
VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ
BRNO UNIVERSITY OF TECHNOLOGY

FAKULTA STROJNÍHO INŽENÝRSTVÍ
FACULTY OF MECHANICAL ENGINEERING

ÚSTAV FYZIKÁLNÍHO INŽENÝRSTVÍ
INSTITUTE OF PHYSICAL ENGINEERING

STUDIUM ELEKTRONICKÉ ODEZVY
DVOUHRADLOVÉHO GRAFENOVÉHO SELEKTIVNÍHO
BIOSENZORU
ELECTRONIC RESPONSE STUDY OF A DUAL-GATE GRAPHENE SELECTIVE BIOSENSOR

BAKALÁŘSKÁ PRÁCE
BACHELOR'S THESIS

AUTOR PRÁCE ONDŘEJ BRDEČKO
AUTHOR

VEDOUCÍ PRÁCE doc. Ing. MIROSLAV BARTOŠÍK, Ph.D.
SUPERVISOR

BRNO 2023





Þ

^±±§¥¬«£¬²=_~¡¦£ª­°D±=q¦£±§±

Þ

Þ

Þ

Þ

Þ

Þ
Þ
^±=®°­´§¢£¢=¤­°= ·=²¦£=^¡²=k­K=NNNLVU=`­ªªK=­¬=¦§¥¦£°=£¢³¡~²§­¬=§¬±²§²³²§­¬±=~¬¢=²¦£=_rq=p²³¢·=~¬¢
b¶~«§¬~²§­¬= o£¥³ª~²§­¬±I= ²¦£= ¢§°£¡²­°= ­¤= ²¦£= f¬±²§²³²£= ¦£°£ ·= ~±±§¥¬±= ²¦£= ¤­ªª­µ§¬¥= ²­®§¡= ­¤
_~¡¦£ª­°D±=q¦£±§±W

bª£¡²°­¬§¡=°£±®­¬±£=±²³¢·=­¤=~Þ¢³~ª ¥~²£=¥°~®¦£¬£=±£ª£¡²§´£
 §­±£¬±­°

_°§£¤=a£±¡°§®²§­¬W
i­µ=£ª£¡²°­¬§¡=¬­§±£I=¦§¥¦=±³°¤~¡£=±£¬±§²§´§²·= ²­=~¢±­° £¬²±I= §­¡­«®~²§ §ª§²·=~¬¢=²¦£=®­±±§ §ª§²·=­¤
¤³¬¡²§­¬~ª§¸~²§­¬= ®°£¢£²£°«§¬£= ¥°~®¦£¬£= ¤­°= ³²§ª§¸§¬¥= §¬=  §­±£¬±­°±K= ^±= ®~°²= ­¤= ²¦§±= µ­°©I
~Þ¥°~®¦£¬£= ²µ­ ®­§¬²=±£ª£¡²§´£=¥ª³¡­±£=±£¬±­°=µ§ªª= £= ¤~ °§¡~²£¢= §¬=~Þ¤§£ª¢ £¤¤£¡²= ²°~¬±§±²­°= EcbqF
~°¡¦§²£¡²³°£= µ§²¦= ~Þª­µ£°= ±­ª§¢ ±²~²£= ¥~²£= ~¬¢= ~¬= ³®®£°= ¥~²£= ¡­¬¬£¡²£¢= ²¦°­³¥¦= ²¦£= ¢£²£¡²£¢
±­ª³²§­¬K=q¦£=®­±±§ §ª§²·=­¤=§¬¡°£~±§¬¥=²¦£=°£±§±²~¬¡£=°£±®­¬±£=­¤=²¦£=±£¬±­°=²­=¥ª³¡­±£=²¦°­³¥¦=²¦£
±£²²§¬¥= ­¤=  ­²¦= ¥~²£±=µ§ªª= ²¦£¬=  £= ±²³¢§£¢= ­¬= ²¦£= ¢£´§¡£= ®°£®~°£¢= §¬= ²¦§±= µ~·K= q¦£= £¤¤£¡²= ­¤= ²¦£
£ª£¡²°§¡=¤§£ª¢=­¤= ­²¦=¥~²£±=­¬=²¦£=±²~ §ª§²·=­¤=¤³¬¡²§­¬~ª§¸£¢=¥°~®¦£¬£=µ§ªª=~ª±­= £=´£°§¤§£¢K

_~¡¦£ª­°D±=q¦£±§±=¥­~ª±W
NK=a­=°£±£~°¡¦=­¬=²¦£=«£¬²§­¬£¢=§±±³£K
OK=m£°¤­°«=¡¦£«§¡~ª=¤³¬¡²§­¬~ª§¸~²§­¬=­¤=¥°~®¦£¬£=e~ªª= ~°±=¤­°=¥ª³¡­±£= §­±£¬±­°K
PK= p²³¢·= ²¦£= ²°~¬±®­°²= °£±®­¬±£= ­¤= ²¦£=  §­±£¬±­°= ²­= ~Þ±­ª³²§­¬= ­¤= ~Þ±³§²~ ª£= ¡­¬¡£¬²°~²§­¬= ­¤
¥ª³¡­±£=~±=~Þ¤³¬¡²§­¬=­¤=´­ª²~¥£=~®®ª§£¢=­¬W
~K=r®®£°=¥~²£K
 K=i­µ£°=¥~²£K
¡K=_­²¦=¥~²£±K
QK= _£¤­°£= ~¬¢= ~¤²£°= ²¦£= «£~±³°£«£¬²I= ´£°§¤·= ²¦£= ±²~ §ª§²·= ­¤= ²¦£= ¤³¬¡²§­¬~ª§¸~²§­¬= ³±§¬¥= o~«~¬
±®£¡²°­±¡­®·=~¬¢=®­±±§ ª·=^cjK=ÞÞÞÞÞ
Þ
Þ
Þ
ÞÞÞÞ

f¬±²§²³²W f¬±²§²³²£=­¤=m¦·±§¡~ª=b¬¥§¬££°§¬¥
p²³¢£¬²W l¬¢Ɨ£¨=_°¢£ŋ©­
a£¥°££=®°­¥°~««W m¦·±§¡~ª=b¬¥§¬££°§¬¥=~¬¢=k~¬­²£¡¦¬­ª­¥·
_°~¬¡¦W ¬­=±®£¡§~ª§±~²§­¬
p³®£°´§±­°W ¢­¡K=f¬¥K=j§°­±ª~´=_~°²­Ɵī©I=m¦KaK
^¡~¢£«§¡=·£~°W OMOOLOP

c~¡³ª²·=­¤=j£¡¦~¬§¡~ª=b¬¥§¬££°§¬¥I=_°¬­=r¬§´£°±§²·=­¤=q£¡¦¬­ª­¥·=L=q£¡¦¬§¡©ğ=OUVSLO=L=SNS=SV=L=_°¬­



o£¡­««£¬¢£¢= § ª§­¥°~®¦·W

p`ebafkI=cKI=^K=hK=dbfjI=pK=sK=jlolwlsI=bK=tK=efiiI=mK=_i^hbI=jK=fK=h^qpkbiplk=~=hK=pK
klslpbilsK= a£²£¡²§­¬= ­¤= §¬¢§´§¢³~ª= ¥~±= «­ª£¡³ª£±= ~¢±­° £¢= ­¬= ¥°~®¦£¬£K= k~²³°£= j~²£°§~ª±K
OMMTI=SEVFI=SROJSRRK=alfW=NMKNMPUL¬«~²NVSTK

pe^lI=vKI=gK=t^kdI=eK=trI=gK=ifrI=fK=^K=^hp^vI=vK=ifkK=d°~®¦£¬£=_~±£¢=bª£¡²°­¡¦£«§¡~ª
p£¬±­°±=~¬¢=_§­±£¬±­°±W=^=o£´§£µK=bª£¡²°­~¬~ª·±§±K=OMNMI=OOENMFI=NMOTJNMPSK=alfW
NMKNMMOL£ª~¬KOMMVMMRTNK

k^dI=^KI=^K=jfqo^I=pK=`K=jrhelm^aev^vK=d°~®¦£¬£=~¬¢=§²±=±£¬±­°J ~±£¢=~®®ª§¡~²§­¬±W=^
°£´§£µK=p£¬±­°±=~¬¢=^¡²³~²­°±=^W=m¦·±§¡~ªK=OMNUI=OTMI=NTTJNVQK=alfW=NMKNMNSL¨K±¬~KOMNTKNOKMOUK

