+,0+#$ %+ '(53&"*

!"L+'*0 )!1!"5+ '(11+ 5" :%*3+ 9&##+C;&# )5 93+1!+3 (3)3+6 A& D3045+"'+ )+ '(5953+ +#*

)(""0+ 9&3 -

fc,a =
1

2πτa
<=6>N@

 *!*3+ )/+O+19%+$ 9(53 5"+ 09&!##+53 )+ P )+ QRRR S$ 5" )(9&T+ )+ *U9+ $ V QR

18
'1

−3
$

De = 125 '1
2
6#

−1
+* vth = 2, 5.10

7
'16#

−1
$ (" *3(5,+ τa V WRR D# <fc,a V =RR XYJ@6 M(53

%+# 09&!##+53# !19(3*&"*+# <Wa > 0, 1 µ1@ %& D3045+"'+ )+ '(5953+ ,&3!+ +" 1
W 2

a
*&")!#

45+ 9(53 %+# 09&!##+53# 9%5# D&!;%+#$ +%%+ ,&3!+ +"

1
Wa
6 E% D&5* *(5*+D(!# 3+1&345+3 45+ '+#

D(315%+# ("* 0*0 (;*+"5+# )&"# 5" '&# 9+*!* #!T"&%$ +" 93&*!45+ 9(53 %& T0"03&*!(" )+ ZYJ$

%& %51![3+ #+3& *(5L(53# 1()5%0+ 8 QRR \6 ]+ 9%5#$ %& '("#*&"*+ )+ *+19# )+ )!I5#!("

)0*+31!"0+ +O903!1+"*&%+1+"* 9&3 E#2!;&#2!  ! "# ^QR_ +#* 9%5*`* )+ %& D(31+ -

τa =
W 2

a

3De

+
Wa

vth

a+!T!"(, & 30#(%5 %/045&*!(" 930'0)+"*+ )&"# %+ '&# (. E0 #= 0 <930#+"'+ )/5" T3&)!+"*

)&"# %& P @6 A& D(315%+ T0"03&%+ )(""&"* %+ '(53&"* !"L+'*0 +#* &##+J '(19%+O+6 Z(5*+D(!#

bW



 !"! #$%&%'(%')* +,&-.-./(')* /%+- ,. 0121-.&(%2 '3%2')* 41-.$)-&5

/%+- µeE0 > vth 67) 8+( 7%--)*/%2'-. 9 2%&-) 7.* ):/1-(;)2&.,<= %2 /)+& .//-%:(;)- ,)

-1*+,&.& %>&)2+ /.- ?

jn(Wa) ≈ −eGWa

1

1 + ωτa
eωt

.@)7 τa =
Wa

µeE0
=

W 2
a

µe∆V
6 !AB<

C. D-18+)27) ') 7%+/+-) )*& ') ,. ;E;) D%-;) 8+) 7),,) '%221) /-171');;)2& 6)8! !AF<!

#%+- +2) 1/.(**)+- ') GH ') "III J= +2) ;%>(,(&1 ') KIII 7;

2
!L

−1
!*

−1
)& +2 /*)+'%M

7$.;/ ∆V ') "II ;L= τa N  II D* *%(& fc,a N OII PQ5! R2 7%;/.-.2& 7)&&) D-18+)27) ')

7%+/+-) 9 7),,) %>&)2+) .@)7 +2) GH $%;%0S2)= %2 @%(& 8+) ,) 0-.'()2& )*& &-S* )T7.7)

/%+- .+0;)2&)- ,. D-18+)27) ') 7%+/+-) ') ,. 5%2) .>*%->.2&)!

 !"#$" %& #'$(!)* &+*&()& C) 7%+-.2& ):&)-2) )*& '%221 /.- ,318+.&(%2 6 !UK< ?

i(ω)
ic

1 + ωτc
=

S

Wc

(

1

1 + ωτc

)
∫ Wa+Wc

Wa

jn(z, t)dz, .@)7 τc = RCc 6 !AO<

C. ')2*(&1 ') 7%+-.2& '31,)7&-%2* )2 z = Wa 9 ,3(2*&.2& t *317-(& ?

jn(Wa, t) = jn,ae
ωt

#%+- z > Wa= ,. ')2*(&1 ') 7%+-.2& jn /)+& *317-(-) ?

jn(z, t) = jn,ae
ω(t−∆t)

%V ∆t )*& ,) &);/* ') &-.2*(& ')Wa W+*8+) z! H,%-* ,318+.&(%2 '+ 7%+-.2& ):&)-2) ')@()2& ?
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?28-/ 3+41 5/0 G% H#ID 5/0 3*+,+-.+-/0  !"!#D /, 5/0 3*+,+>+8-4>,/410 /8 J2"0HK% L((M

NO



 ! ! "#$%&#%$' ()*#+,*+-' .' )/0#0.*0.' 1 #$+23)0$# %2*)0-+*$'

 ! "#$%&#%$' ()*#+,*+-' .' )/0#0.*0.' 1 #$+23)0$# %2*4

)0-+*$'

4055' 20%3 6'2023 .' -' 60*$7 %2' )/0#0.*0.' 894 '3# &05)03(' .:%2 ; '5)*-'<

5'2# = .' .*>($'2#3 3'5*&02.%&#'%$3! 4'# '5)*-'5'2# '3# $(+-*3( )+$ ()*#+,*' .' 3'5*&02<

.%&#'%$3! 4'##' #'&/2*?%' &023*3#' 1 @+*$' &$0A#$' .'3 &0%&/'3 5*2&'3 .' 5+#($*+% &$*3#+-<

-*2 B&055' %2 3'5*&02.%&#'%$C 1 )+$#*$ .:%2 3%D3#$+# 5020&$*3#+--*2! E:FGHI )033(.+2#

.'%, DJ#*3 .:()*#+,*' )+$ K'#3 50-(&%-+*$'3 .' &05)03(3 FFF<L7 -' )$'5*'$ 1 30%$&' M+N'%3'3

'# -' .'%,*O5' 1 30%$&'3 30-*.'37 -'3 .*>($'2#'3 3#$%&#%$'3 .' )/0#0.*0.'3 894 $(+-*3('3

.%$+2# &'##' #/O3' -:02# (#( )+$ &'##' #'&/2*?%' .' &$0*33+2&'!

 ! !" #$%&'()*'+ &), -+(. /01%231)',+. 4+ .+/'205432(+3, 66678

E:()*#+,*' )+$ K'#3 50-(&%-+*$'3 BGPH

 

C '3# %2' #'&/2*?%' .' &$0*33+2&' .' &0%&/'3

5*2&'3 )+$ ',)03*#*02 .:%2 3%D3#$+# 5020&$*3#+--*2 1 .'3 Q%, +#05*?%'3 0% 50-(&%-+*$'3!

E:'2&'*2#' '3# 5+*2#'2%' 30%3 6*.' '# -' 3%D3#$+# '3# )0$#( 1 %2' #'5)($+#%$' +.(?%+#'

)+$ %2 @0%$! E:GPH '3# &+$+&#($*3(' )+$ %2 6*#'33' .' &$0*33+2&' -'2#' B.' -:0$.$' .:%2'

5020&0%&/' )+$ 3'&02.' 30*# Rµ5S/'%$'C 5+*3 )'$5'# +%33* %2 #$O3 D02 &02#$T-' .'

-:()+*33'%$7 .% .0)+M' '# .' -+ &05)03*#*02 .% 5+#($*+% &$0*33+2# '# 3%$#0%# %2' #$O3

D022' ?%+-*#( .' -:*2#'$@+&' '2#$' .'%, 5+#($*+%,!

E'3 30%$&'3 .:(-(5'2#3 FFF B+-%5*2*%57 M+--*%57 *2.*%5C 302# .'3 &'--%-'3 .:'>%3*02 0U

-'3 (-(5'2#3 302# @02.%3 )%*3 (6+)0$(3 '2 Q%, +#05*?%'! E' Q%, '3# &02#$T-( )+$ %2'

$(M%-+#*02 .' -+ #'5)($+#%$' .% &$'%3'# '# )'%# V#$' *2#'$$05)% )+$ %2 &+&/' 5(&+2*?%'

)-+&( .'6+2# -+ &'--%-'! G2 &' ?%* &02&'$2' -'3 (-(5'2#3 L7 02 .*3#*2M%' .'%, #W)'3 .'

30%$&'3 X -:GPH 1 30%$&'3 30-*.'3 B""HYGC '# -:GPH 1 30%$&'3 M+N'%3'3! Z*3#0$*?%'5'2#7

-'3 )$'5*O$'3 30%$&'3 .:(-(5'2#3 L (#+*'2# 3*5*-+*$'3 1 &'--'3 .:(-(5'2#3 FFF! "* -:(-+D0$+#*02

.' 30%$&'3 30-*.'3 )0%$ -:+$3'2*& 2:+ )+3 )03( .' )$0D-O5' 5+K'%$7 &' 2:'3# )+3 -' &+3 .%

)/03)/0$'! E' )$*2&*)+- *2&026(2*'2# .% )/03)/0$' '3# -:',*3#'2&' .' .*>($'2#'3 @0$5'3

BD-+2&7 20*$' '# $0%M'C &' ?%* )03' .'3 )$0D-O5'3 .:*2&0$)0$+#*02 .' -:+#05' [ '# %2

()%*3'5'2# $+)*.' .' -+ 30%$&' \ ]^! F- @+%# #0%#'@0*3 20#'$ ?%' .')%*3 -+ 50*#*( .'3 +22('3

R__` .'3 30%$&'3 30-*.'3 .' )/03)/0$' 02# (#( M$+2.'5'2# +5(-*0$('3! 82' +-#'$2+#*6'

1 &' )$0D-O5' + (#( #$0%6(' '2 $'5)-+a+2# -'3 &'--%-'3 .:(-(5'2#3 L )+$ .'3 *2K'&#'%$3

?%* +5O2'2# .+23 -:'2&'*2#' %2 M+N ?%* &02#*'2# -:(-(5'2# .(3*$( *&* -:+$3*2' BAsH3C '#

-+ )/03)/*2' BPH3C X -+ b"HYG! 4'3 50-(&%-'3 .' M+N 302# .(&05)03('3 '2 50-(&%-'3

.:+$3'2*& BAs27 As4C 0% .' )/03)/0$' BP27 P4C '# '2 /W.$0MO2' BH2C! F- @+%# 20#'$ ?%' -:02

*2#$0.%*# '2 )-%3 .' -:(-(5'2# L .' -:/W.$0MO2' ?%* 2' 3'5D-' )+3 MV2'$ -+ &$0*33+2&'!

c')%*3 -' .(D%# .'3 +22('3  ```7 .'3 30%$&'3 30-*.'3 .:+2#*50*2' B"DC 302# +%33* .'6'2%'3

.*3)02*D-'3! E:FGHI + $(&'55'2# B ``dC @+*# -:+&?%*3*#*02 .:%2' #'--' 30%$&'!

 

 ! "!#$"%& '() * '+$ ,-$". ( "/ )0%1"23

ef



 !"#$%&' () #*+,+-.+-/0 123.-/0 3+41 52 678712,.+8 -9+8-/0 ,712*/1,:

 ! ! "#$#%&'$%()$(%*' +* ,-&$&+.&+* / $%01',&%$ (1.,&20.%*

31405'6317 / 8&1* +90:'&%,$.&1 -&;&<=1*

 +;;/ -., 317<7-/;;/8,= 52 0,14<,41/ -/ 3*+,+-.+-/ >% 1/3+0/ 041 5/ 31.8<.3/ -/ 52

073212,.+8 -/ 52 :+8/ -92?0+13,.+8 /, -/ 52 :+8/ -/ <*2;3 -280 52@4/55/ 5/0 3*+,+3+1,/410

0+8, <+55/<,70) A/ ;2,71.24 <+80,.,428, 52 :+8/ -92?0+13,.+8 -+., -+8< 2B+.1 48/ 78/16./

-/ ?28-/ .8,/1-.,/ .8C71./41/ +4 7625/ D 0, 8 eV 3+41 48 C+8<,.+88/;/8, 24E 5+864/410

-9+8-/ ,757<+;) "4 <+8,12.1/= 5/ <+55/<,/41 -+., 2B+.1 48 623 04371./41 D 0, 8 eV 2F8

@4924<48/ 2?0+13,.+8 89G 2., 5./4) A+10 -4 -7?4, -/ 597,4-/ 041 5/0 3*+,+-.+-/0 >% =

59$'HI 8/ -.03+02., 320 -948/ 0+41</ -928,.;+.8/= 8+40 8+40 0+;;/0 ,+41870 B/10 5/

0G0,J;/ -/ ;2,71.24E ,1J0 4,.5.070 -280 5/ -+;2.8/ -/0 ,757<+;;48.<2,.+80 +3,.@4/0 K

5/ 0G0,J;/ In0,53Ga0,47As/InP) A2 :+8/ 2?0+1?28,/ /0, <+80,.,47/ -9$8L2"0 /8 2<<+1- -/

;2.55/ 041 $8# /, 5/ <+55/<,/41 /0, /8 $8# MF6)()NOP) Q/ 3540= 5/ 0G0,J;/ InGaAs/InP 3/1;/,

-/ ?787F<./1 -/ 52 ?+88/ ;+?.5.,7 -/0 75/<,1+80 -280 59InGaAs R5000 cm2.V−1.s−1 2.80.

@4/ 52 B.,/00/ -/ 02,412,.+8 -/0 75/<,1+80 75/B7/ -280 59$8# Rvsat ≈ 2.107cm.s−1S) A9$8#

/0, 2400. <+884 3+41 2B+.1 48 C+1, <*2;3 -/ <52@426/ </ @4. 3/1;/, -92335.@4/1 -/ C+1,/0

,/80.+80 -/ 3+521.02,.+8 ?./8 @4/ -280 8+,1/ <20 .5 8/ 0926.00/ 320 -/ 02 31+31.7,7 52 3540

.8,71/0028,/)

 !"# ()NO T '8/16./ -/ ?28-/ .8,/1-.,/ /8 C+8<,.+8 -4 3212;J,1/ -/ ;2.55/

A/0 31/;.J1/0 73.,2E./0 +8, 7,7 1725.07/0 041 04?0,12, -/ 3*+03*41/ -9.8-.4; R$8#S -/

,G3/  !  !" #$ %&'()&!$* ) +$,-".)./&$ #$ 0 1*&, +&." $+ #$ 23*&!$* * (&#$'$"+ )$ 1."

