
������� �	� 
��
����� ����������������������� ����� ���!�������

"$#&%('*)+%(,-'/.102)4365�,�%70238)45 9:.8'*;=<4>*,@?
36A+.CBD9E>GFIH�J(,�%()EK('*;(<L?DJ(9E;(<4,�.�0236)45
KNMOBPA+KQ,RB8)	;NMOBPA+KQ,TSU'VBWJ('/;XBWJ(,R?
3CA+.6BD9Y>ZF

"\[^](3836,
;_Ba`()bSU.�B8J(38)4]=<4JcB8J(, 02)436S^9E36%@d('*9E.8,�%�%('*)+%(,eSUJ(,�;gf
h BWJ(,RKNMZBPANKQ,T9E;()+%(, '*.U9iBj9kKQ)4.8'VBW'Vl4,el4)E>/BD9Y<4,
h BWJ(,R;NMZBPANKQ,R?m9YB8J()+%(,R'*.U9YBn9k;(,�<_9YBW'Vl4, l4)E>/BD9Y<4,EF

"\[^)4;_l4,
;_B8'*)4;o9Y>p?�](3836,
;_Bq`o)rSU.�'/;sB8J(,1%='*38,�?�B8'*)4;s)E0^B8J(,X9Y3838)rSt)Y0uBWJ(,�%('*)+%(,
.6A+5�dQ)4>ZF

"$H�J(,1?�](3836,
;_B6MZl4)4>VBD9E<4,�?DJo9E389E?�B8,
38'/.6B8'*?	02)43TB8J(,v%('*)+%(,v'*.T%(,�B8,
385v'*;=,
%wd_AxBWJ=,
Ky)4.6'/B8'*)4;(.�)E0zB8J(,j,�;(,
36<EA�>*,�lE,
>/.u9E;(%�BWJ(,a)N?�?
](Ko9Y;(?�A1)E0gBWJ=,j,
;=,
38<YA1>/,�l4,�>*.p)E0
BWJ(,R%('/)N%(, 5�9YB8,
38'*9E>ZF

"$H�J(,�%(,�K(>*,{BW'*)E;->|9mAE,
3j'/;�9136,�lE,
38.6,kd('|9Y.8,
%-%('*)+%(,T'*.UBWJ(,�36,
<4'/)4;@9E38)4]=;(%-BWJ=,} ](;(?�B8'*)4;~0236)45�SUJ('/?DJ@5v)4d('/>*,e?DJ(9E38<4,R?
9E3836'*,
36.�Jo9ml4,Tdy,�,
;@38,
5v)rl4,�%gF
"$H�J(,~%(,
K=>*,�B8'*)4;�>|9mA4,�3q02)4365�.q9-?m9EK(9E?
'VBD9E;(?�,1SUJ()4.6,XBWJ('/?D��;(,
.6.v%=,
KQ,
;(%(.k)E;
BWJ(,R38,{l4,�38.8,!d('|9Y.ul4)4>VBD9E<4,YF

"\� J=5�'/?�?
)4;_BW9E?�B8.�9E36,�519E%=,�dy,{BPS^,�,
;!B8J(,�.8'*>/'*?�)4;e?
3CA+.6BD9Y>N9Y;(%TB8J(,�?
)4;=;(,
?{BW'*;=<
SU'*38,�.
F

"$H�J(,ed(](>/�k38,�.8'*.CBD9E;=?
, 9E.6.8)+?
'*9YBW,�%�SU'/B8J1BWJ=,j.8'/>*'/?
)4;v?
3CAN.CBD9E>y9E;(%1?
)4;(;=,
?�B8'*)4;=.
'*.�)E0gBWJ=,e)438%=,
3�)E0����79E;(%X>/'*5v'/B8.�BWJ(,a519i�N'/5�](5I02)43CSu9Y38%X?�](3836,
;_BuBWJ=38)4](<EJ
BWJ(,R%('/)N%(,YF

P
N

Cathode

Anode

Bar marks
CathodeDirection

Current

� '*<E](38,T�E�NF/�4f��E]=;(?�B8'*)4;�%('/)N%(,YF

�E�



�r�4� ���N�Q�_�E�1�{�o�Z�E�o�j�Q�E�*�8�k�^�*�D�{� �W�i�o¡Z�D¢!£
¤k¥U�¦¡ �E�@§g�E¨��*�D¢D¢