ht^hI=vK=eKI=aK=pK=`elfI=vK=kK=hfjI=eK=hfjI=aK=eK=vllkI=pK=pK=^ekI=gK=tK=v^kdI=tK=pK=v^kdI
pK=pblK=cª£¶§ ª£=¥ª³¡­±£=±£¬±­°=³±§¬¥=`saJ¥°­µ¬=¥°~®¦£¬£J ~±£¢=¤§£ª¢=£¤¤£¡²=²°~¬±§±²­°K
_§­±£¬±­°±=~¬¢=_§­£ª£¡²°­¬§¡±K=OMNOI=PTENFI=UOJUTK=alfW=NMKNMNSL¨K §­±KOMNOKMQKMQO

pe^kI=`KI=eK=v^kdI=gK=plkdI=aK=e^kI=^K=fs^ph^I=iK=kfrK=a§°£¡²=bª£¡²°­¡¦£«§±²°·=­¤=dª³¡­±£
l¶§¢~±£=~¬¢=_§­±£¬±§¬¥=¤­°=dª³¡­±£=_~±£¢=­¬=d°~®¦£¬£K=^¬~ª·²§¡~ª=`¦£«§±²°·K=OMMVI=UNESFI=OPTUJ
OPUOK=alfW=NMKNMONL~¡UMONVP¡

werI=w~¬¸~¬K=^¬=l´£°´§£µ=­¤=`~° ­¬=k~¬­²³ £±=~¬¢=d°~®¦£¬£=¤­°=_§­±£¬±§¬¥=^®®ª§¡~²§­¬±K
k~¬­j§¡°­=i£²²£°±K=OMNTI=VEPFI=NJOQK=alfW=NMKNMMTL±QMUOMJMNTJMNOUJSK

Þ
Þ
a£~¢ª§¬£=¤­°=±³ «§±±§­¬=_~¡¦£ª­°D±=q¦£±§±=§±=¥§´£¬= ·=²¦£=p¡¦£¢³ª£=­¤=²¦£=^¡~¢£«§¡=·£~°
OMOOLOP
Þ
Þ
Þ

f¬=_°¬­I
Þ
Þ
Þ

iK=pK
Þ
Þ
Þ
Þ

®°­¤K=oka°K=q­«ğƟ=ƞ§©­ª~I=`p¡K
a§°£¡²­°=­¤=²¦£=f¬±²§²³²£

¢­¡K=f¬¥K=g§Ɨī=eª§¬©~I=m¦KaK
cjb=¢£~¬

c~¡³ª²·=­¤=j£¡¦~¬§¡~ª=b¬¥§¬££°§¬¥I=_°¬­=r¬§´£°±§²·=­¤=q£¡¦¬­ª­¥·=L=q£¡¦¬§¡©ğ=OUVSLO=L=SNS=SV=L=_°¬­











�*�P�L�h�1�L�h�a

�*�Q�M�i�2�M�i�b

�R �A�M�i�`�Q�/�m�+�i�B�Q�M �k

�k �"�B�Q�b�2�M�b�Q�`�b �j

�j �:�H�m�+�Q�b�2 �/�2�i�2�+�i�B�Q�M �@ �+�?�2�K�B�+���H�b �8

�9 �:�`���T�?�2�M�2 �3

�9�X�R �S�`�Q�T�2�`�i�B�2�b �Q�7 �;�`���T�?�2�M�2�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�3

�9�X�k �*�o�. �;�`���T�?�2�M�2 �;�`�Q�r�i�?�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�N

�8 �:�`���T�?�2�M�2 �}�2�H�/ �2�z�2�+�i �i�`���M�b�B�b�i�Q�` �U�:�6�1�h�V �R�R

�8�X�R �G�B�[�m�B�/ �i�Q�T�@�;���i�2 �:�6�1�h�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�k

�8�X�k �.�m���H�@�;���i�2 �:�6�1�h�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�k

�e �a�2���`�+�? �R�9

�e�X�R �:�m�+�Q�b�2 �b�2�M�b�B�M�; �m�b�B�M�; �:�6�1�h�b�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�9

�e�X�k �.�m���H �;���i�2�/ �:�6�1�h�b�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�9

�d �1�t�T�2�`�B�K�2�M�i �R�e

�d�X�R �.�`�Q�T�H�2�i �2�p���T�Q�`���i�B�Q�M�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�e

�d�X�k �6�m�M�+�i�B�Q�M���H�B�x���i�B�Q�M �T�`�Q�+�2�b�b�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�d

�d�X�j �a�2�M�b�Q�` �K�2���b�m�`�2�K�2�M�i�X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X �X�R�3

�3 �*�Q�M�+�H�m�b�B�Q�M �k�d

�"�B�#�H�B�Q�;�`���T�?�v �k�3

�G�B�b�i �Q�7 ���#�`�2�p�B���i�B�Q�M�b �j�R

�R



�R�X �A�M�i�`�Q�/�m�+�i�B�Q�M
�a�B�M�+�2 �k�y�y�9 �r�?�2�M �:�2�B�K ���M�/ �L�Q�p�Q�b�2�H�Q�p �B�b�Q�H���i�2�/ ���M�/ �B�M�p�2�b�i�B�;���i�2�/ �;�`���T�?�2�M�2 ���b �� �+���`�#�Q�M

�K�Q�M�Q�@�H���v�2�`�- �B�i �?���b �#�2�2�M �Q�7 �;�`�2���i �B�M�i�2�`�2�b�i �B�M �i�?�2 �2�H�2�+�i�`�Q�M�B�+ �b�2�M�b�B�M�; �T�`�Q�+�2�b�b�2�b �U���K�Q�M�; �Q�i�?�2�`

�/�B�b�+�B�T�H�B�M�2�b�V�X �J���B�M�H�v �i�?���M�F�b �i�Q �B�i�b �m�M�B�[�m�2 �T�`�Q�T�2�`�i�B�2�b �H�B�F�2 �B�i�b �?�B�;�? �i�2�M�b�B�H�2 �b�i�`�2�M�;�i�?�- �?�B�;�?

�K�Q�#�B�H�B�i�v �Q�7 �+�?���`�;�2 �+���`�`�B�2�`�b ���M�/ �i�?�2 �H�B�M�2���` �/�2�T�2�M�/�2�M�+�2 �#�2�i�r�2�2�M �i�?�2 ���K�Q�m�M�i �Q�7 �+�?���`�;�2

�+���`�`�B�2�`�b ���M�/ ���T�T�H�B�2�/ �;���i�2 �p�Q�H�i���;�2 �i�?���i �B�M �;�`���T�?�2�M�2 �B�b �b�v�K�K�2�i�`�B�+���H ���`�Q�m�M�/ �i�?�2 �.�B�`���+ �T�Q�B�M�i�X

�:�`���T�?�2�M�2 �#���b�2�/ �b�2�M�b�Q�`�b ���`�2 �+���T���#�H�2 �Q�7 �b�2�H�2�+�i�B�p�2 ���b �r�2�H�H ���b �M�Q�M�@�b�2�H�2�+�i�B�p�2 �b�2�M�b�B�M�;�X �a�2�@

�H�2�+�i�B�p�2 �b�2�M�b�B�M�; �`�2�[�m�B�`�2�b �� �7�m�M�+�i�B�Q�M���H�B�x���i�B�Q�M �Q�7 �;�`���T�?�2�M�2 �#�2�7�Q�`�2 �K�2���b�m�`�B�M�; �r�?�B�+�? �B�b �K�Q�`�2

�/�2�K���M�/�B�M�;�- �#�m�i �B�M �K�Q�b�i �+���b�2�b �B�i �+���M �v�B�2�H�/ �K�Q�`�2 �T�`�2�+�B�b�2 �`�2�b�m�H�i�b�- �K���F�B�M�; �B�i ���M �B�M�2�p�B�i���#�H�2

���T�T�`�Q���+�? �7�Q�` �+�2�`�i���B�M ���T�T�H�B�+���i�B�Q�M�b�X

�h�?�B�b �i�?�2�b�B�b �B�b �/�2�/�B�+���i�2�/ �i�Q �i�?�2 �;�`���T�?�2�M�2 �#���b�2�/ �}�2�H�/ �2�z�2�+�i �i�`���M�b�B�b�i�Q�` �#�B�Q�b�2�M�b�Q�` �7�Q�`

�K�2���b�m�`�B�M�; �;�H�m�+�Q�b�2 �+�Q�M�+�2�M�i�`���i�B�Q�M�X �h�?�2 �`�2�b�T�2�+�i�B�p�2 �K�2���b�m�`�B�M�; �T�`�Q�+�2�b�b �B�b �T�2�`�7�Q�`�K�2�/ �p�B��

�b�2�H�2�+�i�B�p�2 ���T�T�`�Q���+�? �m�b�B�M�; �;�H�m�+�Q�b�2 �Q�t�B�/���b�2 �2�M�x�v�K�2 �i�Q �#�B�M�/ �;�H�m�+�Q�b�2 �K�Q�H�2�+�m�H�2�b�X

