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He3

wIikW.ikX#Y��
b'Y�� j4Rye4e.YdT3vFW4w3Z!� ikXtZ#P3W0U_r�l4\�� T4YSvhW_b T.Z#P�R3X#\ [3ikXtZ#l4R3w�f4W!L78(T4YdW_b'[C��YyikX#w3R3b
j4Rde>R�P�l_R��SR�b'YdX#Rye>Z�RO�,U.Ztv	e.Ydl4W��#�4w�U��4YSX3iU��XtZ#f0v Y�Y��SR�l4Y��_[�w�ikX#w3W4X#YSU_r�l4R�ikX#r�f
b�Z!�Sl_W4X#l4\ b2j_R#U��_b�L

x



� � � ����
�� ��� � �c� �c
 ��� 
�� ��� � 	 �c

� � � ���
	I�
�{����� � ��
 ��� � � �O��� �	� �a� � � � � ���
�
� �c
������ �{� � � � 	I�"�F����� �{�
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 6�� n@�qE@lm<9ABpo;qlDi�p�tylBv
@ l_Z3ikX#RO����YSYIw�T4Yyb5��j4T_Y e>iSXmZ#w�U��4YSX	W4l4X#YdT4YdiIW_idi U_Y e>R�w3Z�l4W4YGX#T_Z�l_ikj4R3T4XmZhb'Ykv	e.[
&�
 w e.w�[0b'YdT4l4R3b�gkU_Ydf4X#T4R3l4l4R3bJ� Z�QSY�" ^ ����� (�w	T4YSvFW_b'Y3&�p'��LC+�U�� gdX#R��dR	j4T4W��
b'YSl����GX�iU� T.Z#QkU.W��4l4\sY3�dYSR3b'YdX#T4W4W R3P�T_Z#Qd`4R�wFi
j4R3j4YST_Y��4l4\ b'W QdZ�X#w�R3T_Z�b'WHLF8(YST��
w�\sY T_Z#P3R�X#\@l_Z�gSX#[ X�Ydb'[P" iSb�L�R�P3QSR�TP; 1I<N(�P�\�U_W�w�R�ikl4R3w�l4R�b R�T_W4YSl4X�W4T4R�w�Z#l4\
l_Z
W4Qdb'YdT4YSl4W_Yse_U_W4l4\ w3\sT_Z#w3l4W4w3Z#l_W��	gkU_Ydf4X#T4RO�0W_b'j4R�X�YSl4`4W.ZtU_R3w�b'Ykv	e.[ &�


leq

�
e_U��a�_Y��SR(gdf,ikj4YdT4W_b'Ydl4X#\ j_T4R�w3Rde.W4U_W_ikrIw([3ikU_R�w3W�����ikU.Z#P3R��SR e>W_ikP�ZtU.Z�l_iSZIb'Ykv	e.[
&�
S�HX�ROYyikX#r T_Z#Qyb'YST R�P�U.Z�ikX�W�w3QdZ#W.b'Rde.Y��_ikX#w3W���f_T_Z#Ydw�\���f,Z�l_ZtU_R3wcP�T_Z#U.iU�Bj4R!�
T��,e.f0Z

leq

L @ i U_[C�_Z�YsX#T_Z�l_ikj4R3T4XmZ�b'YSv	e.[�e.w�[0b5�hT.Z�i=� YSj0U_Ydl4l4\ b'WFj4R�ikj_W4l4[ &�

iSZ�b'R��SRFl4W0vFl4Y��dRV[,T4R�w3l�� L Z�l,e>Zm[�l4YSR3P��3Rye.W_b'R�ikX#rhj_YST4Ydw�R�T_R�XmZFikj_W4l_ZFgkU_Ydf4X#T4R��
l_ZI[0b'YSl4r�[ Z�YSXIw�YdT4R��4X�l4R3ikX�rIX#[,l4l_YkU_W4T4R3w3Z�l4W��HL @ XtZ#f4W��	[3i U_R3w�W�����T_Z#w3l4R�w3Ydikl.ZI�
e_U_W4l_Zhb'Ryv YdX�e.R�ikX#W��kZ#X�r K(b�b�j4T4W l_W4QSf4W���X�Ydb'j4YST.Z#X#[,T_Z!�`�,l4YyiSb'R�X�T�� l_Z	iSW0U_r!�
l4R�Y(j4T_R3ikX�T_Z#l_iSX#w�Ydl4l4R�Y(j4YdT4YSf_T4\sX#W4Y�w�R�U_l4R�w3\��4	([,l4f4`_W���gSU_YSf4X�T4R�l4R3wD; nC��2I< L
8(YST_w�R�l.Z��_Z#U_r�l4R�R3iSl4R�w3l4R�Y'w�l_W_b�Z#l4W_Y�[ye.YkU��0U_W
j_YST4YSw3R�T4R3X#[GiSj4W4l_ZsgkU_Ydf4X#T4R3l_Z

QdZ i=�4YdX�ikj4W4l�� R3T4P�W4XtZtU_r3l4R��dRVw�QyZ#W_b'Rye.Y��_iSX#w�W��HLV]%Z#f?��w T_Z�P�R�XtZI�*; nC�7]I<'T_Z3iSidb�Z#XI�
T4W4w3Z�YSX�i��a�SYdX#YST4R�ikX#T_[�f_X#[,T_Z(l_Z(R3ikl_R�w�Y

GaAs/AlxGa1−xAs
�!� e.YsR�X3ik[,X�ikX�w�W4YsW4l��

w�YST.ikW4R�l_l4R�� ikW_b�b'YdX#T4W4WhwIl_Z#j4T.Z#w#U_Ydl4W4W��mj4YST_j4YSl,e>W4f4[yU��4T_l4R3b�^ ����� �tj4T4W4w3Rde>W4X
f l4YSW_i��4YSQyZ!�0� Ydb'[FgSU_YSf4X#T_W��4YdiSf�R3b'[�j4R#U��-�,f�R3X#R�T_R�YIikR3R�X#w3YSX�iSX#w�[�YdX�f�R3l4Y��4l4R�b'[
b�Z!�Sl_W4X#l4R3b'[�j4R�U�� " U_YSv	Z!��Yyb'[�wOj0U_R�ikf�R�ikX#W�^ ����� (
w�e.w�W4vh[C� Y��_i�� ikW_ikX�Ydb'Y
R�X�i��4YSXtZGf_T_Z#YSw3R��dR gSU_YSf4X�T4R�l_Z_L3pqX#R(XmZ#f	l_Z�QS\sw�Z#Ydb'R3Y w3l4[,X#T4YSl_l4YSYsb�Z!�dl4W4X#l_R�Y�j4R!�
U_Y w ikw3R���R��4YdT4Y e>rVw3R�Qke.Y��_iSX#w�[�YdXFl.Z�ikj4W_l4R�w3\�� b�Z��Sl4W_X#l4\���b'R�b'YSl4X gkU_Ydf4X#T4R��
l_Z4L @ XtZ#f,R3b;b'Y=��Z�l4W4Qdb'Y	iSj4W4l�� R�T4P3W4XmZ#U_r�l_R��SRVw3QdZ#W_b'Rye.Y��_ikX#w3W�� j4T4W�T_Z3iSiSY=�4l4W4W
gkU_Ydf4X#T4R�l.Z�l_Z�j4T4W_b'Yyikl4R�b j4R3X#YSl4`_W_ZtU_YY" ikR3j4T4R3w�Rmv e�Z!�0� Ydb�i��OW4Qdb'Ydl4YSl4W_Ydb;Y��dR
w�R#U.l4R�w3R��SRVw�Ydf4X#R�T_Z�w#e.R#U_r_�ST_Z�l4W4`4\0(Gik[C� YdikX�w�[�YSX�l_YSl4[yU.YSw3Z!� w�YdT4R��4X�l4R3iSX#r�j_Y=�
T4YSw3R�T4R3XmZFiSj4W4l_Z_L @ gSX�R3b i U_[C�_Z�Y�j4T4R3W_i��3Rde.W_XFj_YST4Y=��Rde�gSU_YSf4X�T4R�l_Z�b'YSv	e.[cT_Z�iH�
��YSj4U_YSl4l4\ b'W j4RViSj4W4l4[Y&�
ai
iSR��0T_Z�l4YSl_W4Ydb2gSl4YdT��SW4WOW b'R�b'YSl4XtZFW_b'j4[yU_r�iSZhR3XI�
l4R3iSW4X#YkU_r3l4Rh`4YSl_X#T_ZhT_Z3iSikYdW4w3Z�X#YkU��HL