#©K('/,
?�,v)Y0uKNMZBPANKQ,v)43 ;NMOBPA+KQ,�%=)4Ky,�%�.6,
5v'*?�)4;(%(](?{BW)43�ª�,�>*,�?�BW36'*?
9E>*>VA@.6Ky,
9E��'*;(<=ª
'*.j.6'*5vK(>/Ac9�38,
.6'*.CBW)43nSU'/BWJ=)4]=B 9Y;�A@.8KQ,
?�'|9E>�K(36)4Ky,�36B8'*,
.�FeH�J(,�lY9E>/]o9Ed(>/,!K(36)4KQ,
36B8'*,�.
)E0�.6,
5v'*?�)4;(%(](?{BW)436.U)4;(>/AX9EK(KQ,m9E3�SUJ(,�;cB8J(,
36,!'/.U9k?DJo9E;(<4,T)E0�%()4K('/;(<	)43 } ](;(?{BW'/)4;
dy,{BPS^,�,
;	BPS^)R%()4KQ,
%k36,
<4'/)4;(.�SU'VBWJ('/;k9e.8'/;(<4>/,^K('/,
?
,^)E0Q?
36A+.CBD9E>/>*'*;=,^.8,�5�'/?
)4;=%(](?�B8)43
F« ,T?m9E;�l+'*.8](9E>*'/¬
,T9vd(9E3U)E0�.6,
5v'*?
)E;(%(](?{BW)43�SUJ('/?DJ-Jo9E.ndQ,
,
;c0 9Ed(36'*?m9iBW,
%�SU'/B8J
KNMOBPA+KQ,�5�9YBW,�38'*9E>�9YBRBWJ=,vB8)4Kw9Y;(%w;NMZBPA+Ky,v519iBW,
36'|9E>�9YBRBWJ(,vdy)YB8BW)E5&9E.R.8J()rSU;:'/;� '*<4]=38,U�E�NF­�	®G94¯{F�H�A+K('*?
9E>Q9E?�B8]o9E>(%='*5v,
;(.6'*)4;(.�Sp)4](>/%	dy,n9 ?
36)4.8.�.8,�?�BW'/)4;	)E0���5v5k°

(a)

Ohmic contact

Ohmic contact

pn junction

Cu wire

N

Cu wire

P

(b)