�h�?�2�`�2 ���`�2 �b�2�p�2�`���H �`�2���b�Q�M�b �7�Q�` �K�Q�M�B�i�Q�`�B�M�; �;�H�m�+�Q�b�2 �+�Q�M�+�2�M�i�`���i�B�Q�M�X �S�`�Q�#���#�H�v �i�?�2 �K�Q�b�i

�B�K�T�Q�`�i���M�i �`�2���b�Q�M �B�b �i�Q �/�2�i�2�`�K�B�M�2 �;�H�m�+�Q�b�2 �H�2�p�2�H �B�M �?�m�K���M �#�H�Q�Q�/ �2�b�T�2�+�B���H�H�v �7�Q�` �T�2�Q�T�H�2 �r�?�Q

���`�2 �/�B���;�M�Q�b�2�/ �r�B�i�? �� �/�B�b�2���b�2 �+���H�H�2�/ �/�B���#�2�i�2�b �K�2�H�H�B�i�m�b�X �h�?�B�b �/�B�b�2���b�2 �+���m�b�2�b �i�?���i �i�?�2 �#�H�Q�Q�/

�b�m�;���` �H�2�p�2�H �B�b �M�Q�i �`�2�;�m�H���i�2�/ �+�Q�`�`�2�+�i�H�v�X �"�m�i �;�H�m�+�Q�b�2 �b�2�M�b�B�M�; �B�b ���H�b�Q �B�K�T�Q�`�i���M�i �B�M �7�Q�Q�/

���M���H�v�b�B�b�X

�P�M�2 �Q�7 �i�?�2 ���B�K�b �Q�7 �i�?�B�b �i�?�2�b�B�b ���M�/ �i�?�2 �#�2�H�Q�M�;�B�M�; �`�2�b�2���`�+�? �B�b �i�Q �T�`�2�T���`�2 �� �/�m���H �;���i�2�/

�b�2�M�b�Q�` �@ �� �b�2�M�b�Q�`�- �i�?���i �+���M �#�2 �H�Q���/�2�/ �#�v �i�Q�T ���M�/ �#�Q�i�i�Q�K �;���i�2 �p�Q�H�i���;�2 ���i �i�?�2 �b���K�2 �i�B�K�2�X

�h�?�2 ���H�`�2���/�v �2�t�B�b�i�B�M�; �p�2�`�b�B�Q�M�b �Q�7 �i�?�B�b �F�B�M�/ �Q�7 �b�2�M�b�Q�` �?���b ���H�`�2���/�v �#�2�2�M �i�2�b�i�2�/ �7�Q�` �i�Q�T �;���i�B�M�;

���b �r�2�H�H ���b �#�Q�i�i�Q�K �;���i�B�M�;�- �#�m�i �B�i �B�b �B�M�p�Q�H�p�B�M�; �#�Q�i�? �;���i�2�b ���i �i�?�2 �b���K�2 �i�B�K�2 �i�?���i �i�?�B�b �`�2�b�2���`�+�?

���B�K�b �i�Q �/�Q�+�m�K�2�M�i�X

�h�?�2 �/�Q�+�m�K�2�M�i���i�B�Q�M �Q�7 �i�?�2 �b�2�M�b�Q�` �`�2�b�T�Q�M�b�2 �7�Q�` �2���+�? �;���i�2 ���H�H�Q�r�b �m�b �i�Q �+�Q�K�T���`�2 �i�?�2�K

���M�/ �/�2�i�2�`�K�B�M�2 �r�?�B�+�? �Q�7 �i�?�2�K �B�b �K�Q�`�2 �b�m�B�i���#�H�2 �7�Q�` �T���`�i�B�+�m�H���` ���T�T�H�B�+���i�B�Q�M�b�X

�k



�k�X �"�A�P�a�1�L�a�P�_�a

�k�X �"�B�Q�b�2�M�b�Q�`�b
�� �#�B�Q�b�2�M�b�Q�` �B�b �� �/�2�p�B�+�2�- �i�?���i �b�2�`�p�2�b �7�Q�` �K�Q�M�B�i�Q�`�B�M�; �� �#�B�Q�+�?�2�K�B�+���H �b�v�b�i�2�K�X �l�b�m���H�H�v �B�i

�+�Q�M�b�B�b�i�b �Q�7 �� �#�B�Q�H�Q�;�B�+���H �b�2�M�b�B�M�; �2�H�2�K�2�M�i �U�2�X�;�X �2�M�x�v�K�2�- �Q�`�;���M�2�H�H�2�- �+�2�H�H�- �X�X�X�V ���M�/ �� �i�`���M�b�/�m�+�2�`�-

�r�?�B�+�? �+�Q�M�p�2�`�i�b �i�?�2 �B�M�7�Q�`�K���i�B�Q�M ���#�Q�m�i �i�?�2 �b�i���i�2 �Q�7 �i�?�2 �Q�#�b�2�`�p�2�/ �b�v�b�i�2�K �7�`�Q�K �� �#�B�Q�+�?�2�K�B�+���H

�b�B�;�M���H �i�Q �m�b�m���H�H�v �� �/�B�;�B�i���H �2�H�2�+�i�`�Q�M�B�+ �b�B�;�M���H �U�6�B�;�X �R�V�X �(�R�)

�6�B�;�X �R�, �"�B�Q�b�2�M�b�Q�` �K�2�+�?���M�B�b�K �b�+�?�2�K�2�X �h�?�2 ���M���H�v�i�2 �`�2���+�i�b �r�B�i�? �i�?�2 �#�B�Q�@�`�2�+�Q�;�M�B�i�B�Q�M
�2�H�2�K�2�M�i �r�?�B�+�? �T�`�Q�/�m�+�2�b �b�Q�K�2 �F�B�M�/ �Q�7 �2�H�2�+�i�`�B�+���H�- �K�2�+�?���M�B�+���H �Q�` �Q�T�i�B�+���H �b�B�;�M���H �i�?���i �B�b �i�?�2�M
�i�`���M�b�7�2�`�`�2�/ �i�Q ���M �2�H�2�+�i�`�Q�M�B�+ �/�2�p�B�+�2 ���M�/ �T�`�Q�+�2�b�b�2�/�X ���/���T�i�2�/ �7�`�Q�K �(�k�)�X

�h�?�2�`�2 ���`�2 �K���M�v �+�H���b�b�B�}�+���i�B�Q�M�b �Q�7 �#�B�Q�b�2�M�b�Q�`�b�- �#�m�i �r�2 �+���M �#�`�Q���/�H�v �/�B�z�2�`�2�M�i�B���i�2 �j �i�v�T�2�b�-

�2�H�2�+�i�`�Q�+�?�2�K�B�+���H�- �Q�T�i�B�+���H ���M�/ �T�B�2�x�Q�2�H�2�+�i�`�B�+ �U�K���b�b�V �b�2�M�b�Q�`�b�X �(�j�)

�h�?�2 �b�2�M�b�B�M�; �Q�7 �2�H�2�+�i�`�Q�+�?�2�K�B�+���H �b�2�M�b�Q�`�b �B�b �#���b�2�/ �Q�M �� �+�Q�M�p�2�`�b�B�Q�M �Q�7 �� �#�B�Q�+�?�2�K�B�+���H �T�`�Q�+�2�b�b

�i�Q ���M �2�H�2�+�i�`�B�+���H �b�B�;�M���H�X �(�e�) �ô�h�?�2 �i�v�T�B�+���H �i�`���M�b�/�m�+�2�` �7�Q�` ���M �2�H�2�+�i�`�Q�+�?�2�K�B�+���H �#�B�Q�b�2�M�b�Q�` �B�b ���M

�2�H�2�+�i�`�Q�/�2 �i�?���i �i�`���M�b�H���i�2�b �i�?�2 �~�Q�r �Q�7 �B�Q�M�b �;�2�M�2�`���i�2�/ �#�v �#�B�M�/�B�M�; �`�2���+�i�B�Q�M�b �#�2�i�r�2�2�M �i�?�2

���M���H�v�i�2 ���M�/ �i�?�2 �#�B�Q�@�`�2�+�Q�;�M�B�i�B�Q�M �2�H�2�K�2�M�i �B�M�i�Q ���M �2�H�2�+�i�`�B�+���H �+�m�`�`�2�M�i �Q�` �p�Q�H�i���;�2�X�ô �(�9�)

�S�B�2�x�Q�2�H�2�+�i�`�B�+ �b�2�M�b�Q�`�b �;�2�M�2�`���H�H�v �+�Q�M�b�B�b�i �Q�7 �� �T�B�2�x�Q�2�H�2�+�i�`�B�+ �i�`���M�b�/�m�+�2�` �2�H�2�K�2�M�i �i�?���i �p�B�@