N e.l_Z�f�RF�dl4Y�b'YSl_YSY�w3Z#vhl_R����4w�U��4YSX�i���w�R3Qdb'Rmvhl_R3ikX�r j4YST4Ydw�R�T_R�XmZ iSj4W4l_ZGgkU_Ydf��
X#T4R�l.Z(QdZ
i=�4YdX(Rye.l4R3w�T4Yyb'YSl4l4R��SR(j4YST4Ydw�R�T_R�XmZ(iSj4W4l_Z)�,e>T_ZA" iSw�YST��0X#R�l4f,R�Ysw�QdZ�W_b'R!�
e.Y��_iSX#w�W4YO(H�C�4X�R j4T_W4w�Rye.W4X�f XmZ�f�l_Z#Qd\sw3Z�Ydb'R��he.W4l_Z�b'W��4YdiSf�R��
�,e.YST4l_R���j4R#U��4T4W��
QdZ#`_W4W " ��
�� (qw�P#U.W4QSWFf_T_ZI�VR�P3T_Z#Qd`_Z ; Kdo��>Kd���>Km^�< L @ ikw�R��;R��_YST4Yke.r ��
�� w#U_W��4YdX
l_Zcb'YkvFf4T.Z#YSw3R���gkU_Ydf4X#T4R3l4l4\��BX�T_Z#l_iSj4R�T4XO�!j4T4W_w�Rye���f:�dW_ikX#YdT4YSQdW_ik[�l_Z�w3R#U_rtXI�
Z�b'j4YdT4l4\���f4T4W4w3\�� w�i U_Yke>ikX#w3W4Y�P�R�U_r�[ R��SR�w�T4Yyb'YSl4W T4YkU.Z�f,idZ#`4W4W

T1

�,e>YST4l4\��
ikj4W4l4R3wci T4Y�[�YSX#f,R��>" j4RyeBT4Y�[�YdX#f�R���Q e.Yyikr�j4R3l4W_b�Z!�GX�iU��w�ikYhikX#YSj_YSl4WBiSw�R�P3Rde.\
R�XSe>YkU_r3l4\��#�_Z3ikX#W_`�R3P�T_Z�QS`_Z��%QdZ�W_ikf4U��0�4Ydl4W4Ydb iSZ3b'W���ikj4W4l_R�w�\�� R3T4W4YSl_XmZ#`_W��
�,e.YSTM" idb�L ; Kmn�<N( (=�>ZVXmZ#f4v Y�W�� e.W�	�	([,QSW4W#; KdoO< L @ j4YST4w3\sY�j4Rde>R�P�l_\��Y�SW_iSX#YST4YdQSW_i
P�\�U j4R�U_[C�4YSl�w T.Z#P�R3X#YE; KyoO<7W�R3f,Z�QdZtU.i���ikW_b�b'YdX#T4W��4l4\ bsL @ ikW0U_[FgdX#R��dR	Z#w3X#R�T4\
i e.YSU.ZtU_W�w�\sw3Rde5�F�4X�RD�SW_ikX�YST4YdQSW_i l_Yhb'Ryv YdX
�4w#U��4X3iU��i U_Yke>ikX#w3W4Ydb;w3R�Q e>Y��_ikX�w�W��
��
�� l_Z gkU_YSf_X#T4R�l_l4[C��gSl4YdT��SW��Z" i e.w3W���NGw3YST���Zy[,QSYdT_Z�(H�kj4R�ikf�R�U_r�f_[GikR3R�X#w3YSX�iSX#w�[��
�0��W_Y	W4Qdb'Ydl4YSl_W���w�gSl4YdT��SYSX�W��4YdiSf�R���ikX#T_[�f_X#[,T4Yhf4T_Z�YSw�\���ikR3iSX#RO�4l4W���j_T4W4w�YSU_W
P�\{f�l_YdikW_b�b'YdX#T4W��_l4R3b'[D�SW_iSX#YST_YSQSW.ik[�LF8(T4W�gSX�R3b Z#w3X#R�T4\{R�P�T��_ikl����GX-�dW_ikX�YST4Y=�
QSW_i(QyZ#w�W.ikW_b'R3iSX#r�� gSU_YSf_X#T4R�l4l_R��SRFX#T_Z�l_ikj4R3T4XmZFi(j_YST4YSw3R�T4R3X#R3b2ikj_W4l_ZhR�X �4W_ikU.Z
j4R#U��4T_W4QSR�w�Z#l4l_\����,e.YdT��!l4YVT.Z�iSidb�Z#X#T4W_w3ZI�Bj4Rye.T4R�P3l4ROb'Y���Z#l4W4Qyb iSw�YST��0X#R�l4f,R��dR
w�QdZ�W_b'Rye.Y��_iSX#w�W��HL @ P�R#U_YdYFj4R3Q e.l4Y�� T_Z#P3R�X#YW; Kd�I< �%P�\�U j4R�U_[C�4YSl l4YdiSW_b�b'YSX�T4W����

]



l4\��#�dW_ikX#YdT4YSQdW_iVl_ZOw�R�U_rmXtZ�b'j4YdT4l4\���f4T4W4w3\��7L��'Z3iSiSb'R3X#T4Ydl4W4Y�gSl4YdT��SYdX#W��4YdiSf�R��
ikX#T4[,f4X�[�T_\�&�
aj4R3QSw�R�U_W0U_R�Z#w3X#R�T_Z3b gSX#R�� T_Z#P3R�X#\ P3R#U_YdY(e.YSXtZtU_r�l_RVR3P�T`�_iSl4W4X#r
I−V

f4T4W4w�\sY3LH+�U��(R3P�T`�_iSl4YSl_W�� �SW_iSX#YST4YdQSW_idZsP3\�U_Rs[C�4X#Ydl4R w#U_W��4l_W4Y j4R�U�� NGw�YdT��
��Zy[,QSYdT_Zhl_ZFgkU_Ydf4X#T4R3l4l4[C��gSl4YdT��SW�� L7N e.l_Z�f�RVb'Y���Z#l4W4Qyb ikw3YST��0X#R3l4f�R��SRFw�QdZ�W_b'R!�
e.Y��_iSX#w�W��cXmZ�f0v Y
l4Y
P�\�Ucj4Rye.T4R�P3l4R	T_Z�idiSb'R�X�T4YSlHL


qX#R3W4X
R�X�b'YdX#W4X#rF���4X#R�w(T.Z#P�R3X#Y ; KdoI<_[�v Ysw3l4YsW4l4X#YdT4w3Z#U.ZGe.R3iSXmZ�X#R��4l_R
b�Z#U_\��
l_Z#j4T��0v YSl4W��he.W_ikP�ZtU.Z�l_iSZ(b'Ykv	e.[	T_Z3i=��Ydj0U_YSl_l4\ b'WFj4R�iSj4W4l4[ &�
 l_Z#P�U��qe�ZtU_R�ikr
w�\sT_Z�w�l4W4w�Z#l4W4Y W���gkU_YSf_X#T4RO�,W.b'j4R�X#Ydl4`4W_Z#U_R�w	W W_i=�4YdQSl4R3w�YSl_W4YS�SW_iSX#YST4YdQSW_idZ��C�4X�R
�SR�w3R�T4W_X R�PhW4Qdb'YdT4YSl4W���� wh[3i U.R�w�W�����i U>Z#P�R��SR�e>W_ikP3Z#U.Z#l.iSZ4L
@ e�Z#l4l4R��;T_Z�P�R�X�Y�P�\�U.Z j4T_W_b'YSl4Ydl_ZM�dYSR3b'YdX#T4W��{f4w3Z#QdW�� &(R�T4P�W4l4RP; K�KH<Ie_U��

W4QS[C�4Ydl4W�� gkU.YSf4X#T_R�l4l4R��SRBX#T_Z�l_ikj4R3T4XmZ b'Ykv	e.[�T_Z3i=� YSj0U_Ydl4l4\ b'W j4R ikj4W4l_[J&�

"%	
Z#f_X#R�T4\ QdZ#j4R�U_l4Ydl4W��

ν = 2
�
g = 1

( j4T4W ikW0U.r�l4R�b e.W_iSP3ZtU>Z#l_ikY*"
leq

b'l4R��SR
P�R#U.r�[�YFT_Z�Qdb'YST_R�wOR3P#U.Z3ikX#W w�QyZ#W_b'Rye.Y��_iSX#w�W��#&�
�(kL 8(R3w�Y e.Ydl4W4Y

I − V
f4T4W4w3\��

j4T4R3Z�l_ZtU_W_QSW4T4R3w3Z#l_R�wOiSR�R3X#w�YdX�ikw3W4W�iD; Kd�I<qi	l4Ydf�R�X�R�T4\ b'W�e.R3j4R#U_l4Ydl4W��_b'WHL^+�U��
R�P�T��_ikl4Ydl4W��#�SW_iSX#YST4YdQSW_idZ W�l4Y l_Z#P�U���e>Z#w�[�Y��_i�� T_Z#l4YdY i U_RmvFl4R�� T4YSU.Z#f0iSZ#`_W4W��
QdZ#w3W_i�����Y���R�XcQSl.Z#f,Z�T.Z#QSl_R3ikX�W�gkU_Ydf4X#T4RO�0W_b'j4R3X#YSl4`_W_ZtU_R3w��Hj4Rye.T4R�P3l4R�T_Z3iSidb'R�XI�
T4YSlhb'Y=��Z�l4W4Qdb�j4YdT4YSw3R�T4R3XmZGiSj4W4l_ZIgkU_Ydf4X#T4R3l_ZGQyZIi=�_YSX(ikw3YST��,X�R�l4f,R��SRGw3QdZ�W_b'Rde.Y����
ikX#w3W��HL�pqX#R j_T4W4w�Rye.W4X f R3XdU_W��4l4\ b R�X j4T4Yke.W,e.[C��W�� T_Z#P3R�Xcw3\sw�Rye>Z�b{R�X#l4R�ikW��
X#YkU_r3l4R�QdZ�w�W_ikW.b'R3ikX�W	e.W4l.Z�b'W��4Yyikf�R��A�,e.YST_l4R��Vj4R�U��4T4W4QyZ#`4W4WVR3X�X#R�f0Z��3f�R3X#R�T_\sY��
X#Ydb;l4Yhb'YSl4YSY���j4R#U_l_R3ikX�r�� R�P�T`�_ikl����GXVgdf,ikj_YST4W_b'Ydl4XmZ#U_r�l4\sY�e>Z�l4l4\sY�L!NGP�l_Z�T4[��
v YSl4RBXtZ#f0v YOl_Z#U_W��4W4Y�e.w3[���w3T4Ydb'Ydl T4YkU>Z#f,idZ#`4W4W

τ1 = 25c
W

τ2 = 200c
� f,R!�

X#R�T4\sYcb'Rmvhl_R�R�X#l_YdikX�W2fJ	(R3T_b'W4T4R3w3Z#l_W�� U_R3f,ZtU.r�l4R��#�,e>YST4l4R���j4R�U��4T4W4QyZ#`4W4W
w3i U.Y e>ikX�w�W4Y
iSw�YST��0X#R�l4f,R��dR w3QdZ#W.b'Rde.Y��_ikX�w�W�� W e.W�	�	([,QSW_W
�,e.YdT4l4\���ikj_W4l4R�w.L


 6 �F6�� n{lBi����Bv A�gh;qpoE d ABCFi��=Cy��fD;qlBADgh;q?Bpqi
NGP�T_Z�QSYS`{ikRye.YdT3v	ZtUR�dYSX#YdT4R3ikX�T4[,f4X#[,T4[al_Z2R�ikl4R3w�Y

GaAs/AlxGa1−xAs
i�Rye.W��

l4R��4l_\ b �dYSX#YdT4R�j4YdT4Y=�3Rye.R�bM" iSb�L T4W_i#L.K�L K�L (H�#w�\sT_Z���YSl_l4[C� b'R#U_Ydf4[yU��4T4l_R!� U_[C�4YSw�R��
gSj4W4XtZ#f0ikW4Y��!L%pqX#R�Xcb'YSX�Rde.W_f,Z�T4R3ikXtZ j4R�Qdw�R#U��4YSX�j4T_Z�f4X#W��4Yyikf4W�W,e>YdZtU.r�l4R�iSR�� U.ZI�
ikR�w�Z#X#r j_R3i U.Y e.R3w3Z#X�YkU_r3l4R3ikX#r�i U.R�YSw

AlxGa1−xAs
i�T_Z#QSU_W��4l4\ b Qdl_Z��_YSl4W4Yyb

x
�

l4R	j4R��4X#W�Rye.W4l_Z�f�R�w3\ b'W�j4R�ikX#RO�4l4l4\ b'W�T4Y�[�YSX�f4W�W�e.W4gSU_YSf4X#T_W��4YdiSf4W_b'WOj4T4R3l4W��
`_Z#Yyb'R3ikX��_b'WHL�^ ����� T_Z�iSj4R#U>Z!�kZtU.i�� l_Z�nt�(l_b�l_W0v Y j4R�w3YST��0l4R�ikX#W?�tj_Rde.w3W0vFl4R3iSX#r
j4T4WcuA&<P3\�U.Z	T_Z#w3l_Za2��3� �3���	iSb

2/
@ i!�4j0U_R3X#l4R3iSX#rhl4R�ikW4X�YkU_Y��

3.7 · 1011
iSb −2

L
+�U��	W.iSi U_Yke.R�w�Z#l4W��	b'YkvFf4T_Z�YSw�R��SR(X#T_Z#l.ikj4R�T_XmZ(j4R�ikT4Yke>ikX#w3R3b

I−V
ikj4Ydf4X#T4R��
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f4T4W4w�ZI��wGj4T4W4P�U_W0v YSl_W4W Rde.l_R���gdf,ikj_R�l4Ydl4X#\ " j4[,l4f4X#W4T_l_ZI� f4T4W4w�ZI��l.Z T_W_i#L,K�L n,L (H�
l4Y(ikj_R3ikR3P�l_Z!�F[ye.R�w�U_YSX#w3R�T4W4X�YkU_r3l4R�R�j_W_iSZ#X�r gSf0ikj4YdT4W_b'YSl4XtZtU_r3l4\sYGe>Z#l4l4\sY " R3iSR!�
P�YSl_l4R�e.U��

t > 50
i�( L @ iSXmZ�w�f,Z w	j4R#U.[yU_R�� Z#T_W�	
b'W��4Yyikf4W��VR3i����A�_iSl4R�e.Ydb'R3l_ikX�T4W��

T4[�YSX(j4T4W.ik[,X�ikX�w�W4Ysw3X#R�T_R�� gdf,iSj4R�l4Ydl4`4W_Z#U_r�l4R�� QdZ�w�W_iSW_b'R3ikX�W��tf�R3X#R�T.ZI� j4T_YSR�P�U.ZI�
e>Z#YdX	j4T4WcP3R#U_r�[�W��Vw3T4Ydb'Ydl_ZI�
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� W_i#LVK3L ]_L
I−V

f4T4W_w�\sY�e_U��Ff�R�b'P�W4l_Z�`4W4W4	
Z�f4X#R�T_R�w(QyZ#j4R�U_l4YSl_W��
ν = 2

�
g = 1" ikj_W4l4R�w3R�Y�T_Z3i=��Ydj0U_YSl_W4Y�( j4T4W b�ZtU_\��2idb'Y���Ydl4W����7L�
qX�T4YkU_f4W [,f0Z#QS\sw�Z!�GXOe.w�Z

T_Z#QSU_W��4l4\�� l.Z#j4T_Z�w#U_Ydl4W���T_Z#QSw3YST4X�f4WHL
�
Z�w3iSXmZ#w3f,Z!�cj4R3f,Z#QyZ#l4\ f_T4W4w�\sY	T4YkU>Z#f��
iSZ#`_W4W(j4T4W3	(W_f,ikW_T4R�w3Z�l4l4\��GX#R�f0ZI�

I = −11.1
l��P" U_YSw�ZI�(w3ikXtZ#w3f,Z�(=� W

I = 5.56
l��

" j4T_Z�w3Z!��w3ikXtZ#w3f,Z�(=�7j4R�U_[C�4YSl_l4\sY	e_U���e.w�[���X�R�f�R3wcQyZme.YdT3vFf4W
I−dwell = −222

l��
" ikj4U_R�[ l4\sY�f4T4W4w3\sY�(%W

I+

dwell = 111
" X#R��4Y��4l_\sY�f_T4W4w�\sYO( L!6 Z!�dl4W4X#l_R�Y�j4R�U_Y�T_Z#w��

l4R�n,L n � �4QyZ#X#w3R�T4l4R3YIl_Z#j4T��0v YSl4W4Y
Vg = −288

b @ L

�
Z T4W_i�L,K3L 2_Lyj4R�f0Z#QyZ#l4\ QyZ#w�W.ikW_b'R�ikX#W�w3T4Ydb'Ydl�T_YkU.Z�f,iSZ�`4W4W R�XGX#R�f0Z��mj4R�U_[C�4YSl��
l4\sY W4Qse.w�[��0gSf0ikj4R3l4YSl4`_W_ZtU_r3l4R��dRIj4T4W_P#U_W0v Ydl4W��HL0NGl_WFj4T_Z#f4X�W��4YdiSf4WVl4Y QdZ#w3W_i��4X
R�XsX�R�f,Z QdZme.YdT3vFf4W4�dl4R i U.Z�P�RsQdZ�w�W_i��4XsR�X j4T4R�`4Yke.[,T4\BRO��U>Ztv	e.YSl_W��HL 6�Z#f,iSW_b'[0b'\
wsQdZ#w3W_ikW_b'R�ikX����

τ(I)
f0Z��_YdikX#w3YSl4l_R�w3R3ikj_T4R�W4Qdw�RdeF�4X�iU�IR�XsRde.l4R��Ij_T4R�`4Yke.[,T4\�R��,U.Z!�

v e>YSl4W��Vfhe.T_[��dR��HL�]!R��4l4R�ikX#r�R3j4T4Yke.YkU_Ydl4W��
τ2
e_U��Fj_R#U_RmvFW4X#YkU_r3l4\��hX#R�f,R�w
" j4R!�

U_RyvFW4X�YkU_r3l_ZI��w3YSX#w3r
I − V

f4T4W_w�R��V(Ib'Ydl4r�[ Y����4Yyb;e_U��BR�X�T4W4`_Z�X#YkU_r3l4\���W4Q�� QyZ
b'YSl4r�[�Y��Vw�YkU.W��4W4l4\ T4YkU.Z�f,iSZ�`4W4W�" iSb�L�w3ikXtZ#w3f4Whl.Z
T4W_i�L.K�L ]4L ( L �(YyiSb'R�X�T��Fl_Z�gSX#RF�
f,Ztv	e.R3Yqw�T4Yyb5��W_b'YdYSXIRde>W4l_Z#f,R�w�\���j_R�T��,e>R�f�w�YSU_W��4W_l4\ l_ZGR�P3YSW��
w3YSX#w�����LI�(Qdb'Y=�
T4YSl4W���T4YkU.Z�f,idZ#`4W4W�w l_Z#f0U_R3l4l4\��
b�Z��Sl4W4X#l_\��
j4R#U����(j4R�f0Z#QS\sw�Z!�GXO���4X#R j_R3ikX�R��4l��
l4\sY w3T4Ydb'Ydl4W

τ1
W
τ2
" WVj4R�U_Rmv YSl4W��Vb�Z#f0ikW_b'[0b'R�w�w�QdZ#w3W_ikW_b'R�ikX����

τ(I)
(�XtZ#f0v Y

l4YsQyZ#w�W.iU�4X(R�X(j_Z�T_ZtU_U_YkU_r3l4R��hi U.R�� e.w3[0b'YST4l4R��SR �kZ#QdZIf,R3b'j4R3l4YSl4X�\ b�Z!�dl4W4X#l_R��SR
j4R#U��HL
8([,X#YybBgSf0ikX#T_Z�j4R#U��4`_W4W�b'RmvFl4R�j4R�U_[C�4W4X#r W4QGf4T4W4w�\��

V (t)
[3ikXtZ#l4R3w�W4w�[�YSYyiU�

ikR3iSX#RO�4l4W4YqiSW_ikX#Yyb'\
LI]!Z�f0v YqY��SRGb'RmvFl4R j4R�U_[C�4W4X#rGW4Qq[,T_Z#w3l4YSl_W��4" K�L K�(=�df,Z�f�j4Rye��
�SR�l_R��4l4\�� j_Z�T_Z�b'YdX#T

V0

�0W4U_W�f,Z�f j4R3ikU_Y e.l_YSYIQdl_ZO�4YSl4W4Y(l_Z f_T4W4w�R�� T4YkU>Z#f,idZ#`4W4W
j4T4W

t = 600
i#L �'Z�QkU_W��_W���j_T4YSl4YdP�T4YSvhW.b'RFb�Z#U_\
L

Kdo
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W��V�

� W_i#LVK3L n0L�&(T4W4w�ZI�
T4YSU.Z#f0iSZ�`4W4W(e_U���f�R3b'P3W4l_Z#`_W4WE	
Z�f4X#R�T_R�w QdZ�j4R#U_l_YSl4W��
ν = 2

�
g = 1

e.U���j4R�U_RmvhW_X#YkU_r3l4R��dR	X#R�f0Z	QdZte.YST�vhf_W
I+

dwell = 111
l�� " f4T4[�vFf4WF(kLF&(R#U_W��

�4YdiSX#w�RVX�R��4Ydf [,b'Ydl4r�[ YSl4RVw Ky�FT_Z#Q
e_U��W�_ikl4R�ikX#W T4W_iS[�l_f,Z4L

qj0U.R�[�l.ZI�Of4T4W4w�ZI�
ikR�R3X#w�YdX�ikX�w�[�YSXFe.w3[��,gdf,iSj4R�l4Ydl4`4W_Z#U_r�l4R�b'[�j4T4W4P�U_W0v YSl4W�� " [,T_Z#w3lHL " K3LMKO( (=�>j_[�l_f��
X#W4T4l_Z!�*Q�j4T4W4P#U.W0v YSl4W_Y�Rye.l4R�� gSf0ikj4R3l4YSl4X#\
L �
ZOw�ikXtZ#w�f,YVXmZOv Y gSf,iSj4YST4W.b'YSl��
XmZtU.r�l_Z!��f4T4W4w�ZI��T4YSU.Z#f0iSZ�`4W4W2w�j4R#U_[mU_R��kZ#T4WF	
b'W��4YdiSf4W�� R3i����^��iSb'Y���Ydl4l_ZI�2l_Z
w�YkU.W��4W4l4[