N

P +

� '*<4](36,R�E�=F±�Nf��E](;=?�BW'/)4;�%('*)+%(, ?�)4;(.6B838](?{BW'/)4;-9Y;(%@)EKy,�3W9YB8'*)4;gF
SU'/BWJR9�J(,�'*<4J_B²)E0(�E�u5v'*?�38)4;(.g9E;(%!9 } ](;(?�B8'*)4; B8J('*?D��;(,�.8.�)E0Q��5v'*?�38)4;�F�H�J=,�%='|9E<4389E5
'*; � '*<E](38,	�Y�=F­�x® 9_¯jJo9E.RdQ,
,
;�519Y<4;('/³(,
%�'*;xJ(,�'*<4J_B
Fv� J=5�'/?k?
)4;_BD9Y?�BW.T9E36,	519E%=,
BW)kBWJ(,RBW)EK@9Y;(%@dQ)EB6BW)45´)Y0�B8J(,R.8,
5v'*?�)4;(%(]=?�BW)E3n?�36A+.6BW9E>²d_A�dy)4;=%('*;(<	)4;�?�)4;_BD9E?{BW.
](.8'/;(<	5�,{BD9E>/.u.8](?DJ-9E.U<4)4>/%c)E3U9E>*](5v'*;='*](5cFµ ](K(KQ)4.8,RBWJo9iBnB8J(,T%('*)+%(, '*.�K=]=Bj'/;_BW)v9v?�'*36?
]('VBn9E.U.8J()rSU;�'/; � '*<4](36,T�E�=F±��® d¶¯¦ª
SU'/BWJs9~KQ)4.8'VBW'/lE,�l4)4>VBD9E<E,	9EK(K(>/'*,
%�B8)~BWJ(,	KNMZBPANKQ,v9E;()+%(,v9E;(%s9~;(,
<49YBW'Vl4,kl4)4>VBD9E<E,
9EK(K(>/'*,
%�BW)kBWJ(, ;+MOBPA+Ky,R?
9YBWJ()+%(,YF�·²)+)4��'*;=<k'*;~%(,{BD9E'/>g9YBuB8J(, K(36)N?�,
.8.6,
.USU'/B8J('*;XB8J(,
.8,
5v'*?�)4;(%(]=?�BW)E3
ª¶S^,!?m9E;�.6,
,TBWJo9YBnBWJ=,qKNMZBPANKQ,qJ=)4>*,�.j'*;�BWJ=,qKNMZBPANKQ,�9Y;()N%=,!36,
<4'/)4;
9E38,eK=](.8J(,�%@d_A�BWJ(,R9EK=K(>*'/,
%X,�>*,
?{BW36'*?a³(,
>*%~%=)bSU;~B8)bS^9E36%(.�BWJ(, } ]=;(?�B8'*)4;�9E;=%c?�38)4.6.
BWJ(, } ]=;(?�B8'*)4;X'/;_BW)qB8J(,e;NMZBPANKQ, 5�9YBW,�38'|9Y>¶B8)�dQ,
?
)E5�,e5v'*;=)438'VBPA	?m9E3638'*,�38.�SU'/BWJ='*;1B8J(,
?m9YB8J()N%=,EF	H�J(,
.6,�J=)4>*,�.RB8J(,
;s38,�?
)45qd('*;(,�SU'VBWJ�9E;x;NMOBPA+KQ,	,
>*,�?�B838)4;s)43 ,
>/.8,	5v)blE,
BW)�B8J(,-?
9YBWJ=)N%(,c)4J(5v'*?�?�)4;_BD9E?{B1SUJ(,�38,-B8J(,�A¸9E36,@;(,�]=BW389E>*'/¬
,�%\d_A79Y;\'*;=?
)45v'*;(<
,
>*,�?�B838)4;gF�¹P;�,�'/BWJ=,
3�?m9Y.8,UBWJ(,U38,�.8](>VB�'*.�.8'/5�K=>/AqB8Jo9YB�B8J(,
36,a'/.�9RB83W9E;(.C02,
3�)E0yKy)E.8'/B8'/lE,
?DJo9E38<E,@0238)E5ºBWJ(,@9E;()+%(,�BW)�B8J(,-?
9YBWJ=)N%(,Yªu'*;¸)EBWJ=,
3	S^)436%(.~9E;¸,
>/,
?�B838'/?c?�](3836,
;_B
`o)rSU.
F« 'VBWJ('/;�BWJ(,n?m9iBWJ()+%(,Eª_B8J(,U;NMOBPA+KQ,n?
9E3836'*,�38.�9E36,a9iB8BW389E?�B8,
%	BW) BWJ=,nKQ)4.6'/BW'Vl4,ulE)4>/BCM
9E<4,-)E;7BWJ(,�9Y;()N%=,Eª�?
36)4.8.XB8J(, } ](;=?�BW'/)4;»9E;=%¼9E<_9E'/;\?
)E;�B838'/d(]=BW,@BW)wB8J(,-`o)rS½)E0
?DJo9E38<E,-9E36)4](;(%¾BWJ=,@?�'*38?�]('/B
F µ )sSUJ=,
;\B8J(,�KNMOBPA+KQ,-9E;=)N%(,�'/.vKQ)4.6'/BW'Vl4,�>/A:d='|9E.6,
%
9E;(%kBWJ(,U;NMZBPA+Ky,U?m9iBWJ()+%(,U'*.�;(,�<_9YB8'/l4,�>/Aqd('|9E.6,
%gª_?�](3836,
;_B�`o)rSU.p9Y38)4](;=%vB8J(,U?
'*36?
]('VBmF
H�J(,R%('*)+%(, '*.uB8J(,
;c.W9Y'*%~BW)vdy,e02)E36S^9E38%cd('|9Y.8,
%�F¿ )rSÀ?
)4;(.6'*%(,�3vB8J(,-?
9E.8,@.8J()rSU;»'/; � '/<4](36,-�Y�=F±�xSUJ(,
36,@B8J(,-d('*9E.kl4)4>VBD9E<E,@'/.
38,�lE,
36.8,
%�ª¶SU'VBWJ~BWJ=,!9Y;()N%=, ;(,
<_9iBW'/lE,R9E;(%~BWJ=,T?
9YBWJ=)N%(, KQ)4.6'/BW'Vl4,YF�¹P;�B8J('*.�?
9E.8, B8J(,