�#�`���i�2�b �r�B�i�? �� �+�?���`���+�i�2�`�B�b�i�B�+ �7�`�2�[�m�2�M�+�v�X �h�?�2 �#�B�Q�@�`�2�+�Q�;�M�B�i�B�Q�M �2�H�2�K�2�M�i �B�b �7���b�i�2�M�2�/ �i�Q �i�?�2

�T�B�2�x�Q�2�H�2�+�i�`�B�+ �T���`�i�X �h�?�2 �T�`�2�b�2�M�+�2 �Q�7 �i�?�2 ���M���H�v�i�2 �+�?���M�;�2�b �i�?�2 �p�B�#�`���i�B�Q�M �7�`�2�[�m�2�M�+�v �Q�7 �i�?�2

�T�B�2�x�Q�2�H�2�+�i�`�B�+ �T���`�i�X �(�8�)

�P�T�i�B�+���H �#�B�Q�b�2�M�b�Q�`�b

�j



�h�?�2 �2�b�b�2�M�+�2 �Q�7 �Q�T�i�B�+���H �#�B�Q�b�2�M�b�Q�`�b �B�b �B�M �i�?�2 �B�M�i�2�`���+�i�B�Q�M �Q�7 �i�?�2 �Q�T�i�B�+���H �}�2�H�/ �r�B�i�? �i�?�2

�#�B�Q�@�`�2�+�Q�;�M�B�i�B�Q�M �2�H�2�K�2�M�i�X �(�e�)

�h�?�B�b �r�Q�`�F �B�b �/�2�/�B�+���i�2�/ �i�Q �� �#�B�Q�b�2�M�b�Q�` �i�?���i �#�2�H�Q�M�;�b �i�Q �i�?�2 �}�`�b�i �K�2�M�i�B�Q�M�2�/ �i�v�T�2 �@ �2�H�2�+�@

�i�`�Q�+�?�2�K�B�+���H �#�B�Q�b�2�M�b�Q�`�b�X �A�i �B�b �� �b�2�M�b�Q�` �i�?���i �B�b �m�b�2�/ �i�Q �/�2�i�2�+�i �;�H�m�+�Q�b�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �B�M ��

�b�Q�H�m�i�B�Q�M�X �h�?�2 �#�B�Q�@�`�2�+�Q�;�M�B�i�B�Q�M �2�H�2�K�2�M�i �B�M �i�?�2 �b�2�M�b�Q�` �B�b �;�H�m�+�Q�b�2 �Q�t�B�/���b�2�X

�9



�j�X �:�G�l�*�P�a�1 �.�1�h�1�*�h�A�P�L �@ �*�>�1�J�A�*���G�a

�j�X �:�H�m�+�Q�b�2 �/�2�i�2�+�i�B�Q�M �@ �+�?�2�K�B�+���H�b
�h�?�2 �b�2�M�b�B�M�; �K�2�+�?���M�B�b�K �m�b�2�/ �7�Q�` �;�H�m�+�Q�b�2 �/�2�i�2�+�i�B�Q�M �/�2�b�+�`�B�#�2�/ �B�M �i�?�B�b �i�?�2�b�B�b ���M�/ �m�b�2�/ �/�m�`�B�M�;

�i�?�2 �2�t�T�2�`�B�K�2�M�i �`�2�[�m�B�`�2�b �b�2�p�2�`���H �+�?�2�K�B�+���H�b�X �A�M �i�?�B�b �+�?���T�i�2�` �i�?�2 �+�?�2�K�B�+���H�b ���`�2 �/�2�b�+�`�B�#�2�/�X

� �@�.�@�;�H�m�+�Q�b�2�U�6�B�;�X �k�V �B�b �� �b�B�K�T�H�2 �b�m�;���` �i�?���i �#�2�H�Q�M�;�b �i�Q �i�?�2 �;�`�Q�m�T �Q�7 �?�2�t�Q�b�2�b�X �A�i �?���b

�i�?�2 ���#�B�H�B�i�v �i�Q �K���F�2 �� �+�v�+�H�B�+ �7�Q�`�K �+���H�H�2�/ �7�m�`���M�Q�b�2 �U�;�H�m�+�Q�7�m�`���M�Q�b�2�V�X �:�H�m�+�Q�b�2 �B�b �� �T�`�Q�/�m�+�i �Q�7

�T�?�Q�i�Q�b�v�M�i�?�2�b�B�b �B�M �T�H���M�i �+�2�H�H�b ���M�/ �B�i �B�b �i�?�2 �K���B�M �b�Q�m�`�+�2 �Q�7 �2�M�2�`�;�v �B�M �i�?�2 �?�m�K���M �#�Q�/�v�X �A�i

�+���M �#�2 �B�M�;�2�b�i�2�/ �B�M �7�Q�Q�/�- �m�T�Q�M �r�?�B�+�? �B�i �B�b �T���`�i�B���H�H�v �b�2�M�i �i�Q �i�?�2 �#�H�Q�Q�/ ���M�/ �K���B�M�H�v �b�i�Q�`�2�/

�B�M �H�B�p�2�` �B�M �7�Q�`�K �Q�7 �;�H�v�+�Q�;�2�M�X �h�?�2�`�2 ���`�2 �k �2�M�x�v�K�2�b �r�?�B�+�? �`�2�;�m�H���i�2 �i�?�2 �#�H�Q�Q�/ �b�m�;���` �H�2�p�2�H�X

�A�M�b�m�H�B�M�2�- �r�?�B�+�? �H�Q�r�2�`�b �i�?�2 �#�H�Q�Q�/ �b�m�;���` �H�2�p�2�H ���M�/ �;�H�m�+���;�Q�M�- �r�?�B�+�? �B�M�+�`�2���b�2�b �B�i�X �.�@�;�H�m�+�Q�b�2

�?���b �� �m�b�2�7�m�H �T�`�Q�T�2�`�i�v �Q�7 �#�2�B�M�; ���M �Q�T�i�B�+���H �B�b�Q�K�2�`�- �r�?�B�+�? �K�2���M�b �i�?���i �B�i�b �b�Q�H�m�i�B�Q�M �+���M �+�?���M�;�2

�i�?�2 �T�H���M�2 �Q�7 �T�Q�H���`�B�x���i�B�Q�M �Q�7 �H�B�;�?�i �i�?���i �;�Q�2�b �i�?�`�Q�m�;�? �B�i�X �(�d�)�(�3�)

�6�B�;�X �k�,� �@�.�@�;�H�m�+�Q�b�2 �B�M �� �H�B�M�2���` ���M�/ �+�v�+�H�B�+ �7�Q�`�K�- ���/���T�i�2�/ �7�`�Q�K �(�N�)

�:�H�m�+�Q�b�2 �Q�t�B�/���b�2�B�b �� �/�B�K�2�`�B�+ �+���i���H�v�i�B�+ �2�M�x�v�K�2�- �i�?���i �+���i���H�v�x�2�b �i�?�2 �+�Q�M�p�2�`�b�B�Q�M �Q�7� �@�.�@

�;�H�m�+�Q�b�2 �i�Q �.�@�;�H�m�+�Q�M�Q�@�R�-�8�@�H���+�i�Q�M�2 �U�6�B�;�X �j�V�X �:�H�m�+�Q�b�2 �Q�t�B�/���b�2 �B�b �m�b�2�7�m�H �7�Q�` �;�H�m�+�Q�b�2 �/�2�i�2�+�i�B�Q�M

�#�2�+���m�b�2 �ô�B�i �B�b ���+�i�B�p�2 �Q�M �� �r�B�/�2 �`���M�;�2 �Q�7 �T�?�v�b�B�Q�H�Q�;�B�+���H�H�v �`�2�H�2�p���M�i �;�H�m�+�Q�b�2 �+�Q�M�+�2�M�i�`���i�B�Q�M�b�X�ô�(�R�y�)

�h�?�2 �+�?�2�K�B�+���H �2�[�m���i�B�Q�M �#�2�H�Q�r �b�?�Q�r�b �i�?�2 �`�2���+�i�B�Q�M �Q�7 �;�H�m�+�Q�b�2�@�Q�t�B�/���b�2 �r�B�i�? �i�?�2 �;�H�m�+�Q�b�2�X �h�?�2