V0 = V (t =∞) = −11.5
b @ L

��
���� ������� ��

�����

� ���

�

τ

� ��V
�

,��Q$�

�

���

�����
� τ

� ��V
�

� W_i#LVK3L 2_L @ T4Ydb'Ydl_ZFT4YkU.Z�f,iSZ�`4W4W
τ1
" f4w3Zte.T_Z�X#\0(�W

τ2
" f4T4[�vFf4WF(�e_U��Of�R�b'P�W4l_Z!�

`4W4WY	
Z�f4X#R�T_R�w QdZ�j4R#U.l4YSl4W��
ν = 2

�
g = 1

j4T4Wcj4R#U_RmvFW4X#YkU.r�l4R�b X#R�f,Y(QdZte.YST�vhf4W

I+

dwell = 111
l���L

KSu



��YSQd[yU_rtX#W4T4[C�S��W4YIT_Z�w�l4R3w�Yyikl4\sY
I − V

f4T_W4w�\sYGj4T_Y e>iSXmZ#w�U_YSl4\;l.Z�T4W_i#L�K3L 1_L#e_U��
l4R�T_b�Z#U_r�l4R��SR�W l.Z#f0U_R3l4l4\��2b�Z!�dl4W4X#l4\��2j_R#U_Y��!L76ORmvhl_R�w�W0e.YSX#rF�'�4X#RBR3l4W l4Y
QdZ#w3W_i��4X�R3X j.Z#T_ZtU_U_YkU_r3l4R���f,R3b'j4R3l4YSl4X�\ b�Z��Sl4W4X�l4R��dR�j4R#U��HL!NGX�f0U_R�l4Ydl4W���X#R��dR
v Y j4R3T��,e.f0Z����4X�R W�T_Z�QSl4W_`_Z b'YSv	e.[Ge.w3[,b5��T_Z�QkU_W��4l_\ b'W�`_W4f0U.Z�b'W�RO�,U.Ztv	e.Ydl4W��
whl4R�T_b�Z#U_r�l4R�b�b�Z��Sl4W4X�l4R3b2j4R#U.Y�L
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� W_i#LVK3L 1_L �'Z�w�l4R3w�Yyikl4\sY�ikR�ikX#RO�4l4W��
I−V

f4T4W4w3\��(e_U��	l4R3T_b�ZtU_r3l4R��dR W	l_Z#f4U_R�l��
l4\��Fb�Z!�dl4W4X#l_\��hj_R#U_Y��Fj4T_W
	
Z#f4X�R�T_Z!� QyZ#j4R�U_l4YSl_W��

ν = 2
�
g = 1

L �0� U_\ l_Z#f4U_R!�
l_Z	T_Z�w�l4\

0◦
�
30◦
�
45◦
�4W
60◦

L @ l_R�T_b�Z#U_r�l4R�b�b�Z��Sl4W4X�l4R3b2j4R�U_Y(j4T4Yke>ikXtZ#w�U_YSl4\
T4YSQd[yU_rtXmZ#X�\;e.w�[���T_Z�QkU_W��_l4\�� `4W4f0U_R3whR��,U.Z#v	e.YSl4W���R�P3T_Z#Qd`_Z4L
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�}6�� ns��t�� d ;q?BAD; lD;=�=tk<9>kpqiopoE@G
�'Z�idiSb'R3X#T4W_b2j4Rye.T4R�P3l4R j4T_R�`4YyiSiIj4YST4Ydl4R3idZ gkU_Ydf4X#T4R3l_Zhb'Ykv	e.[�T_Z3i=��Ydj0U_YSl_l4\ b'W
j4R�ikj4W_l4[*&�
GL 8(R�ikf�R�U_r�f_[ j4T_W XtZ#f,R3b j4YdT4YSl4R�ikY�b'YSl��4YSX�i�� f,Z#f Y��SR�ikj_W4l��%XmZ�f
W j4T4R3iSX#T_Z�l_ikX#w3YSl4l.ZI��j4R3QSW4`4W����,X#R	w3R�Qyb'RyvFl4\;X#T4Wcb'Y=��Z�l4W4Qyb�Z ��K�( T_Z�idikY=�4l_W4YGl_Z
b�Z!�Sl_W4X#l4\���j4T4W.b'Ydi������%^�( j4YdT4YSw3R�T4R�X�iSj4W4l_Z�QdZci=�4YdXciSj4W4l�� R�T4P3W4XmZ#U_r�l4R��SR w�QyZ#W��
b'Rde.Y��_ikX#w3W����%o�( Rye.l4R�w3T4Ydb'Ydl4l4\��Bj4YST_YSw�R3T4R�XOiSj4W4l4R�w gkU_YSf_X#T4R�l.ZcW*�,e.T_ZOw3ikU_Y e��
ikX#w3W4Y�ikw�YdT��0X#R3l4f�R��SR	w3QdZ#W.b�Rye.Y��_ikX#w3W��HL @ U_W��4l_W4Y�b�Z!�dl4W4X#l4\���j_T4W_b'YdiSY�� b'RyvFl4R
W_ikf0U��S�4W4X#rVW4Q�� QyZ w�\ iSR�f,R��SR	f,ZO�4YdikX�w3Z	j4T4R�`_YdiSidZa6 L p e_U��

GaAs/AlGaAs
L

�(QSw3YdiSX#l4R��F�_X#R�ikj4W_l�� R3T4P�W_XmZtU.r�l4R3Y�w�QdZ�W_b'Rye.Y��_iSX#w�W_Y�R3X#w�YdX�ikX�w�YSl_l4R�QdZ�gkU_Ydf��
X#T4R�l_l4\��FX#T_Z#l.ikj4R3T4X�b'Ykv	e.[ T_Z3i=� YSj0U_Ydl4l4\ b'WFj4R�ikj4W4l_[a&�
 j_T4WVb�ZtU_R�bOe>W_ikP�ZI�
U.Z#l_iSY�L�]%Z#f��3j4R#U_[C�4Ydl4l4\sY Z�w�X#R3T_Z�b'W	T_Z�P�R3Xa; n��3]I<_gdf,iSj4YST4W_b'Ydl4XmZ#U_r�l_\sYsQdl_Z��_YSl4W��
T_Z#w3l4R�w3Ydikl4R��Ve_U_W4l_\

leq

j4R�T��,e.f,Z	l_Ydikf,R#U_r3f4W�� iSR�X#Ydlcb'W4f_T4R�lD�3R3T4R�[ R	iSR�� U.Z�iS[��
� X�i���i�T_Z3iSi=�_W4XmZ�l4l4\ b'W
W_b'W
v Y X#YSR3T4YSX�W��4YdiSf4W_b'W�Qdl_Z��_YSl4W��_b'W�i�[C�4YdX#R3b�X#R�U_r�f,R
ikj4W4l�� R�T_P�W4XtZtU_r3l4R��dR�w3QdZ�W_b'Rde.Y��_ikX�w�W��:" idb�L_ikX#T!L_]�(kL �(W0v Y(P�[ye.YSX	j4R3f,Z#QyZ#l4RF���4X�R
P�R#U.r�[ Z!�*�_Z3ikX#r�b'YkvFf4T_Z�YSw3R��SR�X#R�f0Z�l_ZOU.YSw�R�� w�YdX#w�W

I − V
f4T4W4w3R�� w�l_Z![ Ydb

R�P�T.Z#QS`_Y X#Y��4YdX W_b'YSl4l4R XtZ#f_W_b R�P3T_Z#QdR3b�" l.Z(j_T_Z#w3R��Fw3YSX#w3WVj4T4W
V > |g∗|µBB/|e|R3ik[C� YdikW4X�w#U��4YdX�iU�OiSw�R3P�Rye.l4\���e.T4Y���	 l_R3ikW_X#YkU_Y��OW4Q�w3l4[,X#T4YSl_l4W��W&�
;w�RFw3l4Y�[E�

l4W4Y�" iSb�L T4W_i#L�K�L u_L �F(U( ( L4N e.l_Z�f�R�ikj4W_l�� R3T4P�W4XtZtU_r3l4R�Y w�QdZ�W_b'Rye.Y��_iSX#w�W4Y l_YGikj4R�ikR3P�l4R
R�P�T��_ikl4W4X�rhT4YSU.Z#f0iSZ#`_W�� l.Z#j4T��0v YSl4W��Ol_ZVb�Z#f4T_R3ikf,R�j4W��_Ydikf,R3b2w�T_Ydb'YSl4l_R3b b�Z�iH�
[�XmZ�P�Y

τ1 ∼
^�x �!� XtZ#f f0Z#f Y��dR iSR�P�ikX#w3YSl4l4\�� w3T4Ydb'Ydl4l4R�� b�Z3i=[�XtZ#P*�4w#U��4YdX�iU�

Kyx



b'W4f4T4R3iSf�R3j4W��4Yyikf4W_b��tL ��R#U_YSY�X#R��SR��%w3T4Ydb'Ydl_Z T4YkU>Z#f,idZ#`4W4W
τ1
W

τ2
l_Y��4[,w3iSX#w�W��

X#YkU_r3l4\ f�j_Z�T_ZtU4U.YkU_r3l4R���i U_R�� e.w�[0b'YdT4l4R��dR0� Z�QdZ f�R�b'j4R�l4Ydl4X#Y�b�Z!�Sl_W4X#l4R��SRGj4R#U��
B||
�`�3R3X���wOi U.[��.Z#YhT4YkU.Z�f,idZ#`4W4W�QyZci=�4YSXOiSj4W4l�� R�T4P3W4XmZ#U_r�l_R��SR w3QdZ�W_b'Rde>Y��_ikX�w�W��

W_b'YSYSX3iU��l4Ydj4R3iST4Y e>iSX#w�Ydl4l_ZI��ikw��4QSr
leq

" W�i U_Yke.R�w�Z#X#YSU_r�l4R
τ
( W

B||
�>f0Z#f�i U.Y e.[�YdX

W4Q�T.Z#P�R3XW; nC��]O< L 
;e.T4[C�dR���ikX�R�T4R�l_\
τ1
P#U_W_QSf�R�f�w�T4Yyb'YSl_Z3b T4YkU.Z�f,iSZ�`4W4WW�,e.YdT��

l4R��dRBiSj4W4l_ZBw
GaAs

� f,R�X#R3T4R�Ycj4R3T��,e.f0ZBo3�Bi*;MKy��� Km^�< L � f4T4R�b'YOX#R��SRBw T��,e.Y
T_Z#P3R�X ;MKyo��_Kd���_Ky^�<�i�j4R�b'R�� r��>�,e.YST_l4R��dR
b�Z��Sl4W_X#l4R��dR
T4YdQSR�l.Z#l_idZIP�\�U_R
[3iSXmZ#l_R�w!�
U_YSl4RF�7�4X�R*�,e>YST4l_Z!� j4R#U��4T_W4QdZ�`4W�� b'Ryv YdX R�f,Z�QS\sw�Z#X#rBiS[C��YdiSX#w�Ydl4l4R�YOw#U_W��4l4W4Y
l_Z	b'YkvFf4T_Z�YSw�R���X#T_Z�l_ikj4R3T4XmL�8(R�gdX#R3b'[FT4YkU>Z#f,idZ#`4W��

I − V
f4T4W4w3\���b'Rmv YSX	P�\sX#r

R�P�T��_ikl4Ydl_Z iSw�YST��0X#R�l4f_W_b�w�QyZ#W_b'Rye.Y��.ikX#w3W4Ydb�L
90Z3b'W0U_rtX#R�l4W_Z�l�ikw3YST��,X�R�l4f,R��SR�w�QdZ�W_b'Rye.Y��_iSX#w�W���ikj_W4l_Z�gkU_Ydf4X#T4R3l_Z�� W iSj4W4l_Z

�,e.T_Z���W_b'YdYSXhw3W,e �

A
�
·
�
=

A

2
(I+S− + I−S+) +ASzIz, (1.2)

� e.Y
A > 0
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gkU_Ydf4X#T4R�l_R�w_L�8(R�gSX�R3b'[ T4YSU.Z#f0iSZ#`4W��hj4T_R�X#Ydf,Z#YdX�i [0b'YSl4r�[�YSl_W4Ydb ikR�j4T_R�X#W4w�U_YSl_W��
" U_Ydw3ZI�cw�ikXmZ�w�f0Z	l_ZFT4W_i�L!K3L ]_L (kL�8(T4WOj4YdT4YSf0UF�0�4Ydl4W4W W4Q�P3R#U_r�[�R��dR	j4R#U.RyvFW4X#YSU_r!�
l4R��dR(X#R�f0ZIw�b�ZtU_\��Fj4R#U_RmvFW4X#YkU.r�l4\��hWhW4Q P�R#U_r�[�R��SRGR3X#T4W4`_Z�X#YkU_r3l4R��dR(w
b�Z#U_\��
R�X#T4W_`_Z#X#YSU_r�l4\��hW4U_Whj4R�U_RyvFW4X�YkU_r3l4\��-�,e>YST4l_Z!�	j4R�U��4T4W4QyZ#`4W��	[0b'Ydl4r�[	Z#YSX3iU�	j4R
w�YkU.W��4W4l4Y��4[,w3YkU_W��_W4w3Z!� ��YdYdb�Z#l4R3w3iSf�R�Y(T_Z�i���YSj0U.YSl4W4Y�W��.i U_Yke.R�w3Z�X#YkU.r�l4RF�3e_U.W4l4[
X#[,l4l4YkU.W4T4R�w�Z#l4W��HL @ T4YdQS[yU_rtXtZ#X#Y�j4T_R�W_i��3Rde.W_XVT4R3iSX�ikR3j4T4R�X�W4w#U_Ydl4W�� wVj4T_R�`4YyiSikY
T4YkU.Z�f,iSZ�`4W4W
" T_W_i#L�K3L ]4L �Sj4T_Z�w3Z!�(w�ikXmZ�w�f0Z�W ikj0U_R�[�l_Z!�
f4T4W4w�ZI�
l.ZsU_YSw3R��
w�ikXmZ�w�f,Y�( L
��Z#Qdb�Z!�hT4YkU.Z�f,iSZ�`4W4WVw�R�X�T4W4`_Z�X#YkU_r3l4R3bBX#R�f,Y f,Z�fVb'W4l_W_b'[0b l_Z�j4R�T��,e>R�fFw3\��

[�Y����4Yyb wFj4R�U_RyvFW4X�YkU_r3l4R3bR" X#Y
v Y�w�ikXtZ#w�f_W�fOT4W_i�L!K�L ]4L ( L @ W,e.W_b'Rhe.YSU_RFwVX#R3b��
�4X#RBj4T4W R�X�T4W4`_Z�X#YkU_r3l4R3b<l.Z#j4T��0v YSl4W4W�e>Z#v Y�l4YdQSl_ZO�4W4X#YSU_r�l4R3Y�W4Qdb'Ydl4YSl4W_Ycw�Y��
U_W��4W4l4\ ��YSYyb'Z�l4R�w�ikf,R��SR2T_Z3i=��Ydj0U_Ydl4W�� w j4T_R�`4YdidikYBT_YkU.Z�f,iSZ�`4W4W j4T4W_w�Rye.W4X f
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ikW0U_r3l4R3b'[�W_Qdb'YSl_YSl4W�� f�R�g�	�	(W4`4W4Ydl4XmZOj4T4RO�3Ryv	e.Ydl4W�� X#[,l4l4YkU_r3l4R��dROP�Z#T4r3YST_Z�w
l4Ydi vFW_b�Z#Ydb'R��cj4R#U_R�ikY3L @ j4R3iSX#R��4l_l4R3b�X�R�f�Y
gdX#RFf�R3b'j_YSl_ikW_T4[�YSX�i��cP3R#U_r�[ W_b W_Q=�
b'YSl4YSl_W4Ydb b'YSvFf4T_Z#Ydw�R��SR	l_Z#j4T��0v YSl4W��

∆V − whl4YdiSf�R#U.r�f�RFb @ L
�
Z�R�P�R�T4R�XO�7j_T4W j4R#U.RyvFW4X#YSU_r�l4R�b{l_Z#j4T��0v YSl4W_W

V > |g∗|µBB/|e|
R3ikl4R3w�l4R��

b'Ykv	e.[,f,Z�l_ZtU_r3l4\��(X#R�f
R�P�[3ikU_R�w�U_YSlIiSw�R�P3Rde.l_\ bVj4YdT4YSX#Ydf,Z�l4W4Ydb*" e.T4Y��F	(R3b7(�gkU_Ydf��
X#T4R�l_R�wVW_Q�QdZ�j4R#U.l4YSl4l4\��OiSR3ikX�R��4l4W��Ol.ZViSw�R3P�Rde>l4\sY�b'YdiSXmZ�wVl_Ydi vhW.b�Z#Ydb'R�� j4R!�
U_R3iSY " iSb�L T4W_i�L4K3L u.L �V('( L�pqX�R�X(X#R�fhR�j_T4Y e.YSU��4YSX�i��hiSf,ZO�4f�R�b gSU_YSf_X#T4R3iSXmZ�X#W��4Yyikf�R��SR
j4R�X#Ydl4`4W_Z#U.Z�w l4Ydi vFW_b�Z#Yyb'R��
j4R�U_R3iSY�L�8(R3gSX#R�b'[ w0	(W4f,iSW4T4R�w�Z#l4l4R�b�j4R#U.RyvFW4X#YSU_r!�
l4R3b X�R�f�Y�T_Z�Qdb�ZI��T_YkU.Z�f,iSZ�`4W4WOj4R3T��,e.f0Z