Á ¡Z�
�+�e¢{�G�¦�o�{�G�+�W���E�Q���DÂo�{�6�E�G¡Z�i� �r�=�

Depletion layer
due
reverse bias

to
N

P

+
N

P

� '*<E](38,T�E�NF±�=f��E](;(?�B8'*)4;c%('/)N%(, '/;~38,{l4,
36.8,!d('|9E.�F

K+MOBPA+Ky,@?m9E3638'/,
38.v'*;¾BWJ=,-9E;=)N%(,@9E36,-9YB6BW389E?�B8,
%79mS^9mA¸0236)45ÃBWJ=, } ](;(?{BW'/)4;¸d_A¾BWJ=,
;=,
<_9YB8'/lE,ql4)4>VBD9E<E,q)4;-B8J(,	9E;()+%(,YF µ '*5v'*>*9E38>VA1B8J(,�;NMZBPANKQ,�?
9E3836'*,
36.e'*;@BWJ(,�?
9YBWJ=)N%(,
36,
<4'/)4;c9E38,T9E>/.8)v9YB6BW3W9Y?�BW,�%-9mS^9mA~0238)45ÄB8J(, } ](;(?{BW'*)E;@d_AXB8J(,!KQ)4.6'/BW'Vl4,elE)4>/BW9E<4,R9EKNM
K=>*'*,�%�B8)@BWJ=,1?m9iBWJ()+%(,1B8,
385v'*;(9E>ZFXH�J=,X;(,�B�,�Åy,
?�Bq'*.TBWJo9YBTBWJ=,15�9 } )438'VBPAx?m9E3638'/,
38.
'/;�,m9Y?DJs36,
<4'/)4;�9Y38,�K(]=>*>*,�%�9mSu9mA@0238)45ÆBWJ=, } ](;(?{BW'*)E;-BW)~>/,m9ml4,k9�38,
<E'*)4;�%=,
K(>/,�BW,�%
)Y0�5�)4d='*>*,R?DJo9Y38<4,�.e?m9E>/>*,�%@BWJ=,�%(,
K=>*,�B8'*)4;@>|9mA4,�3
FaH�J(,
36,�SU'*>*>zB8J(,
36,�02)436,�dy,!;()X.6'*<YM
;='/³o?
9E;_B ?
](3638,�;�BRB8J(38)4]=<4J�BWJ(,k%='*)+%(,!SUJ(,�;w9X36,�lE,
38.6,	d('|9E.j'*. 9EK=K(>*'/,
%gF « ,�BWJ(,�;
J(9rlE,jBWJ=,j38,�.8](>VB^B8Jo9YB^9!%('/)N%(,n'*.^9!%(,{l+'*?
,nSUJ('*?DJ~K(9E.8.6,
.u,�>*,
?{BW36'*?m9Y>Q?�](3836,
;_B�'/;1)4;(,
%='*38,�?�B8'*)4;~d(]NBad=>*)+?D�+.�B8J(, `o)rSÇ)E0�?
](3638,
;_Bn'*;~B8J(,R)4K(KQ)4.8'VBW, %('/38,
?{BW'/)4;gFÈ )bSp,�lE,
3�ªe,�lE,
;¼SUJ(,
;¼BWJ(,-%('*)+%(,�'/.X38,{l4,
36.8,xd('*9E.8,�%gªj9wlE,
3CA».85�9E>*>n?
]=3838,�;_B
`()bSU.�F¸H�J='*.	38,{l4,
36.8,@?
](3638,
;_B�9E36'*.8,�.	dy,�?m9E](.6,cSU'VBWJ('/;LBWJ(,�KNMZBPANKQ,c9E;()+%(,�38,�<4'*)4;
B8J(,
36,19Y38,	.8)45v,	5�'/;()436'/BPA�?
9E3836'*,�38. SUJ()4.6,�?�)4;(?
,�;_BW3W9iBW'*)E;�'/.T<E'/l4,�;�d_A�B8J(,�.6,
5v'VM