�8



�6�B�;�X �j�, �:�H�m�+�Q�b�2 �Q�t�B�/���b�2 �`�2���+�i�B�Q�M �b�+�?�2�K�2 �U���/���T�i�2�/ �7�`�Q�K �(�R�R�) ���M�/ �2�/�B�i�2�/�V�X �:�H�m�+�Q�b�2 �Q�t�B�/���b�2
�i�`���M�b�7�Q�`�K� �@�.�@�;�H�m�+�Q�b�2 �i�Q �.�@�;�H�m�+�Q�M�Q�@�R�-�8�@�H���+�i�Q�M�2�X �.�m�`�B�M�; �i�?�B�b �T�`�Q�+�2�b�b �~���p�B�M���/�2�M�B�M�/�B�M�@
�m�+�H�2�Q�i�B�/�2 �U�6���.�V �B�M �i�?�2 �?�m�K���M �#�Q�/�v �B�b �`�2�/�m�+�2�/ �i�QFADH 2 �#�v �`�2�+�2�B�p�B�M�; �i�r�Q �2�H�2�+�i�`�Q�M�b
���M�/ �i�r�Q �T�`�Q�i�Q�M�b�X �h�?�2 �#���+�F�r���`�/ �Q�t�B�/���i�B�Q�M �B�b ���+�+�Q�K�T���M�B�2�/ �#�v �� �`�2�/�m�+�i�B�Q�M �Q�7 �Q�t�v�;�2�M �i�Q
�?�v�/�`�Q�;�2�M�@�T�2�`�Q�t�B�/�X

�Q�i�?�2�` �B�K�T�Q�`�i���M�i ���/�p���M�i���;�2 �Q�7 �;�H�m�+�Q�b�2 �Q�t�B�/���b�2 �B�b �B�i�b �b�T�2�+�B�}�+ �`�2���+�i�B�p�B�i�v�X �A�i �`�2���+�i�b �r�B�i�?

�;�H�m�+�Q�b�2 �#�m�i �B�i �/�Q�2�b�M�ö�i �`�2���+�i �r�B�i�? �Q�i�?�2�` �b�B�K�T�H�2 �b�m�;���`�b�- �b�Q �B�i �B�b �m�b�2�/ �7�Q�` �b�T�2�+�B�}�+ �/�2�i�2�+�i�B�Q�M�X

�L�L�@�/�B�K�2�i�?�v�H �7�Q�`�K���K�B�/�2 �U�.�J�6�V�B�b �� �b�Q�H�p�2�M�i �7�Q�` �+�?�2�K�B�+���H �`�2���+�i�B�Q�M�b�X �A�i �B�b �m�b�2�/

�7�Q�` �B�b�Q�H���i�B�M�; �+�?�H�Q�`�Q�T�?�v�H�H �B�M �T�H���M�i�b�X �A�i ���H�b�Q �T�H���v�b �� �b�B�;�M�B�}�+���M�i �`�Q�H�2 ���b �� �b�Q�H�p�2�M�i�- �+���i���H�v�b�i�-

���;�2�M�i �Q�` �`�2�/�m�+�B�M�; ���;�2�M�i �B�M �K���M�v �`�2���+�i�B�Q�M�b�X �A�i �B�b �� �T�`�2�+�m�`�b�Q�` �7�Q�` �b�2�p�2�`���H �i�v�T�2�b �Q�7 �`�2���+�i�B�Q�M�b

���b �7�Q�`�K�v�H���i�B�Q�M�- ���K�B�M���i�B�Q�M�- ���K�B�M�Q�+���`�#�Q�t�v�H���i�B�Q�M�- �2�i�+�X �.�m�`�B�M�; �i�?�2 �b�2�M�b�Q�` �7�m�M�+�i�B�Q�M���H�B�x���i�B�Q�M

�T�`�Q�+�2�b�b �B�i �b�2�`�p�2�b ���b �� �b�Q�H�p�2�M�i �7�Q�` �R�@�S�v�`�2�M�2�#�m�i�B�`�B�+ ���+�B�/ �L�@�?�v�/�`�Q�t�v�b�m�+�+�B�M�B�K�B�/�2 �2�b�i�2�`�X�(�R�k�)

�R�@�S�v�`�2�M�2�#�m�i�B�`�B�+ ���+�B�/ �L�@�?�v�/�`�Q�t�v�b�m�+�+�B�M�B�K�B�/�2 �2�b�i�2�` �U�S�a�1�V�B�b ���M ���`�Q�K���i�B�+ �+�?�2�K�@

�B�+���H �b�Q�H�m�#�H�2 �B�M �+�?�H�Q�`�Q�7�Q�`�K�- �L�-�L �/�B�K�2�i�?�v�H �7�Q�`�K���K�B�/�2�- �/�B�K�2�i�?�v�H �b�m�H�7�Q�t�B�/�2�- ���M�/ �K�2�i�?���M�Q�H�X �A�i

�B�b �m�b�2�/ �B�M �?�2�K���i�Q�H�Q�;�v�- �?�B�b�i�Q�H�Q�;�v ���M�/ �/�B���;�M�Q�b�i�B�+ ���b�b���v �K���M�m�7���+�i�m�`�B�M�;�X �A�i �+���M �#�2 �b�i�Q�`�2�/ ���i

�`�Q�Q�K �i�2�K�T�2�`���i�m�`�2�X �A�M �i�?�2 �b�2�M�b�B�M�; �T�`�Q�+�2�/�m�`�2 �B�i �b�2�`�p�2�b ���b �� �H�B�M�F�2�` �K�Q�H�2�+�m�H�2 �7�Q�` �:�H�m�+�Q�b�2�Q�t�@

�B�/���b�2�X �(�k�d�)

�S�?�Q�b�T�?���i�2 �#�m�z�2�` �b���H�B�M�2 �U�S�"�a�V�B�b �� �T�Q�r�/�2�` �b�Q�H�m�#�H�2 �B�M �r���i�2�` �i�?���i �B�M �b�Q�H�m�i�B�Q�M �b�2�`�p�2�b

�7�Q�` �r���b�?�B�M�; �T�`�Q�+�2�b�b�2�b �B�M �B�K�m�M�Q�~�m�Q�`�2�b�+�2�M�+�2 �T�`�Q�+�2�/�m�`�2�b�- ���b �� �b�m�b�T�2�M�b�B�Q�M �7�Q�` �#���+�i�2�`�B���H �+�2�H�H�b

�Q�` �B�M �B�K�m�M�Q�b�i���B�M�B�M�; �T�`�Q�+�2�/�m�`�2�b�X �A�M �i�?�2 �y�X�y�R �J �b�Q�H�m�i�B�Q�M�- �B�i �+�Q�M�i���B�M�b �E�*�H �y�X�y�y�k�d �J ���M�/

�L���*�H �y�X�R�j�3 �J�X ���i �`�Q�Q�K �i�2�K�T�2�`���i�m�`�2 �B�i�b �T�> �B�b ���#�Q�m�i �d�X�9�X �.�m�`�B�M�; �i�?�2 �7�m�M�+�i�B�Q�M���H�B�x���i�B�Q�M

�e



�j�X �:�G�l�*�P�a�1 �.�1�h�1�*�h�A�P�L �@ �*�>�1�J�A�*���G�a

���M�/ �K�2���b�m�`�B�M�; �r�2 �m�b�2�/ �B�i �B�M �b�Q�H�m�i�B�Q�M �/�B�H�m�i�2�/ �B�M �.�A �r���i�2�` �B�M �+�Q�M�+�2�M�i�`���i�B�Q�M �y�X�y�R �J ���b ��

�b�Q�H�p�2�M�i �7�Q�` �;�H�m�+�Q�b�2 �+�Q�M�+�2�M�i�`���i�B�Q�M�b�- ���M�/ �B�M �y�X�R �J �+�Q�M�+�2�M�i�`�i�B�Q�M �7�Q�` �`�B�M�b�B�M�; �Q�7 �i�?�2 �;�`���T�?�2�M�2

���7�i�2�` �;�H�m�+�Q�b�2 �Q�t�B�/���b�2 �#�B�M�/�B�M�; �T�`�Q�+�2�b�b�X

�d



�9�X �:�`���T�?�2�M�2
�:�`���T�?�2�M�2 �B�b �� �b�B�M�;�H�2�@�H���v�2�` �+���`�#�Q�M �K���i�2�`�B���H �r�B�i�? �� �?�Q�M�2�v�+�Q�K�# �H���i�i�B�+�2�X �*���`�#�Q�M �H�B�2�b �B�M �i�?�2

�9�X�� �;�`�Q�m�T �B�M �i�?�2 �T�2�`�B�Q�/�B�+ �b�v�b�i�2�K �Q�7 �2�H�2�K�2�M�i�b�- �b�Q �B�i �?���b �9 �p���H�2�M�+�2 �2�H�2�+�i�`�Q�M�b�X �A�M �i�?�2 �;�`�Q�m�M�/