0.",+&.""$'$"+ #$ ,$))$%4,& 5+ 1676896 :.;%  2."% $"%;&+$ *$(*&% #$% %+*;,+;*$% %&'&) &*$%

' &% ,$))$%4,& 3+ &$"+ 3(&+ <&3$% %;* #$% %;1%+* +% ="> %$'&4&%.) "+% ?;$ ".;%  ))."% @

(*3%$"+ #3+ &))$*6 A$ + 1)$ ; 57679 (*3%$"+$ )$% %+*;,+;*$% #$% (*$'&B*$% (-.+.#&.#$% CDE

%;* %;1%+* + %$'&4&%.) "+ *3 )&%3$% @ )F=GH:6 A ,*.&%% ",$ #$ ,$% %+*;,+;*$%  3+3 0 &+$

( * 3(&+ <&$ ( * I$+% '.)3,;) &*$% @ %.;*,$% / J$;%$%6

 !"# $%&'(!)*+,!" E$++$ ,.;,-$ $%+ ,$*+ &"$'$"+ ;"$ #$% ();% &'(.*+ "+$% ,.;,-$%

#$ ) %+*;,+;*$% CDE6 G" $K$+L %." 3( &%%$;* #3+$*'&"$ $" /* "#$ ( *+&$ ) * (&#&+3 #;

,.'(.% "+ ' &%  ;%%& %." ,.$M,&$"+ #$ *3(."%$6 N&"%&L &) 0 ;+ #3!"&* ;" ,.'(*.'&% %;*

OO



 ! ! "#$%&#%$' ()*#+,*+-' .' )/0#0.*0.' 1 #$+23)0$# %2*)0-+*$'

 !"#$% &'()*+'" ,-'+..%"* /!-'0%  !11%2('+*%.

345 3cm−3
5

6"7.(*'( 829 :  ! :

;'1-!2 829 ≈ <=>  = 2.1019 36+5 :

?**@( A% 0*'B"*% In0,53Ga0,47As CDD  = 2.1019 36+5 :

6!".E#!FF%#(%"* 829 >DD  = 2.1019 36+5 :

 !FF%#(%"* 829 C>DD 2+A :

9F'2 A% A!-'0% 829 =D  = 1.1018 36+5 :

GDH<DDI In0,53Ga0,47As CDD 2+A :

GDH<DDC In0,85Ga0,15As0,30P0,70 CDD 2+A Eg = 1, 15 eV

J!2% AK'7.!*-(+!2 In0,53Ga0,47As <DDD " = 1.1018 3L%5 :

L'**+M*% A% A+N".+!2 Al0,05Ga0,44In0,51As CDD " = 5.1019 3L%5 Eg = 0, 825eV
∆ a/a = 0, 2%

 !2('#( '2!A% In0,53Ga0,47As >DD " = 8.1019 3L%5 :

 !"#  !4 5 "#$%&#%$'3 ()*#+,*+-'3 .' )/0#0.*0.'3 678 3%$ 3%93#$+#  ! :;<=4<<> ? +@'&

'3)+&'%$ '2 A2;+B3C ;<=4<< ? '3)+&'%$ '2 A2;+B3DE

 !"#$% &'()*+'" ,-'+..%"* /!-'0%  !11%2('+*%.

345 3cm−3
5

6"7.(*'( 829 : 6%1+E8.!F'2( :

;'1-!2 829 ≈ <=> 2+A :

?**@( A% 0*'B"*% In0,53Ga0,47As CDD 2+A :

6!".E#!FF%#(%"* 3C5 829 IDDD  = 3.1019 36+5 :

 !2('#( #'($!A% In0,53Ga0,47As ODD  = 1.1019 36+5 :

6!".E#!FF%#(%"* 3<5 829 >DD  = 2.1019 36+5 :

 !FF%#(%"* 829 C>DD 2+A :

9F'2 A% A!-'0% 829 =D  = 1.1018 36+5 :

GD>DIDP In0,53Ga0,47As CDD 2+A :

GD>DIDQ In0,85Ga0,15As0,30P0,70 CDD 2+A Eg = 1, 15 eV

J!2% AK'7.!*-(+!2 In0,53Ga0,47As <DDD " = 1.1018 3L%5 :

L'**+M*% A% A+N".+!2 Al0,05Ga0,44In0,51As CDD " = 5.1019 3L%5 Eg = 0, 825eV
∆ a/a = 0, 2%

 !2('#( '2!A% In0,53Ga0,47As >DD " = 8.1019 3L%5 :

 !"#  ! 5 "#$%&#%$' ()*#+,*+-'3 .' )/0#0.*0.' 678 :;<F<><G ? +@'& '3)+&'%$ '2 A2;+B3C

;<F<><H ? '3)+&'%$ '2 A2;+B3DE

HG



 !"#$%&' () #*+,+-.+-/0 123.-/0 3+41 52 678712,.+8 -9+8-/0 ,712*/1,:

59732.00/41 -/ ;/,,/ ;+4;*/) </ =>=/? 48 -+326/ .=3+1,28, 3/1=/, -/ -.=.84/1 5/ ,/=30

-/ 1/52@2,.+8 -.75/;,1.A4/ 24 -7,1.=/8, -4 ;+/B;./8, -92C0+13,.+8 /, -4 ;+/B;./8, -/

-.D40.+8 -/0 7/5;,1+80) E/ -+326/ 2 7,7 F@7 G p = Na = 1018 cm−3
H) ".80.? 5/ ,/=30 -/

1/52@2,.+8 -.75/;,1.A4/ 1/0,/ I2.C5/ JKL I0H ,+4, /8 ;+80/1M28, 48 ;+/B;./8, -92C0+13,.+8

;+11/;, N α ≈ 6, 6.103 cm−1
) O+40 2M+80 -7;.-7 -/ F@/1 59732.00/41 -/ 52 C20/ G PLLL

Q 2F8 -/ ;+80/1M/1 48/ 2C0+13,.+8 04B028,/ ,+4, /8 3170/8,28, 48 ,/=30 -/ ,1280.,

04CR3.;+0/;+8-/ Jτa ≈ 0, 8 psH

 !""#$"% &% &#'()#*+ E2 C211.S1/ -/ -.D40.+8 352;7/ -4 ;T,7 -/ 52 176.+8  -/ 52 :+8/

-92C0+13,.+8 2 3+41 C4, -9/=3>;*/1 5/0 75/;,1+80 3*+,+6787170 -/ -.D40/1 M/10 5/ ;+8,2;,

-/ ,U3/  )  /,,/ C211.S1/ 20041/ A4948 =2@.=4= -975/;,1+80 321,.;.3/12 24 3*+,+;+4128,)

$5 I24, 8+,/1 A4/ ;/,,/ C211.S1/ -+., >,1/ ,1280321/8,/ G 48 V4@ -/ 3*+,+80 -/ 5+864/41

-9+8-/ P?WW µ=? -+8; Eg > 0, 8 eV) </ 3540? 0+8 3212=S,1/ -/ =2.55/ -+., >,1/ 5/ 3540

31+;*/ 3+00.C5/ -/ ;/54. -/ 59$8#) "F8 A4/ ;/,,/ C211.S1/ 0+., 52 3540 /B;2;/ 3+00.C5/? 5/

=2,71.24 ;*+.0. -+., 3170/8,/1 48/ -.0;+8,.84.,7 /8 C28-/ -/ ;+8-4;,.+8 J∆EcH 04B02=R

=/8, .=3+1,28,/ =2.0 2400. 48/ -.0;+8,.84.,7 /8 C28-/ -/ M25/8;/ J∆EvH 52 3540 I2.C5/

3+00.C5/) <280 5/0 0,14;,41/0 1/3+1,7/0 321 O%%? ;/,,/ ;+4;*/ /0, /8 A42,/182.1/ InGaAsP

/, 2 48/ 732.00/41 -/ (LL Q 3+41 7M.,/1 5/ 320026/ 321 /D/, ,488/5 -/0 75/;,1+80 G ,12M/10

52 C211.S1/ XPPY) E9254=.8.4= 7,28, -.03+8.C5/ 041 5/ CZ,.? 8+40 2M+80 ;*+.0. 48 A42,/182.1/

Al0,05Ga0,44In0,51As A4. 3170/8,/ 48 ∆ Ec -/ WL =/[ /, 48 ∆ Ev -/ \L =/[ 2M/; $8]2"0

J0+8 623 /0, -/ L?^(W /[H)  /,,/ C211.S1/ /0, I+1,/=/8, -+37/ -/ ,U3/  Jp = 5.1019cm−3
H)

,*(-.% #+/%"01&#!#"% %+/"% 2*+% !3)*"3!+/% %/ -*44%-/%(" 56)7!-%("8 E+10A4/

-/4@ 0/=.;+8-4;,/410 0+8, -+370 -.D71/==/8,? 5/0 /03S;/0 4,.5.07/0 ;+==/ -+328, 3/4M/8,

-.D40/1 -/ 52 ;+4;*/ 52 3540 -+37/ M/10 52 =+.80 -+37/) O+40 2M+80 4,.5.07 5/ _71U55.4=

;+==/ -+328, -/ ,U3/  -280 8+0 *7,71+0,14;,41/0 A4. /0, 48 -+328, ;+884 3+41 02 I+1,/

31+3/80.+8 G -.D40/1 X`Y)  /,,/ -.D40.+8 3/4, >,1/ 5.=.,7/ 321 59.8,1+-4;,.+8 -948/ ;+4;*/

.8,/1=7-.2.1/ /8,1/ ;/0 -/4@ :+8/0)  /,,/ ;+4;*/ /0, 233/57/ /032;/41) </ 3540? -280 5/0

0,14;,41/0 ]L\PLL( /, ]LWLKL^ ;/,,/ ;+4;*/ 2 2400. 48/ 24,1/ I+8;,.+8)

E9*7,71+0,14;,41/ In0,53Ga0,47As/InP /0, -/ ,U3/ $? ;9/0,RGR-.1/ A4/ 52 a+8;,.+8 3170/8,/

48/ C211.S1/ 3+41 5/0 75/;,1+80 J∆ Ec = 220 meVH ;/ A4. 89/0, 320 0+4*2.,2C5/) E9/032R

;/41 2 -+8; 2400. 3+41 C4, -/ 5.00/1 ;/,,/ -.0;+8,.84.,7 -/ C28-/ -/ ;+8-4;,.+8 ,+4, /8

3170/8,28, 48/ C211.S1/ 3+41 5/0 ,1+40) E9.-7/ /0, -9.8,1+-4.1/ 48 =2,71.24 ,1280321/8,

G P?WW µ= /, 3170/8,28, 48/ 3540 I2.C5/ C211.S1/ 3+41 5/0 75/;,1+80 /, 2.80. 17-4.1/ 5/0

*24,/410 -/ C211.S1/0 M4/0 321 5/0 75/;,1+80) O+40 8+40 0+==/0 .803.170 -/0 0,14;,41/0

-/ O%% /, 2M+80 ;*+.0. 48 /032;/41 /8 A42,/182.1/ $8]2"0#) E/ A42,/182.1/ 4,.5.07 /0, N

Ga0,15In0,85As0,33P0,67 2U28, 48 623 -/ P?PW /[ /, 7,28, /8 2;;+1- -/ =2.55/ 2M/; $8#)

E2 F641/ ()Pb =+8,1/ 52 -.D71/8;/ /8,1/ 48/ 0,14;,41/ 0280 /032;/41 /, 2M/; /032;/41

/8 ]2$8"0#)

cL



 ! ! "#$%&#%$' ()*#+,*+-' .' )/0#0.*0.' 1 #$+23)0$# %2*)0-+*$'

 !"#  !45 6 "&/(7+ '# .*+8$+77' .' 9+2.' .' -:/(#($0;02&#*02 <44= 3+23 '3)+&'%$> 1

8+%&/' '# +?'& '3)+&'%$ '2 @+A2B3C> 1 .$0*#'

 ! !" #$%$&'(%&)*%)&+( , -'.+ /012('&3%4'. 5&1/)+66+ 7.819(:7.;

 !"# $%&'(!)*+,!" - .)&$,#"+ $# /!0*!(,+,!" D0%3 +?023 0)#( )0%$ -:*2#$0.%&#*02

.:%2 )3'%.0E&/+7) )+$ 8$+.*'2# .' &07)03*#*02 .+23 -+ 9+3'! C0%$ $(+-*3'$ &' )3'%.0E

&/+7)> -' #+%, .:*2.*%7 '3# )$08$'33*?'7'2# .*7*2%( .%$+2# -+ &$0*33+2&' .' -+ &0%&/'!

F2' ?+$*+#*02 &02#*2%' .' -+ &07)03*#*02 .% 7+#($*+% '2#$+G2' %2' ?+$*+#*02 &02#*2%' .%

9+3 .' -+ 9+2.' .' &02.%&#*02 )+$ $+))0$# +% 2*?'+% .' H'$7*! I2 *2#$0.%*# +*23* %2'

?+$*+#*02 .% )0#'2#*'- &$*3#+--*2 '# .02& .% 8+)! "* -' .0)+8' '3# .' #J)'  > -+ ?+$*+#*02 .'

9+2.' *2#'$.*#' 3' $')0$#' 3%$ -+ 9+2.' .' &02.%&#*02 &077' )$(3'2#(' 3%$ -' .*+8$+77'

.' 9+2.' 3&/(7+#*K%' .:%2' FLMECN <O8! !P=! M')'2.+2#> %2' &02.*#*02 -*7*#+2# -' #+%,

.' 8+--*%7 '3# -' Q+*# K%' -:'23'79-' .' -+ &0%&/' .0*# $'3#'$ +930$9+2#' REg < 0, 8 eVS!

N+23 -'3 3#$%&#%$'3 $(+-*3('3> -' #+%, .:*2.*%7 ?+$*' .' P5T &U#( 9+$$*V$' 1 5W T &U#( &0-E

-'&#'%$> &' K%* &0$$'3)02. 1 %2' ?+$*+#*02 .' 4WW 7'X .' -+ 9+2.' .' &02.%&#*02 <O8! !4Y=!

B 20#'$ #0%#'Q0*3 K%:%2 &/+28'7'2# .% #+%, .:*2.*%7 *2.%*# %2 7+#($*+% &02#$+*2# '#

K%' -:()+*33'%$ .' 7+#($*+% K%' -:02 )'%# ()*#+,*'$ '3# -*7*#(' )+$ -' .(3+&&0$. .' 7+*--'

'2#$' -:A2@+B3 '# -:A2C!

1(*&/#2) Z' Q+*# .:*2#$0.%*$' %2 8$+.*'2# .' &07)03*#*02 20%3 09-*8' 1 &/+28'$ .:'3E

)+&'%$! Z'3 9%#3 302# #0%;0%$3 -'3 7[7'3> 1 3+?0*$ -*7*#'$ -+ .*\%3*02 .'3 .0)+2#3 '#

] -*33'$ ^ -+ .*3&02#*2%*#( '2 9+2.' .' &02.%&#*02! M')'2.+2# &'##' .*3&02#*2%*#( '3# )-%3

*7)0$#+2#' .+23 -' &+3 .:%2' 9+3' 8$+.%'--' <O8! !4Y=! BO2 .' -*33'$ -' )-%3 )$08$'33*?'E
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 !"#$%&' () #*+,+-.+-/0 123.-/0 3+41 52 678712,.+8 -9+8-/0 ,712*/1,:

 !"# ();< = >21.2,.+8 -/ 52 ?17@4/8A/ -/ A+4341/ -948/ 3*+,+-.+-/ B% CWa = WcD /8

?+8A,.+8 -/ 59732.00/41 -/ 52 :+8/ -92E0+13,.+8 /, 3+41 -.F71/8,0 @420.GA*2H3 I;;J

 !"#$% &'()*+'" ,-'+..%"* /!-'0%  !11%2('+*%.