?�)4;(%(]=?�BW)E3n,�É�]o9YBW'/)4;gªNÊ�ËvÌXÍÎÊy°Ï F µ '*5v'*>*9E38>VA4ª4SU'/B8J('*;XB8J(, ;NMZBPANKQ,R?m9YB8J()+%(, 38,�<4'*)4;B8J(,
36,T9E38,R9E>/.8)	.8)E5�, KNMZBPA+Ky,R?m9Y3838'/,
36.�K(38,�.8,
;_B
FpH�J(,R36,�l4,�38.6,!d('*9E.�)4;~BWJ=,T%='*)+%(,e'*.
)E;(>/Av9T38,�lE,
36.8, d('*9E.�02)E3p5�9 } )436'/BPA	?m9Y3838'/,
36.
F � )43�5�'/;()436'/BPA�?
9E3836'*,�38.^'VB�'*.p9!02)436S^9E36%
d='|9E.�F µ )RS^,a<4,�Bp9 l4,
3CAv.85�9E>*>(?�)4;(.CBD9E;_Bu?�](3836,
;_Bp'*;�9T36,�l4,�38.6,ed('|9Y.8,
%�%('*)+%(,uSUJ('/?DJ
%=,
KQ,
;(%(.U)4;XB8J(,eBW,�5�KQ,
389YBW]=38, 9E;=%~)4;XBWJ(, %=)4K('*;=<�?
)4;=?
,
;_B83W9YB8'*)4;(.�'/;�9E;()+%(, 9E;=%
?
9YBWJ=)N%(,	36,
<4'/)4;(. SUJ('*?DJ�?
)4;_B838)4>�B8J(,�5v'*;=)438'VBPA-?
9E3836'*,
3 ?�)4;(?�,
;_BW389YBW'/)4;(.
F�H�J(,v38,{M
lE,
36.8,k?
]=3838,�;_B '*.�ª�J()rSp,�l4,�3
ªz'/;(%(,
KQ,
;=%(,
;_BR)E0�B8J(,�36,�l4,�38.6,kd('|9E.nl4)4>VBD9E<E,EFj#uBj38)+)45
B8,
5vKy,�3W9YB8](38,kB8J(,	38,�lE,
36.8,v?
](3638,
;_B!'*.eBPA+K('/?m9E>/>/A��r�+ÐoÑ Ò¶#t02)43R9~.8'*>/'*?�)4;�%('*)+%(,	9E;=%
�m�+Ð+Óo#Ô02)43U9k<4,
36519E;='*](5�%('*)+%(,EFµ '/>*'/?
)4;q9E;(%�<4,�385�9E;('/](5ÔJo9ml4,�%('VÅ�,�38,�;�B�do9E;(%k<_9YK�,
;(,�38<4'/,
.�9Y;(%qBWJ=,
38,{02)438,^%('/0|M
02,�38,�;�Bj'*;_BW36'*;(.6'*?R?m9Y3838'/,
3n?
)4;=?
,
;_B83W9YB8'*)4;(.�ª�Ê Ï ªQ.8)102)43n?
)E5�Ko9Y3W9Ed(>/,R%()4K('/;(<�>/,�lE,
>*.a'/B
'/.u38,
9E.8)E;o9Ed(>/,jBW)k,¦�=KQ,
?{BUBWJo9YB^BWJ(,e5v'*;=)438'VBPA�?
9E3836'*,�3^?
)E;(?
,�;�B83W9YB8'*)4;=.U9E38, %('VÅ�,�38,�;�B
9Y;(%cB8J(,
36,�02)436, BWJ(,R38,{l4,�38.8,!d('|9Y.�?
](3638,
;_B8.j9E36,R9E>*.6)	%('/Åy,
36,
;_BmF
�e;(,T0 9Ed(38'/?m9YB8'*)4;�K(36)4d(>/,
5Æ38,�>|9YB8,
.nBW)15�9E��'*;=<�9�?
)4;(;=,
?�B8'*)4;cBW)vBWJ(,!.8,
5v'*?�)4;NM