�b�i���i�2 �i�?�2�`�2 ���`�2 �i�r�Q �2�H�2�+�i�`�Q�M�b �B�Ms �Q�`�#�B�i���H ���M�/ �2���+�? �Q�7 �i�?�2 �i�r�Q �`�2�K���B�M�B�M�; ���`�2 �b�2�T���`���i�2�H�v �B�M

p �Q�`�#�B�i���H�b�X �q�?�2�Msp2 �?�v�#�`�B�/�B�x���i�B�Q�M �i���F�2�b �T�H���+�2�- �i�?�`�2�2 �Q�7 �i�?�2 �p���H�2�M�+�2 �2�H�2�+�i�`�Q�M�b �;�2�i �B�M �i�?�`�2�2

sp2 �?�v�#�`�B�/�B�x�2�/ �Q�`�#�B�i���H�b ���M�/ �i�?�2 �i�?�B�`�/ �2�H�2�+�i�`�Q�M �Q�+�+�m�T�B�2�bp �Q�`�#�B�i���H�X �h�?�2 �7�Q�m�`�i�? �2�H�2�+�i�`�Q�M �B�b

�`�2�b�T�Q�M�b�B�#�H�2 �7�Q�` �+�Q�M�/�m�+�i�B�M�; �Q�` �#�2�M�/�B�M�; �Q�7 �K�Q�H�2�+�m�H�2�b �Q�M �i�?�2 �;�`���T�?�2�M�2 �b�m�`�7���+�2�X �h�?���M�F�b �i�Q

�i�?�B�b �?�v�#�`�B�/�B�x���i�B�Q�M �B�M �;�`���T�?�2�M�2�- �2���+�? �+���`�#�Q�M ���i�Q�K �B�b �+�Q�p���H�2�M�i�H�v �#�Q�M�/�2�/ �i�Q �i�?�2 �i�?�`�2�2 �+�H�Q�b�2�b�i

�M�2�B�;�?�#�Q�m�`�B�M�; ���i�Q�K�b�X �.�m�2 �i�Q �i�?�2 �b�v�K�K�2�i�`�v �i�?�2 �#�B�M�/�B�M�; ���M�;�H�2 �B�b �R�k�y�ê �r�?�B�+�? �H�2���/�b �i�Q �i�?�2

�7�Q�`�K���i�B�Q�M �Q�7 �i�?�2 �?�Q�M�2�v�+�Q�K�# �H���i�i�B�+�2�X �h�?�2 �#�Q�M�/ �H�2�M�;�i�? �B�b �R�X�9�k �³�X�(�R�9�)

�6�B�;�X �9�, �:�`���T�?�2�M�2 �H���i�i�B�+�2 �B�M �`�2���H ���M�/ �`�2�+�B�T�`�Q�+���H �b�T���+�2�X �h�?�2 �p�2�+�i�Q�`�b
��1 ���M�/��2 ���`�2 �K���i�+�?�2�/ �#�v �i�?�2�#1 ���M�/�#2 �p�2�+�i�Q�`�b �B�M �i�?�2 �`�2�+�B�T�`�Q�+���H �b�T���+�2

�h�?���M�F�b �i�Q �B�i�b �m�M�B�[�m�2 �T�`�Q�T�2�`�i�B�2�b�- �;�`���T�?�2�M�2 �#�2�+���K�2 �B�M�i�2�M�b�B�p�2�H�v �B�M�p�2�b�i�B�;���i�2�/ ���M�/ �B�b �#�2�B�M�;

�m�b�2�/ �B�M �K���M�v �b�+�B�2�M�i�B�}�+ ���M�/ �i�2�+�?�M�Q�H�Q�;�B�+���H �b�2�+�i�Q�`�b�X �A�i �B�b �r�B�/�2�H�v �m�b�2�/ �B�M �#�B�Q�@�b�2�M�b�B�M�; �T�`�Q�+�2�b�b�2�b�-

�K�Q�b�i�H�v �i�?���M�F�b �i�Q �B�i�b �2�H�2�+�i�`�Q�+�?�2�K�B�+���H �T�`�Q�T�2�`�i�B�2�b �H�B�F�2 �?�B�;�? �+���`�`�B�2�` �K�Q�#�B�H�B�i�v�- �i�?�2 �2�H�2�+�i�`�B�+���H

�b�2�M�b�B�i�B�p�B�i�v �Q�M ���/�b�Q�`�#�B�M�; �K�Q�H�2�+�m�H�2�b�- �H�Q�r �i�?�2�`�K���H �M�Q�B�b�2�- �#�B�Q�+�Q�K�T���i�B�#�B�H�B�i�v �2�i�+�X �A�i �+���M ���H�b�Q �#�2

�m�b�2�/ �7�Q�` �+�Q���i�B�M�;�b�- �}�H�i�`���i�B�Q�M�- �Q�T�i�Q�2�H�2�+�i�`�Q�M�B�+ ���T�T�H�B�+���i�B�Q�M�b ���M�/ �K���M�v �K�Q�`�2�X

�9�X�R�X �S�`�Q�T�2�`�i�B�2�b �Q�7 �;�`���T�?�2�M�2

�A�M �i�2�`�K�b �Q�7 �K�2�+�?���M�B�+���H �T�`�Q�T�2�`�i�B�2�b�- �;�`���T�?�2�M�2 �2�p�B�M�+�2�b �?�B�;�? �i�2�M�b�B�H�2 �b�i�`�2�M�;�i�?�X �A�M �i�?�2 �2�t�@

�T�2�`�B�K�2�M�i �/�Q�M�2 �#�v �G�2�2 ���M�/ �+�Q�r�Q�`�F�2�`�b �(�R�8�) �T�`�B�b�i�B�M�2 �;�`���T�?�2�M�2 �r���b �T�m�i �m�M�/�2�` �i�2�M�b�B�H�2 �H�Q���/�-

�3



�9�X �:�_���S�>�1�L�1

�b�m�#�b�2�[�m�2�M�i�H�v�- �B�i�b �u�Q�m�M�; �K�Q�/�m�H�2 �r���b �/�2�i�2�`�K�B�M�2�/ �i�Q �#�2�1 �4 �R �h�S���- �i�?���i �B�b �Q�M�2 �Q�7 �i�?�2

�?�B�;�?�2�b�i �p���H�m�2�b ���K�Q�M�; �`�2���H �K���i�2�`�B���H�b�X

�:�`���T�?�2�M�2 �?���b �?�B�;�? �i�?�2�`�K���H �+�Q�M�/�m�+�i�B�p�B�i�v �B�M �Q�`�/�2�` �Q�7 �8�y�y�y �q�f�K�E �(�R�e�)�- �H���`�;�2 �b�m�`�7���+�2

���`�2�� �k�e�j�y �K2�f�; �(�R�d�) ���M�/ �B�b �#�2�M�/���#�H�2�- �r�?�B�+�? �B�b ���H�b�Q �m�b�2�/ �B�M �b�2�p�2�`���H ���T�T�H�B�+���i�B�Q�M�b�X�(�R�3�)

�A�M �i�2�`�K�b �Q�7 �2�H�2�+�i�`�B�+���H �T�`�Q�T�2�`�i�B�2�b�- ���K�Q�M�; �i�?�2 �K�Q�b�i �B�K�T�Q�`�i���M�i ���M�/ �m�b�2�7�m�H ���`�2 �� �?�B�;�?

�+���`�`�B�2�` �K�Q�#�B�H�B�i�v ���i �`�Q�Q�K �i�2�K�T�2�`���i�m�`�2 �U�i�?�2�Q�`�2�i�B�+���H�H�v �k�8�y �y�y�y �+�K2�o� 1�b� 1 �(�R�N�)�- �#�m�i �Q�M�H�v

���#�Q�m�i �R�9�y �y�y�y �+�K2�o� 1�b� 1 �(�k�y�) �r���b �K�2���b�m�`�2�/�V ���M�/ �� �b�T�2�+�B���H �#���M�/ �b�i�`�m�+�i�m�`�2 ���`�Q�m�M�/ �i�?�2

�b�Q �+���H�H�2�/ �.�B�`���+ �T�Q�B�M�i�- �r�?�2�`�2 �i�?�2� �#���M�/�b �2�t�?�B�#�B�i �H�B�M�2���` �/�B�b�T�2�`�b�B�Q�M �U���b �b�?�Q�r�M �B�M �6�B�;�X �8�V�X�(�k�R�)

�6�B�;�X �8�, �:�`���T�?�2�M�2 �#���M�/ �b�i�`�m�+�i�m�`�2 �r�B�i�? �H�B�M�2���` �/�B�b�T�2�`�b�B�Q�M ���`�Q�m�M�/ �i�?�2 �.�B�`���+ �T�Q�B�M�i�- ���/���T�i�2�/
�7�`�Q�K �(�k�k�)�X

�h�?�2 �6�2�`�K�B �H�2�p�2�H �B�M �T�`�B�b�i�B�M�2 �;�`���T�?�2�M�2 �B�b �i�?�2�Q�`�2�i�B�+���H�H�v �`�B�;�?�i �B�M �i�?�2 �.�B�`���+ �T�Q�B�M�i�- �b�Q �i�?�2�`�2

�B�b �M�Q �T�`�2�/�Q�K�B�M���M�i �i�v�T�2 �Q�7 �+�?���`�;�2 �+���`�`�B�2�`�b �U�2�H�2�+�i�`�Q�M�b �Q�` �?�Q�H�2�b�V�X �"�v ���T�T�H�v�B�M�; �� �;���i�2 �p�Q�H�i���;�2

�B�M �}�2�H�/ �2�z�2�+�i �i�`���M�b�B�b�i�Q�` ���`�+�?�B�i�2�+�i�m�`�2 �i�Q �;�`���T�?�2�M�2�- �r�2 �+���M �+�?���M�;�2 �i�?�2 �6�2�`�K�B �H�2�p�2�H ���M�/ �/�Q�T�2

�;�`���T�?�2�M�2 �r�B�i�? �2�H�2�+�i�`�Q�M�b �Q�` �?�Q�H�2�b�X

�9�X�k�X �*�o�. �;�`���T�?�2�M�2 �;�`�Q�r�i�?