345 3cm−3
5

6"7.(*'( 829 : 6%1+;8.!<'2( :

='1-!2 829 ≈ >?@ 2+A :

B**C( A% 0*'D"*% In0,53Ga0,47As EFF  = 3.1019 36+5 :

6!".;#!<<%#(%"* 3E5 829 GFFF  = 3.1019 36+5 :

 !2('#( #'($!A% In0,53Ga0,47As HFF  = 2.1019 36+5 :

6!".;#!<<%#(%"* 3>5 829 @FF  = 2.1019 36+5 :

 !<<%#(%"* 829 E@FF 2+A :

9<'2 A% A!-'0% 829 ?F  = 1.1018 36+5 :

,.-'#%"* Al23,5In0,53Ga23,5As GFF 2+A B<<+'0%

In0,60Ga0,40As 0*'A"%<

I!2% AJ'7.!*-(+!2 In0,60Ga0,40As >FFF ! = 1.1018 3K%5 B<<+'0%

In0,46Ga0,54As 0*'A"%<

K'**+L*% A% A+M".+!2 Al0,075Ga0,395In0,53As EFF ! = 5.1019 3K%5 Eg = 0, 845eV

 !2('#( '2!A% In0,53Ga0,47As @FF ! = 8.1019 3K%5 :

$%&# ()K = '3.,2L./ -/ 3*+,+-.+-/ B% MNONKNK P E20/ 612-4/55/ /, A+55/A,/41 5+86

Q(



 ! ! "#$%&#%$' ()*#+,*+-' .' )/0#0.*0.' 1 #$+23)0$# %2*)0-+*$'

 !"#$% &'()*+'" ,-'+..%"* /!-'0%  !11%2('+*%.

345 3cm−3
5

6"7.(*'( 829 : 6%1+;8.!<'2( :

='1-!2 829 ≈ >?@ 2+A :

B**C( A% 0*'D"*% In0,53Ga0,47As EFF  = 3.1019 36+5 :

6!".;#!<<%#(%"* 3E5 829 GFFF  = 3.1019 36+5 :

 !2('#( #'($!A% In0,53Ga0,47As HFF  = 2.1019 36+5 :

6!".;#!<<%#(%"* 3>5 829 @FF  = 2.1019 36+5 :

 !<<%#(%"* 829 >FFF 2+A :

9<'2 A% A!-'0% 829 ?F  = 1.1018 36+5 :

,.-'#%"* Al23,5In0,53Ga23,5As GFF 2+A B<<+'0%

In0,60Ga0,40As 0*'A"%<

I!2% AJ'7.!*-(+!2 In0,60Ga0,40As >FFF ! = 1.1018 3K%5 B<<+'0%

In0,46Ga0,54As 0*'A"%<

K'**+L*% A% A+M".+!2 Al0,075Ga0,395In0,53As EFF ! = 5.1019 3K%5 Eg = 0, 845eV

 !2('#( '2!A% In0,53Ga0,47As @FF ! = 8.1019 3K%5 :

 !"#  !4 5 6)*#+,*' .' )/0#0.*0.' 789 :;<;=;4 > ?+3' @$+.%'--' '# &0--'&#'%$ &0%$#

 !"#$% &'()*+'" ,-'+..%"* /!-'0%  !11%2('+*%.

345 3cm−3
5

6"7.(*'( 829 : 6%1+;8.!<'2( :

='1-!2 829 ≈ >?@ 2+A :

B**C( A% 0*'D"*% In0,53Ga0,47As EFF  = 3.1019 36+5 :

6!".;#!<<%#(%"* 3E5 829 GFFF  = 3.1019 36+5 :

 !2('#( #'($!A% In0,53Ga0,47As HFF  = 2.1019 36+5 :

6!".;#!<<%#(%"* 3>5 829 @FF  = 2.1019 36+5 :

 !<<%#(%"* 829 E@FF 2+A :

9<'2 A% A!-'0% 829 ?F  = 1.1018 36+5 :

,.-'#%"* Al23,5Ga23,5In0,53As EFF 2+A B<<+'0%

Ga0,40In0,60As >FF ! = 1.1018 3K%5 0*'A"%<

I!2% AJ'7.!*-(+!2 In0,60Ga0,40As >FFF ! = 1.1018 3K%5 B<<+'0%

In0,46Ga0,54As 0*'A"%<

K'**+L*% A% A+M".+!2 Al0,075Ga0,395In0,53As EFF ! = 5.1019 3K%5 Eg = 0, 845eV

 !2('#( '2!A% In0,53Ga0,47As @FF ! = 8.1019 3K%5 :

 !"#  !A 5 6)*#+,*' .' )/0#0.*0.' 789 :;<;=;A > ?+3' @$+.%'--'B '3)+&'%$ .0)( '#

&0--'&#'%$ &0%$#
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 !"#$%&' () #*+,+-.+-/0 123.-/0 3+41 52 678712,.+8 -9+8-/0 ,712*/1,:

 !"# ();< = >21.2,.+8 -/ 52 ?28-/ -/ @+8-4@,.+8 -9$8A2"0 /8 B+8@,.+8 -4 ,24C -9.8-.4D

E(FG

D/8, 3+00.?5/H 8+40 2I+80 1725.07 48 /032@/41 612-4/5 7625/D/8,) J/ ?4, /0, -/ 3200/1

31+61/00.I/D/8, -/ In0,6Ga0,4As K 48 D2,71.24 2L28, 48 B2.?5/ ∆Ec M.@. ≈ 0N 2I/@ $8#)
O+40 2I+80 @*+.0. -9.8@+13+1/1 31+61/00.I/D/8, -/ 59254D.8.4D K 59/032@/41) J9732.00/41

-/ 59/032@/41 2 7,7 PC7/ K QRR S 3+41 3/1D/,,1/ 52 I21.2,.+8 -4 T4C -9254D.8.4D 321 52

I21.2,.+8 -/ 52 ,/D3712,41/ -/ 52 @/5545/)

 ! !" #$%$&'(%&)*%)&+( ,+ -.'%',/',+ 0 %&12(-'&% )2/-'31/&+

415(67892: 0 ;'2+ ,<17('&-%/'2 .'='>?2+

J/ 31.8@.325 .8@+8I78./8, -/ 59*7,71+0,14@,41/ $8A2"0U$8# 3+41 48/ 3*+,+-.+-/ V% 

/0, 52 -.0@+8,.84.,7 -/ ?28-/ -/ @+8-4@,.+8 -/ ,L3/ $ M∆Ec = 220 meV N) V8/ 24,1/ *7W

,71+0,14@,41/ /8I.026/2?5/ /0, GaAs0,51Sb0,49/InP X4. /0, -/ ,L3/ $$ M∆Ec ≈ 50 meV N)

 /,,/ *7,71+0,14@,41/ /0, -7YK 4,.5.07/ 3+41 52 1725.02,.+8 -/ ,1280.0,+10 ?.3+52.1/0 K *7,7W

1+Y+8@,.+8 E(ZG /, 48/ 31/D.[1/ 3*+,+-.+-/ V% K ?20/ -928,.D+.8/ 2 7,7 1/3+1,7/ E(\G)

V8/ 24,1/ -.]71/8@/ 31+I./8, -4 -+328, -/ ,L3/  H 5/ -+326/ 0/ B2., /8 .8@+13+128, -4

@21?+8/)  / -+328, -.]40/ ,1[0 3/4 @+8,12.1/D/8, 24 ?71L55.4D) ".80.H 5/ 31.8@.325 .8,71^,

-948/ ,/55/ *7,71+0,14@,41/ 31+I./8, -4 B2., X49.5 89L 2., 3540 ?/0+.8 -9/032@/41 /8,1/ 52

:+8/ -92?0+13,.+8 /, 5/ @+55/@,/41) J9$'_O 2L28, 17@/DD/8, B2., 592@X4.0.,.+8 -948/ 0+41@/

-928,.D+.8/ 041 5/ ?`,. -973.,2C./ 321 Y/,0 D+57@452.1/0 K 0+41@/0 0+5.-/0H -/4C 0,14@,41/0

K ?20/ -928,.D+.8/ +8, 7,7 73.,2C.7/0 /, 0+8, 1/3+1,7/0 -280 5/ ,2?5/24 ()Z)

ab



 ! ! "#$%&#%$' ()*#+,*+-' .' )/0#0.*0.' 1 #$+23)0$# %2*)0-+*$'

 !"#$% &'()*+'" ,-'+..%"* /!-'0%  !11%2('+*%.

345 3cm−3
5

6"7.(*'( 829 : 6%1+;8.!<'2( :

='1-!2 829 ≈ >?@ 2+A :

B**C( A% 0*'D"*% In0,53Ga0,47As EFF  = 3.1019 36+5 :

6!".;#!<<%#(%"* 3E5 829 GFFF  = 3.1019 36+5 :

 !2('#( #'($!A% In0,53Ga0,47As HFF  = 2.1019 36+5 :

6!".;#!<<%#(%"* 3>5 829 @FF  = 2.1019 36+5 :

 !<<%#(%"* 829 E@FF 2+A :

I!2% AJ'7.!*-(+!2 GaAs0,51Sb0,49 >FFF ! = 1.1018 3 5 6F?>E>>

! = 5.1018 3 5 6F?>E>E

K'**+L*% A% A+M".+!2 Al0,2Ga0,8As0,51Sb0,49 EFF ! = 5.1019 3 5 Eg = 1, 076eV
∆ a/a = 0, 09%

 !2('#( '2!A% GaAs0,51Sb0,49 @FF ! = 5.1019 3 5 :

 !"#  !4 5 "#$%&#%$' ()*#+,*+-'3 .' )/0#0.*0.' 678 +9'& :02' .;+<30$)#*02 '2

=+>3"< ? "@AB BB '# "@AB B .02# -'3 .0)+C'3 .' :02' +<30$<+2#' 302# $'3)'&#*9'D'2#

 E1.1018cm−3
'# E5.1018cm−3

FG



 !"#$%&' () #*+,+-.+-/0 123.-/0 3+41 52 678712,.+8 -9+8-/0 ,712*/1,:

 !" #$%&'(%)'*+ ,- ./*)*,'*,-( 0 )1%+(.*1) 2+'.*&%'1-

" 3170/8,; 8+40 255+80 8+40 .8,71/00/1 24< -.=71/8,/0 7,23/0 ,/>*8+5+6.?4/0 87>/002.1/0

@ 52 1725.02,.+8 -/ 52 3*+,+-.+-/ @ 321,.1 -/0 73.,2<./0 317>7-/AA/8, -7>1.,/0)  / 31+>7-7

2 7,7 A.0 24 3+.8, @ 321,.1 -/ 59/<371./8>/ 041 5/0 ,1280.0,+10 B.3+52.1/0 @ -+4B5/ *7,7C

1+D+8>,.+8 /, 61E>/ @ 48/ >+552B+12,.+8 2F/> G) H2I8+48/)  /,,/ 1725.02,.+8 >+A3+1,/

?42,1/ 8.F/24< -/ A20?426/) J/0 7,23/0 87>/002.1/0 0+8, 3170/8,7/0 0>*7A2,.?4/A/8, 041

52 K641/ ()LM) J2 31/A.N1/ /, 52 ,1+.0.NA/ 7,23/ >+11/03+8-/8, @ -/0 8.F/24< -/ A7,255.02C

 !"# ()LM O &/3170/8,2,.+8 0>*7A2,.?4/ -/0 7,23/0 -/ 1725.02,.+8 -948/ 3*+,+-.+-/ P% 

,.+8; ,28-.0 ?4/ 52 -/4<.NA/ /, 52 ?42,1.NA/ >+11/03+8-/8,; 1/03/>,.F/A/8,; @ 52 612F41/

-4 A/02 -/ -.+-/ /, @ 48/ 612F41/ -/ A/02 -9.0+52,.+8)

 !"!# $%&'()*+,'%- ,(.* ,'(&(/%(/-0

J2 5.,*+6123*./ /0, 48/ ,/>*8.?4/ >+412AA/8, 4,.5.07/ -280 5/ -+A2.8/ -/0 A.>1+ /, 82C

8+,/>*8+5+6./0 Q>+A3+028,0 75/>,1+8.?4/0; A.>1+C0R0,NA/0; ) ) )S)  /,,/ ,/>*8.?4/ >+80.0,/

@ 31+,76/1 +4 @ A20?4/1 >/1,2.8/0 :+8/0 -4 A2,71.24) P8/ 5.,*+6123*./ 3/4,; 6787125/A/8,

MT



 !"! #$%&'(%)'*+ ,- ./*)*,'*,-( 0 )1%+(.*1) 2+'.*&%'1-

(- ,$3*4.*(-1 -+ )1*'( $)%.-( 5

6 7$.8) ,92+- 1$('+- (-+(':&-

6 ; <31')21- = ,-( 4*)'>( ,%+( &% 1$('+- .1$3-,-44-+) ,$.*($- .%1 2+- -?.*(')'*+ 0

2+ @2? ,- ./*)*+( *2 ,9$&-3)1*+(

6 #$A$&%)'*+ ,-( 4*)'>( $31')( ,%+( &% 1$('+- ,%+( 2+- (*&2)'*+ ,- 1$A$&%)'*+

B+ ,'()'+C2- ,-2? >%4'&&-( ,- 1$('+-( 5 &-( 1$('+-( ,')-( ; .*(')'A-( = 1-+,2-( (*&2:&-( ,%+(

&- 1$A$&%)-21 .%1 &9-?.*(')'*+ -) &-( 1$('+-( ,')-( ; +$C%)'A-( = 1-+,2-( '+(*&2:&-( .%1 &9-?D

.*(')'*+ EFC! ! GH! B+ ,'()'+C2- %2((' &-( &')/*C1%./'-( .%1 &% (*213- ,9-?.*(')'*+ ,- &%

 !"#  ! G 6 <)%.-( ,92+- &')/*C1%./'- 5 <+,23)'*+ ,- &% 1$('+- (21 &9$3/%+)'&&*+ IJKL -?.*D

(')'*+ ,- &% 1$('+- I K -) 1$A$&%)'*+ ,- &% 1$('+- .*(')'A- I"!%K *2 +$C%)'A- I"!:K

1$('+-! M &9N<OPL +*2( %A*+( %33Q( 0 ,-2? )R.-( ,- &')/*C1%./'- 5 &% &')/*C1%./'- *.)'S2-

.%1 3*+)%3) -) &% &')/*C1%./'- .%1 >%'(3-%2 ,9$&-3)1*+( I*2 &')/*C1%./'- $&-3)1*+'S2-K! 7%+(

&- .1-4'-1 3%(L &% 1$('+- 2)'&'($- -() (-+(':&- 0 2+ 1%R*++-4-+) 2&)1%DA'*&-) Iλ ≈ 365 nmK
)%+,'( S2-L ,%+( &- (-3*+, 3%(L &% 1$('+- -() (-+(':&- 0 2+ >%'(3-%2 ,9$&-3)1*+(! T-( ,'4-+D

('*+( %33-((':&-( (*+) &'4')$-( .%1 &% S2%&')$ ,2 4%(S2- -) ,- (*+ .&%S2%C-L &% .&%+$')$ ,-

&9$3/%+)'&&*+ %'+(' S2- &% ,'U1%3)'*+ ,%+( &- 3%( ,- &% &')/*C1%./'- *.)'S2-!