∆V + ∼ 100
b'f @ " j4T_Z�w3ZI�Ow3ikXtZ#w3f,Zhl_Z

T4W_i#LqK�L ]4L (IR3X#T_Ztv	Z�YSXOwOP�R�U_r�[ Y��BiSX#YSj4Ydl4W W_Qdb'YSl_YSl4W4Y ��YSYyb�Z#l4R3w3iSf�R��dR�T_Z�i���YSj��
U_YSl4W����0X#R YyikX#r l_YSj4R�ikT4Y e�ikX#w3YSl4l4R	i e.w�W��
NGw3YST���Zy[,QSYdT_Z

∆BOv

L�8(R�i U_Y QyZme.YdT3vFf4W
wF[3i U_R3w�W�����ikW0U.r�l4R�� ��
�� WOj4YST_YSf0U������4YSl_W��OwFR3P#U.Z3ikX#rFikU.Z#P3R�� ��
�� " b�ZtU.\��
j4R#U_RmvFW4X#YSU_r�l4\��;X#R3fF(

∆BOv ≈ BOv

L 
qR3R�X#w3YSX�iSX#w�[C�S��YSY j_R#U_YBNGw�YdT���Zm[,QSYST.Z
BOv = |e|∆V +/(|g∗|µB) . 4T

" e_U��
|g∗| ≥ 0.44

(sR3X#w�Y��_Z#YdX ��
�� j4T_W
t = 0

l_Z
f4T4W4w3\��	T4YSU.Z#f,idZ#`4W_WHL�8(R�ikf�R�U_r�f4[ iSZ3b'R�Y w�\ ikR3f�R3Y�W4Qdw�YdiSX#l4R3Ysj4R�U_YINGw�YdT���Zm[,QSYST.Z
w
GaAs

T_Z�w�l4R
5.3T

" iSb�L�; Kyx�<N(H�4X#R �_ikl4RF�C�_X#Rhj4T_W�X#R3f�Y(j_R�T��,e>f,Z�Kd����l��{wa� YkU_W
QdZ#X�w�R�T.Z�j_R#U��4T4W4QdR�w�Z#l4R	R�f�R�U_R

4/5.3 ∼ 85%
�,e.Y��HL

�(Ydidb'R�X#T�� l.Z T.Z#QkU.W��4W4Y(whT_Z�Qdb�ZI�3Y(T4YkU.Z�f,iSZ�`4W4W�j4T4Wcj4R#U_RmvFW4X#YSU_r�l4R�b W�R3XI�
T4W4`_Z�X#YkU_r3l4R3b X#R3f,ZI�`� w R�P3R�W�� i U.[��.ZI��� YSY QyZ#f�R3l R�f0Z#QS\sw�Z#YSX3iU� Rye.l4W_b W X#Ydb
v Y4�Ge.w�[��0gSf0ikj4R�l_YSl4`4W_Z#U_r�l_\ b " iSb�L�ikX#THL�Kdo�( L�pqX#R�[�f0Z#Qd\sw3Z#YdXcl.Z X#R��5�4X�R�j4T_W
U�� P3R3b�X#R3f�Y T4YkU.Z�f,idZ#`4W��Fb'YkvFf4T.Z#YSw3R��dR(l_Z#j4T��0v YSl4W��Fj4T��_b'R�j_T4R�j4R3T4`4W4R3l_ZtU_r3l4R
W4Qdb'YSl_YSl4W�� ��YdYdb�Z#l_R�w3iSf�R��SR T_Z�i=� YSj0U.YSl4W����4X#RFYdikX�rhj4R�U�� NGw�YST���Zy[,QdYST_Z4L
+�w�Z�w3T4Ydb'Ydl4W T4YSU.Z#f0iSZ#`_W4W l_Z gSf0ikj4YdT4W_b'YSl_XmZtU.r�l4\��{f_T4W4w�\�� b'R��d[�X P�\sX#r

i U_Yke>ikX#w3W4Ydb;f�R�b'P�W4l_Z�`4W4W�X#T4Y�� j4T4R3`4YdidikR3w�� ��
�� �>e.WF	�	([�QdW4WW�,e>YST4l4\���iSj4W4l4R3w
W4QGR3P#U.Z3ikX#W�QdZ�X#w�R3T4l4R��4� YkU_W��0Z�XtZ#f0v YIT4YSU.Z#f,idZ#`4W_W ikj4W4l4R3wE�,e.YST QdZ i=�4YdX w�QyZ#W��
b'Rde.Y��_ikX#w3W���iGT4Y�[ YSX#f,R��HL �0�4YdX j_R3i U.Y e.l4W��Fe.w�[��Vj4T4R�`4YyiSiSR�w�P3\�U T_Z3iSiSb'R3X#T4Ydl�w
T_Z#P3R�X#YE;MKy]O<.e_U��VT4Y�[�Ydl4W��VQyZme>ZO�4W���P#U_W4f,R��Vf�l_Z�[�Y��HL �{l_Z3i j4R3T��,e.R�f�w�YkU_W��4W4l4\
τ1 ∼ 25c

[,f,Z�QS\sw3Z�YSX l_Z	YSY
iSw!�4QSrhi e>W�	�	([,QSW4Y����,X�R�� e>Z	f,Z#f�j4R3T��,e.R3f w3YkU_W��_W4l4\
τ2 ∼ 200c

R3X#w�Y��_Z#YdX��,e.YdT4l4R�� iSj4W4l�� T4Y�[ YSX#R��4l4R��2T4YSU.Z#f0iSZ#`_W4WHL �(R e.W�	3	([�QdW��
W2iSj4W4l2T4Y�[ YSX#R��4l4R3Y w�QdZ�W_b'Rye.Y��_iSX#w�W4Y f,Z#vF[�X3iU�2l4Y e.R�ikXmZ�X#R��_l4\ b'W2j4T4W��4W4l.Z�b'W
e_U���R�P�T`�_ikl4Ydl4W�� b�Z�f,ikW.b'[,b'R3w	l_Z	f4T4W4w3\��

τ1
W
τ2
w	QyZ#w3W_ikW_b'R�ikX#W R3X	X#R�f0ZD" iSb�L

T4W_i#L0K�L 24L ( LO8(R�ikf,R#U_r3f4[(iqT4R3iSX#R3b w�YkU_W��4W4l4\�X#R�f0Z l_ZGR�X#T4W_`_Z#X#YSU_r�l4R��
I−V

w�YdX#w�W
[�w3YkU_W��4W4w3Z�YSX�i�� ��
�� �_X#R	e.[0b�Z#YdX�iU�����4X�RFb�Z�f,iSW_b'[,b'\ b'RmvFl4Rhj4T4W_j4W_iSZ�X#rFw#U_W����
l4W�� ��
�� l_Z�j4T4R3`4YdiSi	T4YSU.Z#f0iSZ#`_W4WHL%pqX#Rcj4T_R��4w�U��4YSX�i���wcX#R3b����4X�Rcw�j4T_R�`4YyiSikY
T4YkU.Z�f,iSZ�`4W4WOb'YSl��4YdX�i��cw3YkU_W��4W_l_Z

BOv

Wcj4R�ikT4Yke>ikX#w3R3b�gdX#R��dRFb'Ydl��4YSX�i�� ikw!�4QyZ#l��
l4\��Fi ��
�� X#R�f

IN

L��(Qdb'Ydl4YSl4W_YsX#R3f,Z
IN

Whw3R�Q e.Y��_ikX�w�[�YSX(l_Z(X#Yyb'jFT4YSU.Z#f0iSZ#`_W4WHL
N e.l_Z#f,R 	(W4QdW��4YdiSf,Z!�	ik[,X#r
b�Z�f,ikW.b'[,b'R3w(l_ZIf4T4W_w�\��

τ(I)
R�ikXtZ#YSX3iU�	l4Ydj4R�l��4X�l4R��HL

]!YSj4YdT4r R�`4Ydl4W_b�b�Z�f,iSW_b�ZtU_r3l4[C� w�YSU_W��4W4l_[ j4R�U��4T4W4Qd[C�0��Y��SR��,e.T_Z�X#R3f,Z
Imax
N