�h�?�2�`�2 ���`�2 �b�2�p�2�`���H �K�2�i�?�Q�/�b �7�Q�` �;�`���T�?�2�M�2 �T�`�2�T���`���i�B�Q�M�X �6�B�`�b�i�H�v�- �i�?�2�`�2 �B�b �� �K�2�+�?���M�B�+���H �2�t�7�Q�@

�H�B���i�B�Q�M �i�?���i �r���b �m�b�2�/ ���H�b�Q �#�v �:�2�B�K ���M�/ �L�Q�p�Q�b�2�H�Q�p �r�?�2�M �i�?�2�v �K���/�2 �;�`���T�?�2�M�2 �7�Q�` �i�?�2 �}�`�b�i

�i�B�K�2�X �h�?�2 �M�2�t�i �+�Q�K�K�Q�M�H�v �m�b�2�/ �K�2�i�?�Q�/ �B�b �i�?�2 �`�2�/�m�+�i�B�Q�M �Q�7 �;�`���T�?�2�M�2 �Q�t�B�/�2�X �h�?�B�b �i�?�2�b�B�b

�N



�9�X�k�X �*�o�. �:�_���S�>�1�L�1 �:�_�P�q�h�>

�6�B�;�X �e�, �h�?�2 �*�o�. �T�`�Q�+�2�b�b�X �h�?�2 �+���`�#�Q�M �;���b�b�2�b ���`�2 �T�m�K�T�2�/ �B�M�i�Q �i�?�2 �`�2���+�i�B�Q�M �+�?���K�#�2�`
�r�?�2�`�2 �i�?�2�v �7�Q�`�K �� �;�`���T�?�2�M�2 �K�Q�M�Q�H���v�2�` �Q�M �i�?�2 �b�m�`�7���+�2 �Q�7 �i�?�2 �K�2�i���H �b�m�#�b�i�`���i�2�X���/���T�i�2�/
�7�`�Q�K �(�k�9�)

�/�2���H�b �r�B�i�? �� �b�2�M�b�Q�` �i�?���i �+�Q�M�i���B�M�b �� �;�`���T�?�2�M�2 �b�?�2�2�i �K���/�2 �p�B�� �+�?�2�K�B�+���H �p���T�Q�m�` �/�2�T�Q�b�B�i�B�Q�M

�U�*�o�.�V�- �b�Q �i�?�B�b �K�2�i�?�Q�/ �r�B�H�H �#�2 �/�2�b�+�`�B�#�2�/ �B�M �K�Q�`�2 �/�2�i���B�H�b�X

�.�m�`�B�M�; �i�?�2 �*�o�. �T�`�Q�+�2�b�b �U�6�B�;�X �e�V�- �i�?�2 �+���`�#�Q�M ���i�Q�K�b �7�Q�`�K �� �;�`���T�?�2�M�2 �H���v�2�` �Q�M �� �+���i�@

���H�v�i�B�+ �b�m�#�b�i�`���i�2�X �h�?�2 �K�2�i���H �b�m�#�b�i�`���i�2 �B�b �T�m�i �B�M�i�Q �i�?�2 �`�2���+�i�B�Q�M �+�?���K�#�2�` ���M�/ �b�m�#�b�2�[�m�2�M�i�H�v�-

�� �K�B�t�i�m�`�2 �+�Q�M�i���B�M�B�M�; �+���`�#�Q�M �;���b�b�2�b �U�2�X �;�X �K�2�i�?���M�2�V �B�b �/�`�B�7�i�2�/ �B�M�i�Q �i�?�2 �+�?���K�#�2�` �r�?�2�`�2

�i�?�2 �b�m�#�b�i�`���i�2 �B�b �?�2���i�2�/�X �A�M �i�?�2 �+�?���K�#�2�`�- �i�?�2 �+���`�#�Q�M �;���b�b�2�b ���`�2 �/�2�+�Q�K�T�Q�b�2�/ �i�Q �B�M�/�B�p�B�/�m���H

���i�Q�K�b�X �a�Q�K�2 ���i�Q�K�b �7�`�Q�K �i�?�2 �K���B�M �b�i�`�2���K �b�i���`�i �i�Q �K�Q�p�2 �B�M �i�?�2 �/�B�`�2�+�i�B�Q�M �Q�7 �i�?�2 �b�m�#�b�i�`���i�2

���M�/ ���/�b�Q�`�# �Q�M �B�i�b �b�m�`�7���+�2�X �a�Q�K�2 �Q�7 �i�?�2�K ���`�2 �/�2�b�Q�`�#�2�/ �#���+�F �i�Q �i�?�2 �K���B�M �b�i�`�2���K�X �P�M

�i�?�2 �b�m�#�b�i�`���i�2 �b�m�`�7���+�2�- �� �;�`�Q�m�T �Q�7 �+���`�#�Q�M ���i�Q�K�b �7�Q�`�K �� �M�m�+�H�2���i�B�Q�M �B�b�H���M�/ ���M�/ �i�?�2 �Q�i�?�2�`�b

�K�Q�p�2 �i�Q �B�i �i�?���M�F�b �i�Q �/�B�z�m�b�B�Q�M�X �h�?�B�b �B�b �?�Q�r �� �K�Q�M�Q�@�H���v�2�` �;�`���T�?�2�M�2 �b�?�2�2�i �B�b �7�Q�`�K�2�/ �Q�M

�i�?�2 �b�m�#�b�i�`���i�2�X �h�?�2 �`�2�K���B�M�B�M�; �;���b�b�2�b ���`�2 �T�m�K�T�2�/ �Q�m�i �Q�7 �i�?�2 �+�?���K�#�2�` ���M�/ �i�?�2 �b�m�#�b�i�`���i�2 �B�b

�+�Q�Q�H�2�/ �/�Q�r�M �i�Q �`�Q�Q�K �i�2�K�T�2�`���i�m�`�2�X�(�k�j�)�(�k�k�)

�R�y



�8�X �:�_���S�>�1�L�1 �6�A�1�G�. �1�6�6�1�*�h �h�_���L�a�A�a�h�P�_ �U�:�6�1�h�V

�8�X �:�`���T�?�2�M�2 �}�2�H�/ �2�z�2�+�i �i�`���M�b�B�b�i�Q�`

�U�:�6�1�h�V
�� �}�2�H�/ �2�z�2�+�i �i�`���M�b�B�b�i�Q�` �U�6�1�h�V �B�b �� �/�2�p�B�+�2�- �r�?�B�+�? �?���b �i�?�`�2�2 �2�H�2�+�i�`�Q�/�2�b�X �h�r�Q �Q�7 �i�?�2�K�- �/�`���B�M

���M�/ �b�Q�m�`�+�2�- ���`�2 �+�Q�M�/�m�+�i�B�p�2�H�v �+�Q�M�M�2�+�i�2�/�X �P�M �i�?�2 �+�Q�M�/�m�+�i�B�M�; �+�?���M�M�2�H �H�B�2�b �� �H���v�2�` �Q�7 �B�M�b�m�@

�H���i�Q�`�- �i�v�T�B�+���H�H�v ���M �Q�t�B�/�2�- �Q�M �i�Q�T �Q�7 �i�?�2 �B�M�b�m�H���i�Q�` �B�b �i�?�2 �i�?�B�`�/�- �;���i�2 �2�H�2�+�i�`�Q�/�2�X �h�?�2 �Q�t�B�/�2

�2�H�2�+�i�`�B�+���H�H�v �b�2�T���`���i�2�b �i�?�2 �+�Q�M�/�m�+�i�B�M�; �+�?���M�M�2�H �7�`�Q�K �i�?�2 �;���i�2�X �A�7 �r�2 �T�m�i �b�Q�K�2 �T�Q�i�2�M�i�B���H