T- .1-4'-1 -((%' ,- 1$%&'(%)'*+ $)%') .1$A2 .*21 +92)'&'(-1 S2- ,- &% &')/*C1%./'- *.)'S2-!

T- .1-4'-1 +'A-%2 ,2 .1*3$,$ +$3-((')- ,9%))-'+,1- 2+- 1$(*&2)'*+ ,- &9*1,1- ,2 4'31*+!

V-.-+,%+)L .*21 %))-'+,1- 3-))- 1$(*&2)'*+ %A-3 &9%&'C+-21 IWX(( O'31*)-3/ OMYK ,*+)

,'(.*(- &9N<OPL '& R % +$3-((')$ ,- .&%S2-1 >*1)-4-+) &9$3/%+)'&&*+ (21 &- 4%(S2- 3- S2'

-+)1%Z+- 2+- ,$>*14%)'*+ ,2 4%(S2-! T-( %2)1-( $)%.-( +- +$3-((')%+) .%( 2+- )-&&- 1$(*D

&2)'*+L &- .%( ,- 1$.$)')'*+ ,-( 4%1S2-( ,9%&'C+-4-+) (21 &9$3/%+)'&&*+ -) (21 &-( 4%(S2-(

[\



 !"#$%&' () #*+,+-.+-/0 123.-/0 3+41 52 678712,.+8 -9+8-/0 ,712*/1,:

8/ ;+11/03+8-2./8, 3540 <(=>)  / 31+?5@A/ -925.68/A/8, 8+40 2 2A/87 B 4,.5.0/1 48/ 5.C

,*+6123*./ 321 D2.0;/24 -975/;,1+80 3+41 52 1725.02,.+8 -/ 52 3*+,+-.+-/ /, B -7;+1175/1 5/0

7,23/0 -/ 1725.02,.+8 -/0 757A/8,0 3200.D0 /, -/ 52 3*+,+-.+-/)

E/0 5.A.,/0 041 52 170+54,.+8 2,,/.682?5/ /8 5.,*+6123*./ 321 D2.0;/24 -975/;,1+80 0+8, F 5/0

/G/,0 -/ 17,1+-.G40.+8 -975/;,1+80 H2400. 233/570 /G/,0 -/ 31+I.A.,7JK 5/0 2?/112,.+80 -/

59+3,.L4/ -/ D+;25.02,.+8K 52 0/80.?.5.,7 24I ;*2A30 75/;,1+A2687,.L4/0 /I,71./410K 5/0 M.C

?12,.+80K 52 ,/80.+8 -92;;75712,.+8 -/0 75/;,1+80 /, 5/ ;+4128, -/ D2.0;/24) "N8 -92,,/.8-1/

-/0 -.A/80.+80 -/ 59+1-1/ -4 µA /, 0280 ;+8,2;,K 8+40 2M+80 /4 1/;+410 B 52 5.,*+6123*./

75/;,1+8.L4/ 3+41 5/0 7,23/0 -/ A7,255.02,.+8 /, 3+41 5/0 7,23/0 -/ 612M41/)

 !"#$%&'(#!) *+),"&$-!./) ($/& *"'()0 1) 2*"'++!0'"!$-

#+41 1725.0/1 -/0 ;+8,2;, +*A.L4/0K .5 /0, 1/;+AA28-7 -94,.5.0/1 48 A2,71.24 B 3/,.,

623 /, D+1,/A/8, -+37 2N8 -/ A.8.A.0/1 52 *24,/41 -/ ?211.@1/ /, L4/ 5/0 3+1,/410 34.00/8,

D2;.5/A/8, 3200/1 59.8,/1D2;/ 0/A.;+8-4;,/41OA7,25 H:+8/ -/ ;*216/ -9/032;/J 321 /G/,

,488/5) E2 A7,255.02,.+8 -/0 ;+8,2;,0 -/ 52 3*+,+-.+-/ /0, -73+07/ 321 7M23+12,.+8 0+40

M.-/ -948/ ;.?5/ A7,255.L4/ ;*24G7/ 321 D2.0;/24 -975/;,1+80) P41 5/ 31/A./1 Q/4 -/ A20L4/0

HA20L4/0 4,;M(JK 8+40 2M+80 ;*+.0. -/ D2?1.L4/1 -/0 3*+,+-.+-/0 2M/; D/8R,1/ +3,.L4/ 3+41

48 7;52.1/A/8, 321 5/ -/0040 /, -/0 3*+,+-.+-/0 0280 D/8R,1/ 3+41 48 7;52.1/A/8, 321 5/

04?0,12,) E/0 -.2A@,1/0 -/ 52 :+8/ 2;,.M/ -/0 3*+,+-.+-/0 2M/; D/8R,1/ +3,.L4/ 0+8, -/

STK S(KTK /, SU µA /, 5/0 -.2A@,1/0 -/0 D/8R,1/0 +3,.L4/0 0+8, 1/03/;,.M/A/8, -/ SUK =KT

/, V µA) E/0 3*+,+-.+-/0 B 7;52.1/A/8, 321 5/ 04?0,12, +8, -/0 -.2A@,1/0 -/ F VKT µAK T

µAK W µAK X µA /, ( µA) "N8 -/ 31/8-1/ 48 ;+8,2;, 041 ;/,,/ A7,255.02,.+8K 8+40 2M+80

12Q+4,7 48 35+, A7,255.L4/ B 59288/24 <N6)()(S>)

E/ -73Y, 321 7M23+12,.+8 /0, 48 -73Y, ;+8D+1A/K 8+40 4,.5.0+80 -+8; 52 ,/;*8.L4/ -4

Z 5.D,C+G [ 2N8 -/ -7N8.1 5/0 /8-1+.,0 +\ 5/ A7,25 -+., 1/0,/1) E/ 5.D,C+G ;+80.0,/ B +?,/8.1

-/0 ]28;0 -/ 170.8/ 2^28, 48 31+N5 /8 ;20L4/,,/K ;9/0,CBC-.1/ L4/ 52 170.8/ /8 041D2;/ -+.,

R,1/ A+.80 +4M/1,/ L4/ 52 170.8/ .8D71./41/) #+41 1725.0/1 ;/ ,^3/ -/ 31+N5K 8+40 4,.5.0+80

48 ?.;+4;*/ -/ 170.8/ 75/;,1+8.L4/ 3170/8,28, -/0 0/80.?.5.,70 576@1/A/8, -.G71/8,/0) E2

31/A.@1/ 170.8/ -73+07/ /0, -4 ;+3+5^A@1/ H#__"C_""J /, 52 0/;+8-/ /0, 48/ 170.8/ B

?20/ -/ 3+5^A7,2;1^52,/ -/ A7,*^5/ H#__"J) #+41 +?,/8.1 48 5.D,C+G ;+11/;,K 59732.00/41

-/ 52 31/A.@1/ ;+4;*/ -+., R,1/ 24 A+.80 7625/ 24 -+4?5/ -/ 59732.00/41 -/ A7,25 -73+07)

%+4,/D+.0K 3+41 52 0/;+8-/ 7,23/ -/ A7,255.02,.+8K 52 3170/8;/ -4 A/02 -/ -.+-/ H≈ 1µAJ

87;/00.,/ 48/ 732.00/41 -/ 170.8/ 3540 .A3+1,28,/ -4 D2., -4 1/5./D) "4 8.M/24 -4 A/02K

59732.00/41 -/ 52 170.8/ -73+07/ /0, 3540 D2.?5/ L492.55/410 /, 87;/00.,/ -/ -73+0/1 48/

732.00/41 A+^/88/ 3540 .A3+1,28,/ 2N8 L4/ 31@0 -/0 A/020K 59732.00/41 0+., 04`028,/

3+41 D2;.5.,/1 5/ 5.D,C+G) E/0 0;*7A20 -/ 52 N641/ ()(S 3170/8,/8, 5/0 -.G71/8,/0 7,23/0

-/ 52 1725.02,.+8 -948 ;+8,2;, A7,255.L4/) "31@0 17M752,.+8 -/ 52 ?.;+4;*/K 48/ 07L4/8;/

A7,255.L4/ H%. H(UU aJ O#, HWUU aJ O"4 HbUUU aJJ /0, -73+07/ 321 7M23+12,.+8 231@0 48

8/,,+^26/ -/ 52 041D2;/ 321 48 3520A2 -9"16+8)  / 8/,,+^26/ 3/1A/, -92A75.+1/1 52 L425.,7

-4 ;+8,2;, A7,25O0/A.;+8-4;,/41 /8 612M28, 52 N8/ ;+4;*/ -9+I^-/ 3+4M28, 0/ D+1A/1 /8

c=
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D36, 2:8 :A:/8 +7:9/-1F15/0E6:8 7:8 5768 :4571K+8 2.,8 7: 9.8 2: 7. 2+/:9/01, 2: 80@,.6J

%!C :8/ 73:A:/ #19L:78) D3.55709./01, 236, 9;.45 +7:9/-0E6: < 6, 9-08/.7 +7:9/-1F15/0E6:
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2: %&'(&)" *&+*#,#-#(. .-&'("$/$!(#0)& . +/+ B.0/: 5.- O6?077.-:/ &(  -) D30,/-1269/01, 2: 9:
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71-8E6: 7:8 5;1/1,8 1,/ 6,: +,:-@0: 0,B+-0:6-: < 7. ?.7:6- 2: 7. >.,2: 0,/:-20/: XEgY /.,208

E63078 81,/ 15.E6:8 516- 2:8 5;1/1,8 23+,:-@0: 865+-0:6-:) "0,80G 7. 5-1>.>070/+ 23.>81-5F
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 ! "#$#%&'$()#&(*+ ,- ./*&*,(*,- 01" ,#+) 2- ,*3

4#(+- &-4.*$-2

=.,8 9://: 8:9/01,> ,168 5-+8:,/1,8 7:8 -+867/./8 1?/:,68 86- 7:8 5-:40@-:8 8/-69/6-:8

A% B#= -+.708+:8) =.,8 6, 5-:40:- /:458> 7: 91:C90:,/ 2: -+51,8: 8168 +97.0-:4:,/

91,/0,6 2: 8/-69/6-: A% B#= :8/ 5-+8:,/+) ',860/:> 6,: 9.-.9/+-08./01, 2: 7. -+51,8: 2:

5;1/12012:8 A% < 6,: 04567801, D:4/18:91,2: :8/ 5-+8:,/+:)  :8 4:86-:8 1,/ 5:-408

7. 408: :, +E02:,9: 2: 7. 2+5:,2.,9: 2: 7. D-+F6:,9: 2: 91656-: < B(2G E08B<BE08 2: 7.

56088.,9: 15/0F6: 0,902:,/:)

 ! !" #$%$&'(%)*$')+, *'$')-./ 0 #+/1&)/,' 2/ %(3+,*/

H. 5-:40@-: 9.-.9/+-08./01, F6: ,168 .E1,8 D.0/: 91--:851,2 < 7. 2+/:-40,./01, 26

91:C90:,/ 2: -+51,8: 2:8 8/-69/6-:8)  :8 4:86-:8 1,/ +/+ D.0/:8 86- 7:8 5;1/12012:8 2:

20.4@/-: 2: D:,I/-: 15/0F6: JK µ4 D.?-0F6+:8 86- 7:8 +50/.L0:8 86- 86?8/-./ 215+  M9;.50/-:

N> N)OP> 73+97.0-.Q: 8: D.0/ 5.- 7: 2:8868) =36, 510,/ 2: E6: +7:9/-0F6:> 7: 5;1/1916-.,/ :8/

4:86-+ 5.- 6, .45@-:4@/-: 91,,:9/+ :, 8+-0: < 7. 5;1/12012: A% ) =6 9R/+ 15/0F6:> 7:

D.089:.6 7.8:- :8/ .4:,+ .6 5768 5-@8 2: 7. D:,I/-: 15/0F6: < 73.02: 236,: S?-: 15/0F6:

21,/ 73:L/-+40/+ . +/+ 970E+:) H. 56088.,9: 15/0F6: :8/ 4:86-+: :, 81-/0: 2: S?-: 516-

-:/0-:- 7:8 5:-/:8 2: 7. S?-:) H. D:,I/-: 2: 7. 5;1/12012: ,3.T.,/ 5.8 +/+ /-.0/+: .,/0B-:U:/>

6,: 5.-/0: 2: 7. 56088.,9: 15/0F6: 0,902:,/: :8/ -+U+9;0: < 730,/:-D.9: .0-V8:4091,269/:6-)

H. D-.9/01, 2: 56088.,9: -+U+9;0: :8/ 21,,+: 5.- 7: 91:C90:,/ 2: -+U:L01, 2: W-:8,:7

XR = (1−nsemiconducteur)
2

(1+nsemiconducteur)2
≈ 0, 3Y)

H:8 91:C90:,/8 2: -+51,8: 2:8 8/-69/6-:8 .E:9 :85.9:6- :, $,*."8 :/ :, $,*."8#

81,/ 5-+8:,/+8 < 7. SQ6-: ()NK) #16- 7. 8/-69/6-: *KZOKK(> 1, 1?/0:,/ 6, 91:C90:,/ 2:

-+51,8: 2: Z[ 4"V\ /.,208 F6: 516- 73+50/.L0: *KZOKKN 7: 91:C90:,/ 2: -+51,8: :8/ 2: ]Z

4"V\ 516- λ^O>ZZ µ4)  ://: 20_+-:,9: 83:L570F6: 5.- 7. 5-+8:,9: 23:85.9:6-8 20_+-:,/8)

=.,8 7: 9.8 2: 73+50/.L0: *KZOKKN> 9:760B90 :8/ /-.,85.-:,/ /.,208 F6307 :8/ .?81-?.,/ 516-

73+50/.L0: *KZOKK() `, ,1/: .6880 6,: 20_+-:,9: 86- 7:8 91:C90:,/8 2: -+51,8: :, D1,9/01,

2:8 71,Q6:6-8 231,2:) A,: 71,Q6:6- 231,2: 5768 916-/: 91--:851,2 < 6, 4:077:6- 91:S90:,/

2: -+51,8:)  ://: .4+701-./01, :8/ 26: < 6, 91:C90:,/ 23.?81-5/01, 23InGaAs 5768 +7:E+ <

O>( µ4 F63< O>ZZ µ4) " O>ZZ µ4> 7: 91:C90:,/ 23.?81-5/01, 23In0,53Ga0,47As 215+ p = 1018

94

−3
:8/ 2: 731-2-: 2: [)OK

3
94

−1
MaP) " 5.-/0- 26 91:C90:,/ 2: -+51,8: 2: 7. 8/-69/6-:

*KZOKKN> 1, 5:6/ 2+260-: 6, 91:C90:,/ 23.?81-5/01, α(λ = 1, 55 µm) = 6, 65.103 94−1

516- 73In0,53Ga0,47As 215+ p = 1018 94−3)

 ! !4 #$%$&'(%)*$')+, *'$')-./ 0 #$%$&'(%)*')-./ #+.%$,'5'/,*)+,

H:8 9.-.9/+-08/0F6:8 916-.,/B/:,801, 5-+8:,/+:8 86- 7. SQ6-: ()NO 91--:851,2:,/ < 9:77:8

1?/:,6:8 516- 2:8 5;1/12012:8 0886:8 2: 73+50/.L0: *KZK(KJ M9;.50/-: N> N)NP 2: 20.4@/-:

OZ :/ ON>Z µ4 -:85:9/0E:4:,/) =.,8 7: 9.8 236,: 5;1/12012:> 7:8 0,D1-4./01,8 7:8 5768

O(N



 ! ! "#$#%&'$()#&(*+ ,- ./*&*,(*,- 01" ,#+) 2- ,*3#(+- &-3.*$-2

 !"#  !45 6 "*-7%(-+& ,- $'.*+)- 3-)8$' .*8$ 8+- 2*+98-8$ ,:*+,- (+%(,-+&- ,- ;< -&

;<== µ3 .*8$ 8+- ./*&*,(*,- #>-% -).#%-8$ -+ ?+@#A) -& #>-% -).#%-8$ -+ ?+@#A)B

C (+&'$-))#+&-) D )*+& %-22-) *E&-+8-) )*8) .*2#$()#&(*+ (+>-$)-< F )#>*($ 2- %*8$#+& ,:*E)G

%8$(&' -& 2# &-+)(*+ ,- %2#H8#9-! I8$ 2-) %#$#%&'$()&(H8-) .$')-+&'-) (%(< *+ $-2J>- 8+ %*8$#+&

,:*E)%8$(&' ,- H8-2H8-) ,(K#(+-) ,- +#+*#3.J$-) #(+)( H8:8+- &-+)(*+ ,- %2#H8#9- ,:-+>(G

$*+ G = L*2&) .*8$ 8+- '.#())-8$ ,- )-3(%*+,8%&-8$ ,'.2'&' ,- 4M5 +3!