%=](?�B8)43u5�9YBW,�38'|9Y>ZF�¹O0�9�5v,�BW9E>Zª_SUJ('/?DJc'/.u,
.6.8,�;�B8'|9E>/>/A�9E;�;NMZBPANKQ,e?�)4;(%(](?{BW)43�ª('*.^?
)4;NM
;=,
?�B8,
%�BW)	9�KNMZBPA+Ky, .6,
5v'*?
)E;(%(](?{BW)43uB8J(,
;gª='*;~K(36'*;(?�'*K(>/,EªN9	K=; } ](;(?�B8'*)4;~'/.u02)4385v,
%
SUJ='*?DJxS^)4]=>*%sJo9ml4,v.8)45v,	38,
?{BW'V0ÕAN'/;(<�K(38)EKy,�36BW'/,
.�FvH�J='*.RK(38)Ed(>*,�5Ö'*.T9ml4)E'*%(,�%w9E;=%
9102]=>*>/Ac)4J=5�'/?q)43 ;()E;(38,�?�BW'V0ÕA+'*;(<X?�)4;_BD9E?{BR'*.j02)E385v,
%�SUJ(,�;w9X5v,�BW9E>�SU'VBWJx91Sp)438�
02]=;(?�B8'*)4;	<436,m9YB8,
3�BWJo9Y;vB8Jo9YB�)E0QBWJ(,nKNMZBPANKQ,U.8,�5�'/?
)4;(%=](?�B8)43�S^)436�q02](;(?{BW'/)4;	'*.�](.8,�%



�r�_� ���N�Q�_�E�1�{�o�Z�E�o�j�Q�E�*�8�k�^�*�D�{� �W�i�o¡Z�D¢!£
¤k¥U�¦¡ �E�@§g�E¨��*�D¢D¢

BW)k5�9E�E,eB8J(, ?
)4;_BW9E?�B
F�#a;�)4J(5v'*?j?�)4;_BD9E?{Bn'*.u5�9E%(,jB8)v9E;~;NMOBPA+KQ,R.8,
5v'*?�)4;(%(]=?�BW)E3
d�A�](.6'*;(<q9q5�,{BD9E>QJo9ml+'*;(<�9TSp)438�	02](;(?{BW'*)E;X>*,�.8.pB8Jo9E;XB8Jo9YBp)E0zBWJ(,j.8,
5v'*?�)4;(%(]=?�BW)E3
S^)436��02](;(?{BW'*)E;gF�[^J()4'/?
,v)E0�9�%('VÅ�,�38,
;_B!5�,{BD9E>GªzSU'/BWJ�9�%('/Åy,
36,
;_B!Sp)436�x02]=;(?�B8'*)4;gª
02)43uBWJ(, ?�)4;_BD9E?{Bn5�,{BD9E>g?
9E;c>*,m9Y%XBW)kBWJ(, 02)436519iBW'*)E;X)E0�9	%='*)+%(, ?m9E>/>*,�%�9 µ ?DJ()EB8B8�_A
5�,{BD9E>g.6,
5v'*?�)4;(%(](?{BW)43 } ]=;(?�B8'*)4;�%('/)N%(,YF

®2H�J(,qSp)438�~02](;=?�BW'/)4;-)Y0�915v,�BD9Y>�)E3a.6,
5v'*?
)E;(%(](?{BW)43a'*.UBWJ(,!,
;(,�38<EA@%('/Åy,
36,
;(?�,
dy,{BPS^,�,
;79Y;L,
>*,�?�B838)4;LSU'/B8J('*;:B8J(,~?
3CA+.6BD9Y>�Jo9mlN'/;(<s9E;¾,
;(,�38<EAL9YB�BWJ=, � ,�385v'u,
;+M
,
38<YAx>*,�lE,
>p9E;(%w9E;w,�>*,
?{BW36)4;�5v)rl+'*;(<�0238,�,
>/Ax)E]=BW.6'*%(,	BWJ(,v?
3CA+.6BD9Y>ZF~H�ANK='*?m9Y>�Sp)438�
02](;(?�B8'*)4;=.U9E38,R)E0�BWJ(,R)436%(,
3U)E0�9�02,�S×,
>*,�?�B838)4;�l4)4>VBW.�F­¯
#ØJ('/.6BW)E38'*?
9E>z,{�=9E5vK(>/,!)E0�.8](?DJx9 µ ?DJ()EB6BW�_A@%('*)+%(,R'*.UBWJ(,T?m9iBmÙÚ.aSUJ('/.8�E,�3j%('/)N%=,