L
8(R#U.Z�� Z!� j4YdT4W4Rye�T4Y�[ YSX#f_W

GaAs
T.Z#w�l_\ b

5.6
�� " e.w3ZVZ#X#R�b�Zhl.ZFgkU_Ydb'Ydl4XmZ�T4l4[C�

���4Y��4f4[�(=� X#R#U�� W4l4[2i U_RO� ^�6�p 9
100

��E��T.Z�iSiSX#RO�4l4W4YOb'Ykv	e.[�T_Z3i=��Ydj0U_YSl_l4\ b'W
j4R�ikj4W4l4[Y&�


1000
��3�.j4R�U_[C�_Z#Yyb2R�`4Ydl4R��_l4R�Y
f�R�U_W��4YyikX#w3R �,e.YdTOw4��YkU_W QdZ#X�w�R�T.Z

j4R�j4R3T��,e.f4[cw3YkU_W��_W4l4\
N ∼ 3

b'f_b
×100

��
×1000

��
×2/(5.6

��
)3 ∼ 107

L @ iSXmZ#`_W��
R�l_Z�T4l4R3b T4YSvFW_b'Y�ikw��4QdZ#l4l.ZI� i ��
�� �_Z�iSX#r�X#R�f0Z

IN

QdZme�Z#YSX3iU�#�4W.i U_R3b j4R#U����
T4W4QSR3w3Z�l4l4\��Y�,e.YST

Npol

W ��Z�T_Z#f4X�YST4l4\ b;w�T_Ydb'YSl4Yyb;T4YkU.Z�f,idZ#`4W4W
τ1
L%NG`4YSl4R��4l4R

i=�4W4XtZI���!�4X#R
w([3i U_R3w�W���� ��
�� j4R�U��4T4W4QS[�YdX�i��	P�R#U.r�[ Z!�3�_Z3ikX#r)�,e.YdT	w(QdZ�X#w�R3T4l4R��
��YkU.W��mX�RIYdiSX#r

Npol ∼ N
�tP�[ye.Ydb W_b'YSX#r

Imax
N ∼ eNpol/τ1 ∼ 10

−13
�
= 10−4

l ��L
pqX#R	R�Qdl_Z��.Z#YSXO���_X#R	j4T4W�e.R�XtZ#X#R��4l4R P3R#U_r�[�R3bBj4R�U_l4R3b X#R�f,Y

I ∼ 100
l��{U_W�[�r�K

gkU_Ydf4X#T4R�lcl_ZcK
�����	�3��� j4T4R3X#YSf0Z#YSXhQdZhi��4YSXFiSw�YST��0X#R�l4f,R��SR	w3QdZ#W.b'Rde.Y��_ikX#w3W��HL
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�F6 
 6�� n@�qE@lm<9ABpo;qlDi�p�tylBv
+�RFiSW���j4R3Tcgdf,ikj4YdT4W_b'Ydl4X#\ j4R�b'YkvFf4T_Z�YSw�R�b'[�X#T.Z#l_iSj4R�T4X�[ w ^ � ikW.ikX#Yyb'Z!��w3\��
j4R#U_l��0U_W_ikr	l_Z Rde>l4R3ikU_R��4l4\���ikX#T4[,f4X�[,T_ZI�`�C�3R�X��Ve.w3[3i U_R��4l4\sYIikX�T4[,f4X#[,T4\{j4T4Y eF�
ikXmZ�w#U����GX�i���l4Y�b'YSl4YdY(W_l4X#YST_Ydikl_\ b�\ R�P�THYSf4XtZ�b'W�e_U��cW_iSikU_Y e.R3w3Z#l_W��HL
@ T_Z�b'f0ZI� Rde.l_R��_Z3ikX#W��_l4R��SR j4T4W4P�U_W0v YSl4W���w R�P�T!Ydb'Y
e>w�[3i U.R��4l4R���ikW_iSX#Ydb'\

f,Ztv	e.\�� [,T4R3w�YSl_r L Z#l0e>Zy[�T_Z3i=��Ydj0U_YSl l_ZW�4YSX�\sT4YVj_Rde.[,T4R3w�l����!iSR�R�X�w�YSX3ikX#w3[C�.�
��W��Fikj4W_l4R�w3R3b'[

|g∗|µBB
W�ikW.b�b'YSX#T4W��_l4R!� Z#l4X�W_ikW_b�b'YdX#T_W��4l_R3b'[FT_Z�i���Ydj0U_YSl4W��

∆SAS

; K�2O< " idb�L T4W.i#L7^0L K�L ( LF8(R3ikU_Y e.l_YSY
R3P�[3i U.R�w#U_Ydl4RFb'Ykv	i U_R3YSw3\ b2X�[�l_l4YkU_W4T_R�w3Z!�
l4W4Ydb�L�8(YdT4YSW��dT4\sw3Z�l4W4YGb'Ykv	e.[FgSX#W.b�WVe>w�[0b5�VgSl_YST��dW��_b'W�R3X#w�YdX�ikX#w3YSl4l_R�QdZ�R�P�T��
Ydb'l4\sY�iSw�R��.ikX#w�Z�e>w�[3i U.R��4l4R�� ikW_iSX#Ydb'\ j_T4W 	
Z#f4X�R�T4Y QdZ�j4R#U_l_YSl4W��

ν = 2
L 


[�w3YkU_W��4YSl4W4Yyb{gSU_YSf4X�T4R�l4l4R�� f�R�l_`4YSl4X�T_Z#`4W4W2^ ����� w�YSU_W��4W4l_Z
∆SAS

[,b'Ydl4r�[	ZI�
YSX�i��*" j4R3iSf�R#U_r3f4[VT_Z�iSX#YSXA&([yU.R�l4R3w3ikf,R�Y R3X#XtZtU_f4W4w�Z#l4W_Y(b'YSv	e.[ i U.R��_b'WF(kL 
 e.T4[��
�SR��ciSX#R�T4R3l4\ ��YSYyb�Z#l4R3w3ikf,R�YGT_Z3i=� YSj0U_Ydl4W4Y(j4T��_b'Rhj_T4R�j4R3T4`4W4R3l_ZtU_r3l4R	Z�P3iSR#U��GXI�
l4R�� w�YSU_W��4W4l_Y�j4R#U��HL^8(R�gSX�R3b'[ j4T_W R3P���Yyb 	
Z�f4X#R3T4Y�QdZ�j4R#U_l_YSl4W��

ν = 2
w�ikU.ZI�

P�\�� b�Z��Sl4W4X�l4\��	j4R#U���� gkU.YSf4X#T_R�l_Z3b�WhQyZ#l��4X�\ e.w�ZGT.Z#Q e>YkU_YSl_l4\�� ��YSYyb�Z#l4R3w3ikf,R��
gSl4YdT��SW4Y��F[�T_R�w�l��hisT_Z#QSU_W��4l4R��FiSj4W4l4R3w�R��hR�T4W_YSl4XtZ#`4W4Y�����XtZ#fA�4X#R ikW_ikX�Ydb�Z
l_Z!�3R!�
e.W4X�i��cwhiSj4W4l�� ikW4l�� U_YdX#l4R3b iSR3ikX�R��4l4W_WHL.pql4YdT��SW���w3R�QdP�[�v	e.YSl4W���j4T4WcgSX�R3b�R3j4T4Y=�
e.YkU��4YdX�iU��w�YkU.W��4W4l4R��

∆sas − |g
∗|µBB

�,f,R�X#R3T_ZI���0i U_Yke.R�w�Z#X#YSU_r�l4RF�3[0b'YSl_r�[ Z�YSX�i��
is[,w�YSU_W��4Ydl4W4Ydb b�Z!�dl4W4X#l4R��SR�j_R#U��Fj4T_WVj4R3ikX�R��4l_l4R3b*	
Z#f_X#R�T4Y QyZ#j4R�U_l4YSl4W��HL�8(T4W
l4[yU_Ydw�R�� gSl_YST��dW4W�w�R3QSP3[3v	e.Ydl4W��

∆SAS = |g
∗|µBB
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