I*8) .*2#$()#&(*+ ,($-%&- -& -+ $'9(3- ,- N#(E2- (+O-%&(*+< 2-) %*-7%(-+&) ,:(,'#2(&' ,'&-$G

3(+') )*+& ,- 2:*$,$- ,- ;<P!

 ! ! "#$#%&'$()#&(*+ ,-+#.(/01

 !"# $%&#'()!(# *+* ,'# %&#",)-)# !.)'("# '( %&/*0' 12(-0*3"' #"% "(' $4!)!1*!1'

567 1' 89: µ0 1' 1*-0;)%' #*)"&' '( .!") 1' ,*/(' <=/>?>@@A> 7' +!0$!#-() - &)& %&-B

,*#& #"% ,- #)%"+)"%' &$*)-C*-,' DE:E?EF ') '#) $%&G" $!"% "( &+,-*%'0'() $-% ,' #".#)%-)

<+4-$*)%' @9 @>@A> HI*0$",#*!( 1' )'(#*!( /&(&%&' 1-(# ,- $4!)!1*!1' '#) 0'#"%&' $-% &+4-(B

)*,,!((-/' $-% 'J') K%-(LBM',12#4 #',!( ,' 1*#$!#*)*N $%&#'()&' $%&+&1'00'() <O'+)*!( ?>@A>

H- =/"%' ?>@? %'$%&#'()' ,'# *0$",#*!(# &,'+)%*3"'# /&(&%&'# $-% ,- $4!)!1*!1' 567>

P??



 !"#$%&' () *+,+-./01, 2304567801,8 50918:91,2:8 5.- 5;1/12012: < /-.,851-/

6,0517.0-:

 !"# ()=> ?  .-.9/+-08/0@6:8  16-.,/A%:,801, 2: 5;1/12012:8 B% 

>(C



 ! ! "#$#%&'$()#&(*+ ,- ./*&*,(*,- 01" ,#+) 2- ,*3#(+- &-3.*$-2

 !"#  !44 5 6/*&*,(*,- 01" %*++-%&'- 7 8+- 2(9+- "6: )8$ 2#;8-22- -)& $-.*$&'- 8+

.#&%/ ,<=2>#=)?@1

A+ $-3#$;8- &$*() (3.82)(*+) B 2# .$-3(C$- (3.82)(*+ %*$$-).*+, 7 %-22- ,- 2<(3.82)(*+

(+%(,-+&- .$*D-+#+& ,- 2# ./*&*,(*,- &#+,() ;8- 2# )8(D#+&- .-8& E&$- #&&$(F8'- 7 ,-)

'%/*) )8%%-))(G) )8$ 2-) .2*&) 3'&#22(;8-) )-$D#+& 7 #3-+-$ 2# &-+)(*+ ,- .*2#$()#&(*+ 7 2#

./*&*,(*,-! H2 %*+D(-+& ,- +*&-$ ;8- 2# )-%*+,- (3.82)(*+ %*3.*$&- ,-8I 3#I(3#!

J- &-3.) )'.#$#+& %-) (3.82)(*+) -)& ,- KLMK 7 N ML .)M )( 2<*+ %*+)(,C$- ;8- 2# .$-3(C$-

$'O-I(*+ # 2(-8 #8 +(D-#8 ,-) .2*&) ,- 3#))- %*33- (+,(;8' )8$ 2- )%/'3# ,- 2# P98$-

 !4KM *+ *F&(-+& 8+- D(&-))- ,- .$*.#9#&(*+ ,- QR µ3S.) #8 2(-8 ,- QQL µ3S.) #&&-+,8-

&/'*$(;8-3-+&! "-&&- ,(T'$-+%- .-8& E&$- -I.2(;8'- .#$ 2<(+%-$&(&8,- )8$ 2<-+,$*(& *U #

$'-22-3-+& 2(-8 2# $'O-I(*+! J<(3.',#+%- %#$#%&'$()&(;8- ,- 2# 2(9+- ,'.-+,#+& .-8 ,- 2#

2#$9-8$ ,-) .2#+) ,- 3#))- ,#+) %- %#)! V- .28)M #8 ,-27 ,-) .2*&) ,- 3#))-M 2# 2(9+- +-

%*$$-).*+, .28) 8+ 98(,- ,<*+,- %*.2#+#($-M 2# D(&-))- ,- .$*.#9#&(*+ +<'&#+& #2*$) .28)

,- QQL µ3S.)! J- ,-$+(-$ '%/*M )(&8' 7 WN .) ,- 2<(3.82)(*+ (+%(,-+&-M -)& #&&$(F8' 7 8+-

)-%*+,- $'O-I(*+ )8$ 2-) .2*&) ,- 3#))- -& -)& %*+G*+,8- #D-% 8+- $'O-I(*+ 382&(.2- ,#+)

8+ '2'3-+& *.&(;8-M .$*F#F2-3-+& 2<#&&'+8#&-8$ D#$(#F2-!

J# P98$-  !4N $-.$')-+&- 8+- (3.82)(*+ '2-%&$(;8- 9'+'$'- .#$ 2# ./*&*,(*,- 01" )*8)

%-$&#(+-) %*+,(&(*+)! J# 2#$9-8$ 7 3(?/#8&-8$ XY:Z[

 

\ -)& ,'&-$3(+'- -+ #..$*I(3#+&

2# %*8$F- 3-)8$'- .#$ 8+- G*+%&(*+ 9#8))(-++-! "-) 3-)8$-) +*8) *+& .-$3() ,- %#$#%&'?

$()-$ 2- %*3.*$&-3-+& &-3.*$-2 ,8 %*3.*)#+&! V#+) 8+ .$-3(-$ &-3.)M +*8) #22*+) +*8)

(+&'$-))-$ 7 2# $-2#&(*+ -+&$- Y:Z[ -& 2# G$';8-+%- ,- %*8.8$- 7 ?  ,@ Xf−3dB\ ,- 2#

./*&*,(*,-! 68();8- +*8) #..$*I(3*+) 2# &-+)(*+ #8I F*$+-) ,- 2# ./*&*,(*,- .#$ 8+-

G*+%&(*+ 9#8))(-++-M +*8) #D*+) 2# $-2#&(*+ )8(D#+&- B

V (t) ∝ exp

[

− ( t

τe
)2

]

 

 !"" #$%&' (& )("* +(,$-!-

Q N



 !"#$%&' () *+,+-./01, 2304567801,8 50918:91,2:8 5.- 5;1/12012: < /-.,851-/

6,0517.0-:

 !"# ()=( > $4567801,8 +7:9/-0?6:8 2+/:9/+: 516- 6,: 5;1/12012: @% 2: ABC µ4 0886: 2:

7. 9169;: *DCD(DE

 !"# ()=F > G9;+4. 2: 7. 70H,: 2: 5-15.H./01, :/ +9;1 86- 7:8 571/8 2: 4.88:

I(J



 ! ! "#$#%&'$()#&(*+ ,- ./*&*,(*,- 01" ,#+) 2- ,*3#(+- &-3.*$-2

 !"#  !45 6 73.82)(*+ '2-%&$(98- ,'&-%&'- .*8$ 8+- ./*&*,(*,- 01" ,- :;5 µ3 ())8- ,-

2# %*8%/- <=5= =>

*? 2τe %*$$-).*+, @ 2# 2#$A-8$ -+ 1/e ,- 2# A#8))(-++- #B-% τe =
FWHM
2 ln 2

! C# &$#+)D*$3'-

,- E*8$(-$ ,F8+- D*+%&(*+ A#8))(-++- '&#+& #8))( 8+- D*+%&(*+ A#8))(-++- .$*.*$&(*++-22-

@ exp(−π2f2τ2
e

4
)! "-) ,'G+(&(*+) .-$3-&&-+& ,F*H&-+($ 2# $-2#&(*+ -+&$- EIJK -& f−3dB L

f−3dB =

√
2 ln 2

πFWHM

C-) ,(M'$-+&) &-3.) %#$#%&'$()&(98-) ,- %-&&- ./*&*,(*,- 01" )*+& L 2- &-3.) ,- ,(M8)(*+

,-) '2-%&$*+) ,#+) 2# NO Pτa ≈ =;> .)Q; 2- ,'2#( (+&$*,8(& .#$ 2- &$#+).*$& ,-) '2-%&$*+)

,#+) 2- %*22-%&-8$ P τc ≈ R;S .)Q #(+)( 98- 2# %*+)&#+&- ,- &-3.) T" ,8- @ 2# %#.#%(&'

,- 2# U*+%&(*+ P τRC ≈ =;V .)Q P-9! 4!54Q! C# GA8$-  !4W $-.$')-+&- 2- $#..*$&

∣

∣i(f)/I0
∣

∣

2

%#2%82' ,- D#X*+ #+#2Y&(98-! 72 D#8& +*&-$ 98- 2- &-3.) ,- &$#+)(& ,-) '2-%&$*+) ,#+) 2-

%*22-%&-8$ -)& 98-298- .-8 )*8)Z-)&(3' .8()98- +*8) #B*+) )8..*)' 98- 2# [*+- ,- %/#3.

P-).#%-8$; .2#+ ,- ,*.#A- -& %*22-%&-8$Q -)& -+&(\$-3-+& -+ 7+] ,*+% 98- 2# D$'98-+%-

,- %*8.8$- -)&; -22- )8$-)&(3'-! C# D$'98-+%- ,- %*8.8$- @ Z ,^ 'B#28'- -)& ,- RR4 <J[

)*(& 8+- EIJK ,- 4;> .)! C# %*8$H- PHQ ,- 2# GA8$-  !45 %*$$-).*+, #8_ %*+,(&(*+)

-_.'$(3-+&#2-) ,#+) 2-)98-22-) 2F(3.82)(*+ '2-%&$(98- A'+'$'- .#$ 2# ./*&*,(*,- -)& 2#

.28) %*8$&- PEIJK` ;W .) )*(& f−3dB`>: <J[Q! "-&&- B#2-8$ -)& $-2#&(B-3-+& ,(M'$-+&-

,- 2# B#2-8$ &/'*$(98- #&&-+,8-! "-.-+,#+&; +*8) #22*+) B*($ 98-2) .#$#3\&$-) .-8B-+&

(+a8-+%-$ 2# B#2-8$ 3-)8$'- ,- f−3dB!

 !"#$%&''($$#)* + ,*-. &/0-'1&($1 2 3(,4'&1#%&($ ,* '54'#6)&11*/*$% 0+ .$-Z

3(-$ .#$#3\&$- 98(; ,#+) +*&$- %#) .-8& D#($- B#$(-$ 2# B#2-8$ 3-)8$'- ,- EIJK .$*B(-+&

,8 ,().*)(&(D -_.'$(3-+&#2! OG+ ,- .$'2-B-$ 8+- .#$&(- ,8 D#()%-#8 -+ )*$&(- ,8 2#)-$

R :



 !"#$%&' () *+,+-./01, 2304567801,8 50918:91,2:8 5.- 5;1/12012: < /-.,851-/

6,0517.0-:

 !"# ()=> ?  .7967 2: 7. @.-0./01, 26 9.--+ 26 5;1/1916-.,/ :, A1,9/01, 2: 7. A-+B6:,9:

516- 7. 5;1/12012: C% +/620+:

%0 DE.55;0-F 6,: 7.4: 8+5.-./-09: :8/ 57.9+: :,/-: 7: 7.8:- :/ 73189077./:6- 5.-.4+/-0B6:

15/0B6: GHI D()JKL)  ://: 7.4: 8+5.-./-09: :8/ 91,8/0/6+: 236,: 7.4:77: 2: @:--: < A.9:8

5.-.77M7:8 .88:N H,: OJPQ µ4R .H, 2: ,: 5.8 /-15 /-.,87./:- 7: A.089:.6 26 7.8:- %0SE.)