SUJ('*?DJLS^9E.	](.8,�%79E.�B8J(,�38,
?{BW'V³o,
3k'/;:BWJ(,~l4,�36AL³o36.6B	389E%('*)�36,
?�,
'/lE,
36.19E;=%¾SUJ='*?DJ
?
)4;(.6'*.CBW,
%�)Y0^9X5v,�BW9E>�Ky)4'/;_BeKQ)4�E,�%�9iB 9XK('/,
?
,q)E0�<_9E>*,�;o91?�36A+.6BW9E>U® >/,m9E%-.8](>/K(J('*%=,
)438,m¯	](;_B8'*>n9�36,
?�B8'/0ÕA+'*;=<�%('/)N%=,cS^9E.�02)E385v,
%gF»#½.6B8,m9E%=A$Jo9Y;(%\S^9E.136,
É�]('*36,
%\B8)
519E'/;_BD9E'/;1BWJ(,R36,
?�B8'/0ÕA+'*;=<k?
)4;_BD9Y?�Bn02)43uBWJ(,R%(]=3W9YB8'*)4;~)E0�BWJ=,T389E%('/)vK=38)4<4389E5cÛ
Ü�Ý�Þ6ß àsáoâ^ã äæå�çéè
�Y�=F/��H�J(,U?m9EK(9E?
'VBD9E;(?�,U)E0z9 Ko9E389E>*>/,
>NK(>|9YB8,�?m9EK(9E?
'VBW)43�'/.�<4'/lE,
;vd�AvêëÍ©ì¦í|îOïð F�H�J(,9E38,
91ñò)E0p91K(9E36B8'*?
]=>|9E3n%('*)+%(, } ](;(?�B8'*)4;�'/.e�=ó±ô�5�5k°
FTH�J=,k?m9EKo9Y?
'/BPA@)E0�B8J(,

38,{l4,
36.8,�d('*9E.8,�%:%('*)+%(,X'/.q5v,m9E.6](38,�%L](.8'/;(<x9�õ^)+)4;_BW)E;L?m9EKo9Y?
'/BW9E;(?�,X5�,{BW,�3
9E;(%	'*.�02)E](;(%kBW)RdQ,nö4��K � F�[u9E>/?
](>*9YBW,pBWJ(,�BWJ='*?D��;(,
.6.p)Y0yB8J(,U%(,
K(>/,�B8'*)4;k>*9rAE,
3�ª÷ FøH�J(,-%('*,�>*,
?{BW36'*?c?
)4;(.CBD9E;_B
ªeùgª�)E0R.6'*>*'/?
)4;$?m9Y;7dy,@BD9E�Y,
;7BW)�dy,�ôNF±�NF×¹O0
BWJ(,q38,�lE,
36.8,	d('|9Y.e'*.a'*;(?�38,m9Y.8,
%�ªgSU'*>*>zB8J(, } ](;(?{BW'*)E;�?m9EK(9E?
'VBD9E;(?�,�'*;=?
38,
9E.8,k)E3
%(,
?�38,
9E.8,múxû Ò Í×üNó±ü_ôiö	Ë:�r�+ÐoÑ ° � 5 ÐoÑ F

�Y�=F­�¾#ØlY9E389E?�B8)43j%='*)+%(,!)E3nlY9E36'*?m9YK-'*.a91%('/)N%=,!%(,�.8'/<4;(,
%@BW)XJo9mlE,k9�>*9E38<4,T%(,�K(>*,¦M
BW'/)4;@>*9mA4,
3a?m9EK(9E?
'VBD9E;(?�,!SUJ(,�;�](.8,�%�'*;@38,�lE,
36.8,kd('*9E.
Fa�e;(,!02)E385�](>*9	02)E3nB8J(,
?m9EK(9E?
'VBD9E;(?�,�)E0�9 lY9E389E?�B8)43�%('/)N%(,U9Y.p9e02](;=?�BW'/)4;	)E0QBWJ(,U38,{l4,�38.8,nd('*9E.�l4)4>VBD9E<E,
'*.�f