T, 1U/0:,/ 21,9 2:6V -+W:V01,8 86- 9://: 7.4:77: D :77:8 81,/ B6.804:,/ 865:-518+:8 85.S

/0.7:4:,/ 4.08 :77:8 81,/ 2+9.7+:8 /:451-:77:4:,/ 2: JFX> 58)  ://: @.7:6- . +/+ 4:86-+:

< 73.02: 236,: :V5+-0:,9: 5145:S81,2: 2.,8 6, 8:4091,269/:6- GHI)()=YL) T, 1U/0:,/

.71-8 6, +9;.,/0771,,.I: < = 04567801,8 :85.9+:8 /:451-:77:4:,/ 2: JFX> 58 GHI()=KL)  :

 !"# ()=Y ? T-0I0,: 2: 73+9;.,/0771,,.I: < = 04567801,8

Z 216U7: +9;.,/0771,,.I: [ 8: /-.260/ 2: 2:6V A.\1,8 20]+-:,/:8 8:71, 7. 26-+: 2: 7304S

567801,) "H, 2: 4://-: :, +@02:,9: 7:8 :]:/8 26 216U7: +9;.,/0771,,.I:F ,168 /-.\1,8 7:8

916-U:8 1U/:,6:8 5.- 7. 8144: 2: = I.6880:,,:8 :85.9+:8 2: JFX> 58) ^.,8 7: 9.8 1_ 731,

J(K



 ! ! "#$#%&'$()#&(*+ ,- ./*&*,(*,- 01" ,#+) 2- ,*3#(+- &-3.*$-2

 !"#  !45 6 78*29&(*+ &-3.*$-22- ,9 :#()%-#9 ,- )*+,-

3*,'2()- 2;(3.92)(*+ '2-%&$(<9- 3-)9$'- .#$ 9+- =#9))(-++-> %- ,*9?2- '%/#+&(22*++#=- )-

&$#,9(& .#$ 2;#..#$(&(*+ ,- ,-9@ A .(%) B )( 2;(3.92)(*+ C '%/#+&(22*++-$ -)& )9D)#33-+&

%*9$&- EF= !4GH#IJ -& .#$ 9+ '2#$=())-3-+& ,- 2# =#9))(-++- ,#+) 2- %#) ,;9+- (3.92)(*+

.29) 2*+=9- EF=! !4GH?IJ! K#+) 2- %#) *L 2;*+ +- ,()&(+=9- .29) <9;9+ 3#@(393> *+ #.M

.$*@(3- 2# %*9$?- $')92&#+&- .#$ 9+- =#9))(-++- ,*+& *+ 3-)9$- 2# NOPQ! R- &#?2-#9

 !S ,*++- 2# %*$$-).*+,#+%- -+&$- 2# NOPQ -& f−3dB ,- 2# =#9))(-++- $'-22- -& ,- 2#

=#9))(-++- 3-)9$'-! T+ $-3#$<9- <9- 2;-U-& ,- %- ,*9?2- '%/#+&(22*++#=- -)& )9$&*9& )(M

=+(F%#&(: .*9$ ,-) NOPQ (+:'$(-9$-) C V .)! W9 ,-2C ,- V .) 2;'2#$=())-3-+& $-)&- :#(?2-

8()MCM8() ,- 2# NOPQ $'-22-!

X#9))(-++- $'-22- X#9))(-++- 3-)9$'-

NOPQ H.)I f−3dB HXPYI NOPQ H.)I f−3dB HXPYI

V>Z [4 V> [Z

[>Z V4>S [> [G

S>Z \5 S>S \]

 >Z ]ZS  >[ 5G

4>Z ][V 4>5 ]]]

]>[ 4Z5 4>4 H4 .(%)I ]S4

Z>[ V4S 4 .(%) 6

$%&#  !S 6 "*$$-).*+,#+%- -+&$- =#9))(-++- $'-22- -& =#9))(-++- '%/#+&(22*++'- .#$ 4

(3.92)(*+) -).#%'-) ,- ]>SV .)

W(+)(> 2# NOPQ ,- 2;(3.92)(*+ 2# .29) %*9$&- <9- +*9) #8*+) 3-)9$'- %*$$-).*+,

C  >] .) #.$^) %-&&- ,'%*+8*29&(*+ %- <9( %*$$-).*+, C f−3dB ,- ]Z] XPY> 8#2-9$ .29)

.$*%/- ,- 2# 8#2-9$ &/'*$(<9- -)&(3'-! 1*9&-:*()> ,;#9&$-) .#$#3^&$-) <9( +- )*+& .#) 2(')

#9 ,().*)(&(: -@.'$(3-+&#2 (+_9-+& )9$ 2# $#.(,(&' ,- 2# ./*&*,(*,- 01"!

] G



 !"#$%&' () *+,+-./01, 2304567801,8 50918:91,2:8 5.- 5;1/12012: < /-.,851-/

6,0517.0-:

 !"# ()=> ? @12+708./01, 2: 73+9;.,/0771,,.A: < = 04567801,8 516- 6,: 04567801, 2:

BC!@DEFG 58 H.I :/ 2: BC!@DG 58 HJI

EKL



 ! ! "#$#%&'$()#&(*+ ,- ./*&*,(*,- 01" ,#+) 2- ,*3#(+- &-3.*$-2

 !"# $" %&#'(&#)*+ "*33- +*4) 25#6*+) 64 #4 %/#.(&$- 78 4+- 9*$&- (+:-%&(*+ *.;

&(<4- -+&$#=+- ,-) ->-&) ,- )#&4$#&(*+! ?# @A4$-  ! B .$')-+&- 2-) (3.42)(*+) '2-%&$(<4-)

,'&-%&'-) .*4$ ,(>'$-+&-) .4())#+%-) *.&(<4-) (+%(,-+&-)! C+ $-3#$<4- %2#($-3-+& 4+ '2#$;

 !"#  ! B D E3.42)(*+) '2-%&$(<4-) A'+'$'-) .#$ 2501";FG 3-)4$'-) .*4$ ,(>'$-+&-) .4();
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:17- 245 K-+C74,645 57:+-047-45E 64//4 :7055.,64 24M04,/ 0,2+:4,2.,/4 24 <317M4-/7-4 24

<31:/0C74 24 61<<46/01,Z>[\) S, :47/ .7550 ,1/4- <4 <1B4 :-0,60:.< 54 560,24 4, 247V) 2.,5

<4 :<., #!" :17- 245 K-+C74,645 57:+-047-45 T RXU *!9 ZQ=)()>]\)
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=47-5 T B.54 23_% L#D)  345/ T 64 :-16+2+ C74 ,175 .<<1,5 ;.0,/4,.,/ ,175 0,/+-4554-)
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 !"#  !" > D-$ 1%&04/2+?-$ 3$ )7/'2$''$ %(.'$2 #@A -2+)+10$ 3/'1 '(1 ,&(2(40)/'*$-.1

$2 3+4$'1+('1 3$ )7/'2$''$ %(.'$2 ELF= 44G α ≈ H 

o
G β ≈ "I

o
J

3$ .0/)+1/2+(' 3$ )7/'2$''$ %(.'$2 #@A! K$ ,)/' 3$ 4/11$ 3$ )7/'2$''$ $12 30,(10 ,/.

0L/,(./2+(' 1(-1 L+3$ $' 4M4$ 2$4,1 ?-$ )$1 ,('21 5 /+. $2 )/ )+*'$ 9;N! K/ 10?-$'%$

402/))+?-$ 30,(10$ $12 )/ 1-+L/'2$ O #+ E=PPP QJ R S- ETPPP QJ! 8'$ 0,/+11$-. 37$'L+.('

H µ4 3$ .01+'$ ;AUV:WX"" $12 $'1-+2$ 30,(10$G $))$ 1$.L+./ 3$ %(-%&$ 1/%.+Y%+$))$ ,(-. )/

)+60./2+(' 3- 2.+/'*)$ 402/))+?-$! 8'$ 02/,$ 3$ )+2&(*./,&+$ ,$.4$2 37(-L.+. )(%/)$4$'2

%$22$ .01+'$ ,-+1 )70%&/'2+))(' $12 ,)/%0 1-. -'$ ,)/?-$ %&/-Z/'2$ /Y' 3$ [/+.$ \-$. )/

.01+'$! K$ 2.+/'*)$ $12 [/6.+?-0 $' ?-/2.$ 02/,$1 O -'$ 402/))+1/2+(' E#+RS-J ,)$+'$ ,)/?-$

$12 30,(10$ $' 3$-C 2$4,1 E,/. 0L/,(./2+(' ,-+1 ,/. ,-)L0.+1/2+(' %/2&(3+?-$JG $))$ $12

1-+L+$ 37-'$ )+2&(*./,&+$ (,2+?-$ 30Y'+11/'2 )$ 4(2+[ 2.+/'*-)/+.$ ,-+1 )/ 402/))+1/2+(' $12

*./L0$ ,/. -'$ 1()-2+(' 37+(3-.$ 3$ ,(2/11+-4 E]VJ $2 3++(3$ EI2J 3+)-0$ 3/'1 3$ )7$/-

E,(-. )7(.J $2 37/%+3$ \-(.&B3.+?-$ E,(-. )$ 2+2/'$J! K/ [/%$ /L/'2 3$ )70%&/'2+))(' $12

$'1-+2$ ,.(20*0$ ,/. -'$ .01+'$ /Y' 3$ ,()+. )/ [/%$ /..+^.$ 3- 1-612./2 37V';! K/ %(-%&$
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 !"# ()>? @ A74 568+;./0B74 24 <3.,/4,,4 61-,4/ %'C .D46 7,4 6.<4 24 #%E' FG =.7684H

4/ 6.-/4 27 68.;: +<46/-0B74 -.I1,,+ :.- <3.,/4,,4 G 7,4 J-+B74,64 24 ?KK *!9

 !"# ()>L @  14M604,/ N>> 24 <3.,/4,,4 61-,4/ %'C 2+/4-;0,+ :.- 50;7<./01,

45/ :<.6+ 2.,5 7, 5+6847- CO2 57:4-6-0/0B74 .O, 23+D0/4- <4 P 61<<.=4 Q 27 /-0.,=<4 57- <4

:<., 24 ;.554) R4 /-0.,=<4 45/ 4,570/4 5/.S0<05+ G <3.024 237,4 6T<4 4, #%E' 670D-+) R.

6T<4 45/ ;.0,/4,74 .7 :<., 24 ;.554 :.- 24 <. 60-4 /.,205 B74 <4 /-0.,=<4 45/ S-.5+ .D46 7,

.<<0.=4 SnPb 57- 64<<4U60) R. :1<.-05./01, 24 <3V% U#W 45/ .;4,+4 :.- 24 O,5 O<5 231- FXK

µ; 24 20.;Y/-4H -4<0+5 -45:46/0D4;4,/ .7 :<., 24 ;.554 4/ G <34Z/-+;0/+ 27 /-0.,=<4) R4

:81/1;+<.,=47- 45/ 4,570/4 61<<+ 57- 7, 60-670/ 0;:-0;+ .O, 23[/-4 :<75 J.60<4;4,/ :<.6+

2.,5 <4 205:150/0J 4Z:+-0;4,/.< 24 ;457-4 \O=)()X>])

 !"# ()>^ @ W0.=-.;;45 24 -.I1,,4;4,/ 24 <3.,/4,,4 61-,4/ %'C G ?KK *!9 2.,5 7,

:<., :.-.<<Y<4 .7 :<., 24 ;.554 FG =.7684H 4/ D7 24 6_/+ FG 2-10/4H
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 !" #$%&%'()*+,-./0 1 2*0- 345678#9

 !"!# $%&'(&)* +,-.%&/0* 10 ),.+.2-34'5*

>4 :81/1;+<.,=4 45/ ?.5+ 57- <. 2+/46/01, 237, ?.//4;4,/ 24 247@ A.0564.7@ <.54- 2.,5

7, :81/12+/46/47-) B175 .<<1,5 21,6C D :-+54,/C E10- F74<5 :-0,60:45 :8G50F745 51,/ ;05

4, H47 2.,5 7, :81/1;+<.,=47-)

 ! "#$$!%!&$ '! ()*+,!&-!.

>4 ?.//4;4,/ 24 A-+F74,645 45/ 7, :8+,1;I,4 F70 :4-;4/ 234@60/4- 7, :81/12+/46/47-

D 7,4 A-+F74,64 fb D :.-/0- 24 247@ A.0564.7@ <.54- 24 <1,=747- 231,24 λ1 J:7<5./01, ω1K

4/ λ2 J:7<5./01, ω2K)

 1,502+-1,5 247@ 1,245 :<.,45 %'L 61<0,+.0-45 Jk1 ‖ k2KC 24 ;M;4 .;:<0/724 4/

:.-A.0/4;4,/ 57:4-:15+45 5:./0.<4;4,/ N

E1(r, t) = E0 cos
(

ω1t− k1.r+ φ1

)

.u1

H1(r, t) = H0 cos
(

ω1t− k1.r+ φ1

)

.u2

E2(r, t) = E0 cos
(

ω2t− k2.r+ φ2

)

.u1

H2(r, t) = H0 cos
(

ω2t− k2.r+ φ2

)

.u2

J()OK

>45 :8.545 D t = 0 4/ r = 0 51,/ -45:46/0E4;4,/ φ1 4/ φ2) "P, 23.<<+=4- <45 ,1/./01,5C φ1

4/ φ2 54-1,/ 61,502+-+45 61;;4 +/.,/ ,7<<45) >4 68.;: +<46/-0F74 D <30,5/.,/ t 4/ 4, r = r0

J<. :150/01, 27 :81/12+/46/47-K 53+6-0/ N

E(r0, t) = E0

(

cos
(

ω1t− k1.r0

)

+ cos
(

ω2t− k2.r0

)

)

u1

= 2E0 cos
(

(ω1+ω2)t−(k1+k2).r0
2

)

cos
(

(ω1−ω2)t−(k1−k2).r0
2

)

u1

J()(K

Q4 ;M;4C <4 68.;: ;.=,+/0F74 53+6-0/ N

H(r0, t) = H0

(

cos
(

ω1t− k1.r0

)

+ cos
(

ω2t− k2.r0

)

)

u1

= 2H0 cos
(

(ω1+ω2)t−(k1+k2).r0
2

)

cos
(

(ω1−ω2)t−(k1−k2).r0
2

)

u1

J()RK

>4 E46/47- 24 #1G,/0,= 24 64//4 1,24 +<46/-1;.=,+/0F74 53+6-0/ .<1-5 N

p(r0, t) = 1
µ0

E×H

= E0H0

4µ0

(

exp(j (ω1+ω2)t−(k1+k2).r0
2

)

)(

exp(j (ω1−ω2)t−(k1−k2).r0
2

)

)

u1 × u2

J()SK
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:* 3-+0;&( 3- <.;00*+=- %<&;>.- -+ r0 '%?-++(- 0./ .+- <(/;%3- %<&;>.- @τ ≈ 2π
ω1,2

A -0&

(,*)- 1 B

Dopt(r0, t) = 1
τ

∫ τ

0
|p(t)|dt

= E0H0

4τµ0

∫ τ

0

(

exp(j (ω1+ω2)t−(k1+k2).r0
2

)

)2(

exp(j (ω1−ω2)t−(k1−k2).r0
2

)

)2

dt

@ !CA

:- &-/'- -+

ω1−ω2

2
@τω1−ω2

≈ D <0 <%./ ω1 − ω2 ≈ ω1THzA 3*+0 )4;+&(,/*)- <-.& E&/-

=%+0;3(/( =%''- (&*+& =%+0&*+& 0./ )4;+&-/F*))- 34;+&(,/*&;%+ @≈ G H0 <%./ λ I DJGG µ'A!

:4(>.*&;%+ @ !CA 3-F;-+& *)%/0 B

Dopt(r0, t) = E0H0

µ0

1
2

(

exp(j (ω1−ω2)t−(k1−k2).r0
2

)

)2

= D0

(

1 + cos
(

(ω1 − ω2)t− (k1 − k2).r0

)

)

@ !KA

*F-= D0J )* 3-+0;&( 3- <.;00*+=- %<&;>.- 3. H*;0=-*. 2;8H/(>.-+=- L +%+ '%3.)(- M!

 !"#"$%#&'#(") $* #&+,& $& -.##&,&)# "* /!"#",%0.)1&

:4(>.*&;%+ @ !KA '%+&/- >.- )* <.;00*+=- %<&;>.- F.- <*/ )- <$%&%'()*+,-./ -0& (>.;8

F*)-+&- 1 =-))- (';0- <*/ .+ )*0-/ '%3.)( -+ *'<);&.3- 3- H*N%+ 0;+.0.%;3*)- 1 )* H/(>.-+=-

fb =
|ω1−ω2|
2π

! :- <$%&%=%./*+& (&*+& </%<%/&;%++-) 1 )* <.;00*+=- %<&;>.- ;+=;3-+&-J %+ /-8

&/%.F- =-&&- '%3.)*&;%+ 0./ )- <$%&%=%./*+&! 74-0& 3%+= )- =%+&/O)- 3- )* 3;P(/-+=- 3-0

H/(>.-+=-0 %<&;>.-0 >.; <-/'-& 34%2&-+;/ )4*==%/3*2;);&( 3. 0;,+*) -+ 0%/&;- 3. <$%&%'(8

)*+,-./! 7-&&- 3;P(/-+=- 3- H/(>.-+=- %<&;>.- <-.& *.00; 04-Q</;'-/ =%''- .+- 3;P(/-+=-

3- )%+,.-./ 34%+3- B

fbatt =
ω1 − ω2
2π

=
c

λ1
− c

λ2
=
c(λ2 − λ1)

λ1λ2
@ !RA

S.<<%0%+0 >.- )4%+ 3(0;/- .+- H/(>.-+=- 3- D 6TU -& >.- )4%+ &/*F*;))- 1 .+- )%+,.-./

34%+3- %<&;>.- 3- DJGG µ'J ;) H*.& .+- 3;P(/-+=- 3- )%+,.-./ 34%+3- 34-+F;/%+ K +'!

9*+0 )- =*0 %V )4*+&-++- -0& <*/H*;&-J )* <.;00*+=- 6TU /*?%++(- -0& 3- )* H%/'- B

PTHz = RaI
2
efficace =

1

2
RaI

2
crête @ !DWA

X+ =*)=.)*+& )- =%./*+& -Y=*=- ,(+(/( <*/ .+- 5678#9 -& -+ )- /-'<)*N*+& 3*+0 )4(>.*8

&;%+ =;83-00.0J %+ /-&/%.F- )4(>.*&;%+ @=$*<;&/- " J "!GZA %2&-+.- *. =$*<;&/- " -& /*<<-)(-

;=; B

PTHz(ω) =
1

2
RaI

2
0

1

1 + (ωτa)2
1

1 + (ωτc)2

∣

∣

∣

sin
(

ω τt
2

)

ω τt
2

∣

∣

∣

2

, *F-= I0 = SeGWa @ !DDA
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 !"!" #$%&'%$($) *+&,-$.*/(01

":->5 ,175 ?/-4 0,/+-455+5 .7@ :-0,60:45 :8A50B745 ;05 4, 147C-4 2.,5 7,4 4@:+-04,64

24 :81/1;+<.,=4D ,175 .<<1,5 2+6-0-4 <45 20C4-5 +<+;4,/5 ,+6455.0-45 E <. =+,+-./01, 237,

50=,.< %!9  F :.- :81/1;+<.,=4)  45 4@:+-04,645 1,/D 4, ;.G47-4 :.-/04D +/+ -+.<05+45

4, 61<<.H1-./01, .C46 <4 I.H1-./10-4 24 #8A5061J 80;04 24 <3"/;15:8>-4 24 <3K,0C4-50/+

27 I0//1-.<)

K, 568+;. 27 205:150/0L 4@:+-0;4,/.<D 2+C4<1::+ :.- *) M7617-,.7D 45/ :-+54,/+ 57- <. NJ

=7-4 ()OO) M47@ 201245 <.54-5 E 6.C0/+ +/4,2745 61,/0,745 4/ .661-2.H<45 P"=0<4,/ QRS(O"T

 !"# ()OO U M05:150/0L 4@:+-0;4,/.<
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B74 ,175 .C1,5 -+.<05+45D <. <1,=747- 231,24 237,4 245 247@ 201245 <.54- -45/4 N@4 /.,205

<. L-+B74,64 24 H.//4;4,/ 54-. 1H/4,74 4, L.05.,/ C.-04- <. <1,=747- 231,24 24 <. 5461,24

20124 <.54-) I4 L.0/ 24 /-.C.0<<4- E 7,4 <1,=747- 231,24 1:/0B74 24 RDVV µ; ,175 :4-;4/

<37/0<05./01, 24 NH-45 1:/0B745 ;1,1;1245 E L.0H<45 :4-/45 64 B70 L.60<0/4 =-.,24;4,/ <. 57J

:4-:150/01, 5:./0.<4 245 247@ L.0564.7@ .0,50 B74 5. 5/.H0<0/+ ;+6.,0B74) M47@ 61,/-Z<47-5

24 :1<.-05./01, 51,/ :<.6+5 4, 51-/04 245 <.54-5 :705 <45 247@ L.0564.7@ 51,/ 57:4-:15+5

5:./0.<4;4,/ =-[64 E 7, 617:<47- NH-+ V\]V\) I4 L.0564.7 H0JL-+B74,64 45/ 0,G46/+ 2.,5
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I4 L.0564.7 4, 51-/04 24 NH-4 4/ L16.<05+ 57- <. L.64 .--0>-4 27 :81/1;+<.,=47- E <3.024 237,

61<<0;./47- 4/ 237,4 <4,/0<<4 .5:8+-0B74 24 L16.<4 ≈ `DV ;;) %175 645 +<+;4,/5 1:/0B745

0,/-127054,/ 245 :4-/45)  45 :4-/45 1,/ +/+ ;457-+45 4/ 51,/ 24 ODS 2a 4,/-4 <. :7055.,64

.b68+4 :.- <3'M^" 4/ <. :7055.,64 ;457-+4 4, 51-/04 24 NH-4 .:->5 <. 61<<0;./01,)
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&-/'- 3- 2*&&-'-+& -+ :%./*+& %0:;))*+& 1 )* </(=.-+:- f ≈ c∆λ
λ2 ! 7-))-8:; -0& >%)*/;0(-

1 )4*;3- 34.+ >%&-+&;%'?&/- *);'-+&( >*/ 2*&&-/;- >%./ );';&-/ )- 2/.;& -& -0& :%++-:&(-

-+ 0(/;- 1 .+ *'>?/-'?&/- >-/'-&&*+& 3- '-0./-/ )- :%./*+& '%@-+ :;/:.)*+& 3*+0 )*

>$%&%3;%3-! A- 0;,+*) 6BC >$%&%,(+(/( -0& -+0.;&- /*@%++( >*/ )4*+&-++- :%/+-& 6DE!

A- /*@%++-'-+& (';0 >*/ )4*+&-++- -0& :%));'*&( 1 )4*;3- 34.+ ';/%;/ >*/*2%);=.- 3-

,/*+3- %.F-/&./- -& 3- <%:*)- "G '' >.;0 <%:*);0( 3*+0 )- 3(&-:&-./ 1 )4*;3- 34.+- )-+&;))-

-+ #6HD! 5+ *F*+&*,- 3- )4*+&-++- :%/+-& 6DE -0& )- <*;& =.- )-0 :$-';+0 3. <*;0:-*.

;+</*/%.,- IJKLL µ'M -& 3. <*;0:-*. 6BC 0%+& =.*0;'-+& >-/>-+3;:.)*;/-0 )4.+ 1 )4*.&/-!

6%.&-<%;0K +%.0 *F%+0 :%+0&*&( =.4.+- >*/&;- 3. <*;0:-*. ;+</*/%.,- >%.F*;& N&/- 3;O.0(-

>.;0 3(&-:&(- >*/ )- 3(&-:&-./ 6BC! PQ+ 34*&&(+.-/ :- <*;0:-*. 3;O.0(K 3-.R '-'2/*+-0

-+ #6HD >%/-.R IS;&-R M 0%+& >)*:(-0 3*+0 )- &/*T-& 3. <*;0:-*. 6BC UJVW! X%.0 *F%+0 -.

/-:%./0 1 3;O(/-+&0 3(&-:&-./0 )%/0 3-0 3;F-/0-0 -R>(/;-+:-0 Y :*)%/;'?&/- ID/;:Z0%+ #E MK

2%)%'?&/- 0;);:;.' I[E7 8 [\;]^_M UQ,! !"`WK 2%)%'?&/- a+\2 I[E7 8 [Ha^_]aM -&

3(&-:&-./ >@/%()-:&/;=.-! DR:->&( >%./ )-0 '-0./-0 *F-: )- :*)%/;'?&/-K )- 0;,+*) -+ 0%/&;-

3. 3(&-:&-./ -0& ;+T-:&( -+ -+&/(- 34.+- 3(&-:&;%+ 0@+:$/%+-! 9*+0 :-0 :*0K )- <*;0:-*.

2;8</(=.-+:- * >/(*)*2)-'-+& (&( :$%>>(!

 !"#  !"` b #$%&%,/*>$;- 3. 3;0>%0;&;< -R>(/;'-+&*)

 !"!# $%&%'()&*+%(*,- ./ 01,(,2)3%-4/5&+ 6 7%+/ .89:$;<=

9*+0 :-&&- >*/&;-K +%.0 >/(0-+&%+0 )-0 3;O(/-+&0 /(0.)&*&0 -R>(/;'-+&*.R %2&-+.0 0./

3-0 >$%&%'()*+,-./0 1 2*0- 345678#9! A* 0-:&;%+ 3- )* >$%&%3;%3- 567 3. >$%&%'(8

)*+,-./ F*/;- 3-  1 " µ'! X%.0 F(/;Q-/%+0 3*+0 .+ >/-';-/ &-'>0 )* 3(>-+3*+:- 3- )*

>.;00*+:- 3(&-:&(- -+ <%+:&;%+ 3. >$%&%:%./*+&K )4(F%).&;%+ </(=.-+&;-))- 3- )* >.;00*+:-

/*@%++(- 0-)%+ )* </(=.-+:-! X%.0 +%.0 ;+&(/-00-/%+0 -+0.;&- 1 )4-O-& 3- )* >%)*/;0*&;%+

*;+0; =.41 :-).; 34.+- /(3.:&;%+ 3- )* 0-:&;%+ 3- )45678#9! D+Q+K +%.0 3;0:.&-/%+0 3-0

3;O(/-+&0 -O-&0 &$-/';=.-0 );';&*+& )* >.;00*+:- /*@%++(-!

JcV



 !"#$%&' () *+,+-./01, 231,245 61,/0,745 /+-.84-/9 :.- :81/1;+<.,=4

 !"#$! %# &'()(*(#$+,)

>45 617-?45 24 <. @=7-4 ()A( :-+54,/4,/ <. 2+:4,2.,64 27 :81/1617-.,/ ;1B4, 4,

C1,6/01, 24 <. :7055.,64 1:/0D74 ;1B4,,4 0,6024,/4 :17- 7,4 546/01, 24 ( 4/ E µ;) >45
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Puissance optique incidente (mW)

R = 29 mA/W 

D = 3 µm

 !"# ()A( F  14G604,/ 24 -+:1,54 :17- 7,4 :81/120124 H% 24 ( µ; 24 20.;I/-4 JK

=.7684L 4/ 24 E µ; 24 20.;I/-4 JK 2-10/4L

614G604,/5 24 -+:1,54 245 :81/1201245 H% 24 (M EM A µ; 51,/ -45:46/0N4;4,/ 24 (OM

AP 4/ Q( ;"RS) T, -4;.-D74 7,4 20U+-4,64 4,/-4 <45 614G604,/5 24 -+:1,54 245 /-105

:81/1201245) >45 247V 61;:15.,/5 :-1N4,.,/ 24 <. ;W;4 +:0/.V04M <. ;W;4 N.<47- 24

:81/1617-.,/ 24N-.0/ W/-4 1?/4,74 :17- 7, ;W;4 +6<.0-4;4,/ 50 <31, ,+=<0=4 <30,81;1X

=+,+0/+ 24 <3+:.05547- 24 617684 J≈ QY ZL)  4:4,2.,/M <4 20.;I/-4 4, 1/e2 27 C.0564.7

C16.<05+ 45/ 234,N0-1, E µ;)  4<. 45/ :-1?.?<4;4,/ 2[ .7V .?4--./01,5 :-1N1D7+45 :.- <.

/-.N4-5+4 27 57?5/-./ 23$,#) >30,/+=-.<0/+ 24 <. :7055.,64 1:/0D74 0,6024,/4 ,345/ 21,6 :.5

0,\46/+4 2.,5 <. :81/120124 64 D70 4V:<0D74 <. 20U+-4,64 4,/-4 <45 614G604,/5 24 -+:1,54

24 20U+-4,/45 :81/1201245)  460 :17--.0/ W/-4 N+-0@+ K <3.024 237,4 1:/0D74 :4-;4//.,/

231?/4,0- 7,4 /.0<<4 24 5:1/ 024,/0D74 K <. 546/01, 24 <. :81/120124)

]175 .N1,5 N7 :-+6+24;;4,/ D74 <. :7055.,64 %!9 4/ <4 :81/1617-.,/ ;1B4, 51,/ -4<0+5

:.- 7,4 -4<./01, D7.2-./0D74 ^

PTHz ∝ I2

$< C.7/ ,1/4- D74 64//4 -4<./01, -45/4 N.<.?<4 .7X24<K 24 <. C-+D74,64 24 617:7-4 K XE 2_

24 <. :81/120124) T, :47/ N10- 57- <. @=7-4 ()A` D74 <. -4<./01, 4,/-4 <. :7055.,64 %!9

2+/46/+4 4/ <4 :81/1617-.,/ 45/ ?04, D7.2-./0D74)  4//4 -4<./01, . .7550 +/+ N+-0@+ 57- <45

:81/1;+<.,=47-5 24 ( 4/ A µ; 24 20.;I/-4) H,4 ;12+<05./01, 24 <. 617-?4 1?/4,74 :17-

<. :81/120124 24 E µ; :.- 7,4 C1,6/01, 24 <. C1-;4 y = Iα ,175 21,,4 7, 614G604,/ α

+=.< K AMYE)

-.!) %! /+ &(/+$0"+)0(,

H,4 20U+-4,64 C1,2.;4,/.<4 4,/-4 <45 :81/161,276/47-5 K ?.54 24 ;./+-0.7 K /4;:5 24

N04 617-/ 4/ <3H% X#a -+5024 2.,5 <4 C.0/ D73K :1<.-05./01, ,7<<4M <4 :81/1617-.,/ 4/ 21,6

QOb
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Vbias = 250 mV

f = 0,8 THz

D = 3 µm
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Photocourent (µA)

 !"#  !": ; <(=%+0- 34.+- =$%&%3>%3- 3- 3>*'?&/- " µ' -& =.>00*+@- 6AB 3(&-@&(- =%./

.+- C/(D.-+@- 3- 2*&&-'-+& 3- EF F GAB H1 ,*.@$-I -& 3(=-+3*+@- 3- )* =.>00*+@- 6AB

3(&-@&(- -+ C%+@&>%+ 3. =$%&%@%./*+& '%J-+ H1 3/%>&-I =%./ .+- C/(D.-+@- 3- 2*&&-'-+&

3- KFF GAB

)* =.>00*+@- 6AB /*J%++(- 0%+& +%+ +.)0! L* @%./2- 3- )* M,./-  !"N >)).0&/- )* =%00>2>)>&(

3- ,(+(/-/ .+ 0>,+*) 6AB 1 =%)*/>0*&>%+ +.))-! O+ -P-&Q 3*+0 )- @%))-@&-./ 34.+- 5678#9Q

>) J * .+ @$*'= ()-@&/>D.- >00. 3- )* R%+@&>%+  !" J @%'=/>0 1 =%)*/>0*&>%+ +.))-!