ê�®Zý�¯�Í ê Òþ �pÿ����� Ò�� ���
SUJ(,
36,Tê Ò Í×üE��K � 9E;(%
	~Í×�=ó���
!F
¹O0e.6](?DJ¼9s%='*)+%(,@'/.	](.8,�%gª�?
)4;=;(,
?{BW,
%»'/;¸K(9E3W9E>/>*,�>^SU'/B8J79E;$'*;(%=](?�BW9E;(?
,@)E0
�b��� È '*;¾BWJ(,cBW](;='*;(<s?
'/38?
]='/B�)E0 9s3W9E%('/)(ª^K=>*)EB�9�<E3W9EK(J¸)E0eB8J(,-36,
.8)E;o9E;_B
0238,�É+]=,
;(?{A$9E.	9�02](;(?�B8'*)4;¾)E0nBWJ=,~38,�lE,
36.8,-d='|9E.qlE)4>/BW9E<4,X02)43�lE)4>/BW9E<4,�.�0238)45
�=F±ô�
ÔBW)�ôNF ��
�F

�Y�=F±�$¹O0�BWJ(,�B8,
5vKy,�3W9YB8](38,k'/;(?
36,m9E.6,
.
ªgSU'/>*>�BWJ(,k36,�l4,�38.6,�?�](3836,
;_B BWJ(36)4](<4Js9X%('/)N%=,
'*;(?�38,
9E.8,R)43�%(,�?
36,m9E.6,rú

�Y�=F ö È )rSÇ%=)	AE)4]c'*%(,�;�B8'/0ÕA�SUJ('*?DJ@,
;(%c)E0�9	%='*)+%(, '*.uB8J(,R?m9YB8J()N%=,T,�;(%¶ú



Á ¡Z�
�+�e¢{�G�¦�o�{�G�+�W���E�Q���DÂo�{�6�E�G¡Z�i� �r�4�

�E�=F±ôL¹P;@,
9E?DJ@)Y0�B8J(,R?
'*36?
]('VBW.�.6J()rSU;-'*; � '/<4](36,
.n�E�=FÚö@®G9_¯pB8)@® ,r¯¦ªo'*;(%='*?m9iBW,jSUJ('/?DJ
%('*)+%(,
.a9E36,!02)43CSu9E36%�d('*9E.8,�%�9E;(%@SUJ('*?DJ�9Y38,q36,�lE,
38.6,�d('*9E.8,�%gFa#a>*.6)1'*;=%('*?
9YBW,
SUJ(,�B8J(,
3RA4)4]s,{�NKQ,
?{B!?�](3836,
;_BTBW)X`o)rSò)E3 ;()EB BW)~`o)rSRF « J_Ax9E36,k38,
.6'*.CBW)436.
'*;(?�>*](%(,�%�'*;~BWJ(,R?�'*38?�]('/B8.Dú

(c)

(a)

10V

(e)

(d)

6V

(b)

� '/<4](38,T�Y�=F ö=f���36)4d(>/,
5Æ�Y�=F ö=F

�E�=F��¾¹O0gBWJ(,a38,�.8'*.CBW'VlN'VBPA	)E0²9q.6,
5v'*?�)4;(%(](?{BW)43�.W9Y5�K(>/,a'/.p'/;_l4,
36.8,�>/AvK(38)EKy)43CBW'/)4;o9E>(B8)
BWJ(,	;�](5�dQ,
3 )E0p5v)4d('*>/,q?DJo9Y38<4,	?m9Y3838'/,
36. K(38,�.8,
;_B
ª�?
9E>*?�](>|9YB8,qBWJ=,v?DJ(9E;(<4,	'*;
BWJ(,!38,
.6'*.CBW'/l+'VBPA�)E0�9�.6'*>*'/?
)4;c.W9Y5�K(>/,TSUJ=,
;�BWJ=,q;NMZBPANKQ,q%=)4K('*;=<1'*.n'*;=?
38,
9E.8,�%
0238)45©BWJ(,R'/;�B838'/;(.8'/?j?
)E;(?
,�;�B83W9YB8'*)4;~B8)�BWJ(36,
, BW'/5�,�.^BWJ(, '/;_BW38'/;(.8'/?j?�)4;(?
,�;_BW3W9bM
BW'*)E;gF