S+ @%+0&*&- *.00> 0./ )* M,./-  !"N .+- *.,'-+&*&>%+ =.>0 .+- 3>'>+.&>%+ 3- )* =.>08

 !"#  !"N ; #$%&%@%./*+& -& =.>00*+@- /*J%++(- -+ C%+@&>%+ 3- )* &-+0>%+ >+T-/0- *==)>D.(-

1 )45678#9 HfbUEQF 6ABI

0*+@- /*J%++(- *T-@ )* &-+0>%+ 3- =%)*/>0*&>%+! 6%.&-C%>0Q )* T*)-./ 3. @%./*+& *.,'-+&-

@%+&>+.-))-'-+& *T-@ )* &-+0>%+ 3- =%)*/>0*&>%+! 7-&&- *.,'-+&*&>%+ 3. @%./*+& -0& *&&/>8

2.(- 1 .+- *.,'-+&*&>%+ 3. @%./*+& 34%20@./>&( 3- )* =$%&%3>%3-! L* =$%&%3>%3- 567

+4*J*+& =*0 0.2> 34(&*=- 3- =*00>T*&>%+Q +%.0 *&&/>2.%+0 @- @%./*+& 34%20@./>&( 1 3-0 @%.8

/*+&0 3- =(/>=$(/>- *. +>T-*. 3. @%))-@&-./ -+ V+#! V&% #$ %& %+& *.00> %20-/T( )- 'W'-

@%'=%/&-'-+& 3- )* =.>00*+@- 6AB /*J%++(- -+ C%+@&>%+ 3- )* &-+0>%+ 3- =%)*/>0*&>%+ -&

)4%+& *&&/>2.( 1 .+ /(,>'- 3- 0./T>&-00- 3-0 ()-@&/%+0XEKY! L-0 ()-@&/%+0 0- 3(=)*@-+& *)%/0

3*+0 &%.& %. =*/&>- 3. @%))-@&-./ *T-@ .+- T>&-00- 0.=(/>-./- 1 )-./ T>&-00- 3- 0*&./*&>%+!

ENZ



 !"#$%&' () *+,+-./01, 231,245 61,/0,745 /+-.84-/9 :.- :81/1;+<.,=4

$580>.580 5345/ 0,/+-455+ .7 6.5 1? 7,4 :.-/04 27 /-.,50/ 245 +<46/-1,5 2.,5 <4 61<<46/47-

237, !@% 54 A.0/ 4, -+=0;4 24 57-B0/4554) C.,5 64 6.5D 1, :47/ 2+E,0- 7,4 B0/4554 4F46G

/0B4 ;1H4,,4 245 +<46/-1,5 2.,5 <4 61<<46/47- 4/ <4 :I<4 .//-0>7+ .7 /4;:5 24 /-.,50/ 245

+<46/-1,5 45/ -4:1755+ :<75 8.7/ 4, A-+J74,64 KLMN) %17/4A105D 64//4 2+6-1055.,64 .7 24<O

24 PQQ ;R SE ≈ 66kV.cm−1
T :47/ .7550 534U:<0J74- :.- 7, /-.,5A4-/ 0,/4-B.<<+4 245 +<46G

/-1,5D 61;;4 64<O :47/ .7550 54 :-1270-4 2.,5 <4 61<<46/47- 237, C!@% KVQN)  4 /-.,5A4-/

0,/4-B.<<+4 54 /-.270/ :.- 7,4 .7=;4,/./01, 24 <. ;.554 4F46/0B4 245 +<46/-1,5 4/ 21,6

7,4 20;0,7/01, 24 <47- B0/4554) C.,5 <45 247U 6.5D 1, 1>54-B4 7,4 20;0,7/01, 24 <. B0/4554

245 +<46/-1,5 2.,5 <4 61<<46/47-) W4 :I<4 .55160+ .7 /4;:5 24 /-.,50/ 245 +<46/-1,5 2.,5 <4

61<<46/47- 45/ -+:1755+ B4-5 <45 :<75 >.5545 A-+J74,645D 64 J70 4,/-.X,4 7,4 20;0,7/01, 24

<34Y6.60/+ 24 <. :81/120124)

 !"#!$%&"&'% ($)*+&'%,&- .&/ #0!%!")-1'2&+$/

Z175 .B1,5 B7 .7 68.:0/-4 V J74 <34U:-45501, 24 <. :7055.,64 -.H1,,+4 61;:1-/.0/

/-105 :I<45 [ 7, :-4;04- .//-0>7+ .7 /4;:5 24 20F7501, 245 +<46/-1,5 2.,5 <. \"D 7, 54G

61,2 .55160+ .7 /4;:5 24 /-.,50/ 245 +<46/-1,5 2.,5 <4 61<<46/47- 4/ 7, /-1050];4 2^ O <.

61,5/.,/4 24 /4;:5 RC) %-105 :81/1;+<.,=47-5 21,/ <. 546/01, 24 <3_% G#C 45/ 20F+-4,/4

:17- 68.67, 1,/ +/+ 6.-.6/+-05+5) `, 53.//4,2 O .B10- :17- <45 /-105 :81/1;+<.,=47-5 7,4

2+6-1055.,64 24 <. :7055.,64 -.H1,,+4 .7 24<O 27 :-4;04- :I<4)

W45 :I<45 .55160+5 .7 a 2+:<.64;4,/ b 245 +<46/-1,5 51,/ 024,/0J745 :705J74 <45 :81/1G

;+<.,=47-5 51,/ 05575 24 <. ;c;4 +:0/.U04) W. 61,5/.,/4 24 /4;:5 RC 20;0,7.,/ .B46

<. 546/01,D <4 :81/1;+<.,=47- 24 :<75 :4/0/4 546/01, 210/D O :81/1617-.,/ +=.<D -.H1,,4-

7,4 :7055.,64 %!9 :<75 +<4B+4) W4 /.><4.7 ()L -464,54 <. :150/01, /8+1-0J74 245 20F+-4,/5

:I<45 :17- <45 /-105 :81/1;+<.,=47-5) W45 617->45 24 <. E=7-4 ()Vd ;1,/-4,/ <3+B1<7/01,

e46/01, fc,a fc,tr fc,RC f−3dB
( µ; dMf *!9 f(d *!9 V(P *!9 ≈ VQg *!9

P µ; dMf *!9 f(d *!9 (PV *!9 ≈ PLQ *!9

V µ; dMf *!9 f(d *!9 MdQ *!9 ≈ (gQ *!9

 !"# ()L h #150/01, A-+J74,/04<<4 /8+1-0J74 245 :I<45 245 20F+-4,/5 :81/1;+<.,=47-5

24 <. :7055.,64 %!9 -.H1,,+4 :.- 68.J74 :81/1;+<.,=47- 4, A1,6/01, 24 <. A-+J74,64

.0,50 J74 <4 61;:1-/4;4,/ /8+1-0J74 .//4,27 2+/4-;0,+ :.- 7,4 4U:-45501, .,.<H/0J74 27

:81/1617-.,/) W45 617->45 24 <. E=7-4 ()Vi :-+54,/4,/ 7,4 61;:.-.051, 24 <. ;457-4 24

<. :7055.,64 -.H1,,+4 .B46 20F+-4,/5 2+/46/47-5)

_,4 61;:.-.051, 4,/-4 <. :7055.,64 -.H1,,+4 :.- 247U :81/1;+<.,=47-5 45/ :-+54,/+4

57- <. E=7-4 ()VM) e0 <31, /-.B.0<<4 O :81/1617-.,/ 024,/0J74 4/ J74 <31, 54 :<.64 .7G24<O

27 :I<4 .55160+ O <. 61,5/.,/4 24 /4;:5 & D 1, 210/ /8+1-0J74;4,/ /-17B4- 7, +6.-/ 24 P

2@ 57- <. :7055.,64 -.H1,,+4 J74 <31, -4/-17B4 4U:+-0;4,/.<4;4,/) W. 617->4 24 <. E=7-4

()PQ :-+54,/4 <3+B1<7/01, 24 <. :7055.,64 -.H1,,+4 :.- 7, :81/1;+<.,=47- 24 V µ; 24

LdQ
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 E KL3/ J

 !"# ()>? @ #7055.,64 %!9 ;457-+4 :.- 7, 6.<1-0;A/-4 B'-06C51, #D(E 4/ :.- 7, F1<1G

;A/-4 50<0607; -4H-1020 I <38+<07; <0J7024 :17- 7,4 :81/120124 24 ( µ; 24 20.;A/-4 4/

61;:.-.051, 4,/-4 <4 ;K;4 F1<1;A/-4 4/ 7, 2+/46/47- :L-1+<46/-0J74 B6.<0F-+ I MNN *!9

:.- 7, :81/1;+<.,=47- I F.54 23O% G#PE :17- 7,4 :81/120124 24 Q µ; 24 20.;A/-4

20.;A/-4 .0,50 J74 <45 :4,/45 24 2+6-1055.,64 /8+1-0J74)

"0,50R <. 20;0,7/01, 24 <. 546/01, 24 <. :81/120124 O% :4-;4/ 24 -4:17554- <4 :S<4 T 6.G

:.60/0H U I 245 H-+J74,645 :-16845 24 64<<45 245 247V .7/-45 :S<45) "7 2+<I 245 H-+J74,645

24 617:7-4R <. :7055.,64 2+6-10/ .W46 7,4 :4,/4 24 GX? 2YZ16/.W4 510/ [ 2Y 24 :<75 J74 <45

:81/161,276/47-5 I F.54 24 ;./+-0.7V I /4;:5 24 W04 617-/ /-.20/01,,4<<4;4,/ 7/0<05+5)

$< 61,W04,/ 21,6 24 ;0,0;054- <. 6.:.60/+ 24 <. :81/120124 O% 4, -+2705.,/ 5. 57-H.64R

/17/4H105 64<. 61,270/ I 0,\46/4- 7,4 24,50/+ 1:/0J74 :<75 +<4W+4 4/ I 2+=-.24- <4 61;:15.,/

:17- 7,4 :7055.,64 1:/0J74 ;10,2-4)

 !"#!$!"% #! &'"(!)*+'"

" :-+54,/R ,175 .<<1,5 ,175 0,/+-4554- .7 -4,24;4,/ 24 61,W4-501, 245 :81/1;+<.,G

=47-5)  4 -4,24;4,/ 45/ 2+],0 61;;4 +/.,/ <4 -.::1-/ 4,/-4 <. :7055.,64 %!9 -.L1,,+4

X^>
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 !"#  !": ; <=%).&>%+ ?/(@.-+&>-))- 3-0 3>A(/-+&0 B$%&%'()*+,-./0

-& )* B.>00*+C- %B&>@.- ?%./+>- *. B$%&%'()*+,-./! D%.0 *=%+0 =. B/(C(3-''-+& @.- )-

C%-EC>-+& 3- /(B%+0- 3-0 B$%&%3>%3-0 3(B-+3*>& 3- )-./ 0-C&>%+! 7-C> -0& *&&/>2.( *. ?*>&

@.- )4>+&(,/*)>&( 3- )* B.>00*+C- %B&>@.- -+ 0%/&>- 3- )* )-+&>))- +4-0& B*0 >+F-C&(- 3*+0 )*

B$%&%3>%3- B%./ )-0 0-C&>%+0 )-0 B).0 B-&>&-0! D%.0 3(G+>00%+0 3%+C .+- B.>00*+C- %B&>@.-

.&>)-!

H) +%.0 ?*.& 1 B/(0-+& -0&>'-/ )-0 B-/&-0 3.-0 *. C%.B)*,- B*/&>-) 3- )* B.>00*+C- %B&>@.-

-+ 0%/&>- 3- )-+&>))- 3- ?%C*)>0*&>%+ 3*+0 )* B$%&%3>%3-! D%.0 0.BB%0%+0 @.- )4>+&(,/*)>&(

3- )* B.>00*+C- %B&>@.- >+C>3-+&- -0& C%.B)(- 3*+0 )* B$%&%3>%3- 3-  µ' 3- 3>*'I&/-! J-

C%-EC>-+& 3- /(B%+0- 3- )4(B>&*K>- -0& 3%+C 3-  L 'MNO &*+3>0 @.- C-).> 3- )* B$%&%3>%3-

3- " µ' 3- 3>*'I&/- -0& 3- P 'MNO 0%>& .+- B-/&- 3- QRP 3S TG,! !UPV! M>+0>R )-0 B-/&-0

W %B&>@.-0 X -+&/- )* B.>00*+C- *EC$(- B*/ )4<9YM -& )* B.>00*+C- /(-))-'-+& .&>)-R %+ *

.+- B-/&- 3- ZR[ 3S B%./ )* B$%&%3>%3- 3- " µ' 3- 3>*'I&/- -&  RL 3S B%./ )* B$%&%3>%3-

3- 3>*'I&/- U µ'!

9- B).0R +%.0 %20-/=%+0 .+- =*/>*&>%+ 3- P\ 1 "\ ] 3. B$%&%C%./*+& *=-C )* ?/(@.-+C-

TG,! !U"V! 7-0 =*/>*&>%+0 B-.=-+& 04-KB)>@.-/ 34.+- B*/& B*/ 3-0 -A-&0 3- C*=>&( Y*2/^8

#(/%& 3*+0 )- 0.20&/*& 34H+# *>+0> @.- B*/ 3-0 B-&>&-0 3(/>=-0 '(C*+>@.-0 3- )4%B&>@.- 3-

?%C*)>0*&>%+! J-0 C%./2-0 3- )* G,./-  !UU >+3>@.-+& )-0 B.>00*+C-0 6_` '-0./(-0 a? b : \

c_`R ? b PULQ c_`d -+ ?%+C&>%+ 3- )* B.>00*+C- %B&>@.- .&>)-! 7-0 B.>00*+C-0 %+& (&(

%2&-+.-0 *=-C .+ B$%&%C%./*+& 3- "RZQ 'M aPopt .&>)- b Q\ 'Od! 9-0 B$%&%'()*+,-./0

1 2*0- 345678#9 %+& (&( /-B%/&(0 B*/ H&%  ! "# TP[VR B%./ .+ 'e'- B$%&%C%./*+& )-0

B.>00*+C-0 '-0./(-0 0%+& 3- )4%/3/- 3- Q\ +O 1 PR\ 6_`! 6%.&-?%>0R )* 0&/.C&./- .&>)>8

0(- +- C%'B%/&*>& B*0 3- ,/*3>-+& 3- C%'B%0>&>%+! 7-&&- *'()>%/*&>%+ 3. /-+3-'-+& 3-
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Puissance optique incidente : 44 mW

Longueur de trajet THz : 15 cm
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