�U�p�Q�H�i���;�2�VVg �Q�M �i�?�2 �;���i�2�- �+�?���`�;�2 �r�B�H�H ���+�+�m�K�m�H���i�2 �Q�M �i�?�2 �i�Q�T �b�B�/�2 �Q�7 �i�?�2 �Q�t�B�/�2�X �P�M �i�?�2 �Q�T�@

�T�Q�b�B�i�2 �b�B�/�2 �Q�7 �i�?�2 �Q�t�B�/�2 �B�M �i�?�2 �+�Q�M�/�m�+�i�B�M�; �+�?���M�M�2�H �i�?�2 �Q�T�T�Q�b�B�i�2 �+�?���`�;�2 �@�Z �r�B�H�H ���+�+�m�K�m�H���i�2�-

�K���F�B�M�; �i�?�2 �b�v�b�i�2�K �� �+���T���+�B�i�Q�`�X �A�i�b �+���T���+�B�i�v �B�b �;�B�p�2�M �#�v �i�?�2 �`�2�H���i�B�Q�M�X�(�k�8�)

C = Q/ Vg �U�8�X�R�V

�A�7 �r�2 �+�Q�M�b�B�/�2�` �i�?�2 �#�Q�i�i�Q�K�@�;���i�2�/ �6�1�h�- �i�?�2 �B�M�b�m�H���i�B�M�; �H���v�2�` �B�b �m�M�/�2�`�M�2���i�? �i�?�2 �+�Q�M�/�m�+�i�B�M�;

�+�?���M�M�2�H�X �h�?�B�b �K���F�2�b �B�i �T�Q�b�b�B�#�H�2 �i�Q �T�H���+�2 ���M �2�H�2�+�i�`�Q�/�2 �m�M�/�2�` �i�?�B�b �B�M�b�m�H���i�Q�` �i�?�m�b �+�`�2���i�B�M�; ��

�#�Q�i�i�Q�K �;���i�2 �2�H�2�+�i�`�Q�/�2 �U�6�B�;�X �3�V�X �h�?�2 �;���i�2�b ���`�2 �M�Q�i ���H�r���v�b �b�Q�H�B�/ �K���i�2�`�B���H�b �#�m�i �+���M �#�2 ���H�b�Q

�B�M �H�B�[�m�B�/ �T�?���b�2�X

�A�M �/�m���H �;���i�2�/ �;�`���T�?�2�M�2 �}�2�H�/ �2�z�2�+�i �i�`���M�b�B�b�i�Q�`�b �U�:�6�1�h�V�- �i�?�2 �+�Q�M�/�m�+�i�B�M�; �+�?���M�M�2�H �B�b

�7�Q�`�K�2�/ �#�v �� �H���v�2�` �Q�7 �;�`���T�?�2�M�2�X �.�m�2 �i�Q �i�?�2 �;�`���T�?�2�M�2�ö�b �k �/�B�K�2�M�b�B�Q�M���H �M���i�m�`�2 ���M�/ �b�m�`�7���+�2

�/�2�M�b�B�i�v �Q�7 �+�?���`�;�2 �+���`�`�B�2�`�b �i�?�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �+�?���`�;�2 �+���`�`�B�2�`�b�-ne;h �+���M �#�2 �/�2�`�B�p�2�/ �7�`�Q�K

�2�[�m���i�B�Q�M �U�R�V ���M�/ �/�2�T�2�M�/�b �H�B�M�2���`�H�v �Q�M �i�?�2 �;���i�2 �p�Q�H�i���;�2Vg�- �#�v �7�Q�`�K�m�H�� �(�k�8�)

ne;h = � � Vg �U�8�X�k�V

�r�?�2�`�2� �B�b �� �+�?���`�;�2 �B�M�D�2�+�i�B�Q�M �`���i�2�,

� =
� 0� r

ed
�U�8�X�j�V

�q�?�2�`�2� 0 �B�b �i�?�2 �T�2�`�K�B�i�B�p�B�i�v �Q�7 �p���+�m�m�K�-� r �B�b �`�2�H���i�B�p�2 �T�2�`�K�B�i�i�B�p�B�i�v �Q�7 �i�?�2 �K���i�2�`�B���H�-�2�B�b

�i�?�2 �2�H�2�K�2�M�i���`�v �+�?���`�;�2 ���M�/�/ �B�b �i�?�B�+�F�M�2�b�b �Q�7 �i�?�2 �H���v�2�`�X

�:�`���T�?�2�M�2 �2�t�?�B�#�B�i�b �i�?�2 �H�Q�r�2�b�i �+�Q�M�/�m�+�i�B�p�B�i�v ���M�/ �b�Q �i�?�2 �?�B�;�?�2�b�i �`�2�b�B�b�i�B�p�B�i�v ���M�/ �`�2�b�B�b�i���M�+�2

�r�?�2�M �i�?�2 �6�2�`�K�B �H�2�p�2�H �B�b �B�M �i�?�2 �.�B�`���+ �T�Q�B�M�i �?���p�B�M�; �M�Q �T�`�2�p���H�2�M�i �i�v�T�2 �Q�7 �+�?���`�;�2 �+���`�`�B�2�`�b ���M�/

�R�R



�8�X�R�X �G�A�Z�l�A�. �h�P�S�@�:���h�1 �:�6�1�h

�b�i�`�Q�M�;�H�v �`�2�/�m�+�2�/ �M�m�K�#�2�` �Q�7 �b�i���i�2�b �r�?�2�M �i�?�2 �6�2�`�K�B �H�2�p�2�H �B�b �B�M �i�?�2 �.�B�`���+ �T�Q�B�M�i�X �"�v ���T�T�H�v�B�M�;

�/�B�z�2�`�2�M�i �;���i�2 �p�Q�H�i���;�2�bVg �r�2 �+���M �+�?���M�;�2 �i�?�2 �6�2�`�K�B �H�2�p�2�H �B�M �;�`���T�?�2�M�2�X �h�?�B�b �+���m�b�2�b �Q�M�2 �i�v�T�2

�Q�7 �i�?�2 �+�?���`�;�2 �+���`�`�B�2�`�b �i�Q �#�2�+�Q�K�2 �T�`�2�p���H�2�M�i ���M�/ �i�?�2 �+���T���+�B�i�v �Q�7 �i�?�2 �+���T���+�B�i�Q�` �i�Q �+�?���M�;�2�X

�8�X�R�X �G�B�[�m�B�/ �i�Q�T�@�;���i�2 �:�6�1�h

���b �2�b�i���#�H�B�b�?�2�/ �B�M �i�?�2 �T�`�2�p�B�Q�m�b �T���`���;�`���T�?�b�- �i�?�2 �B�M�b�m�H���i�B�M�; �H���v�2�` �B�M �i�?�2 �i�Q�T �;���i�2 �+���M �#�2

�2�B�i�?�2�` �b�Q�H�B�/ �Q�` �H�B�[�m�B�/�X �h�?�2 �b�Q�H�B�/ �B�M�b�m�H���i�B�Q�M �#�2�?���p�2�b ���b �/�2�b�+�`�B�#�2�/ ���i �i�?�2 �#�2�;�B�M�M�B�M�; �Q�7 �i�?�B�b

�+�?���T�i�2�`�X �A�M �i�?�2 �+���b�2 �Q�7 �� �H�B�[�m�B�/ �T�?���b�2 �i�Q�T �;���i�2 �� �/�`�Q�T�H�2�i �Q�7 �?�B�;�?�H�v �`�2�b�B�b�i�B�p�2 �b�Q�H�m�i�B�Q�M �B�b �m�b�2�/

�i�Q �b�2�T���`���i�2 �i�?�2 �i�Q�T �;���i�2 �2�H�2�+�i�`�Q�/�2 �7�`�Q�K �i�?�2 �+�?���M�M�2�H�U�6�B�;�X �d�V�X �"�v �T�m�i�i�B�M�; �T�Q�i�2�M�i�B���H �Q�M �i�?�2

�i�Q�T �;���i�2 �2�H�2�+�i�`�Q�/�2�- �b�Q�K�2 �B�Q�M�b �7�`�Q�K �i�?�2 �b�Q�H�m�i�B�Q�M �;�2�i �B�K�K�Q�#�B�H�B�x�2�/ �Q�M �i�?�2 �;�`���T�?�2�M�2 �b�m�`�7���+�2

�7�Q�`�K�B�M�; �� �H���v�2�`�X �h�?�2�M�- �Q�i�?�2�` �B�Q�M�b �7�`�Q�K �i�?�2 �b�Q�H�m�i�B�Q�M �r�B�i�? �Q�T�T�Q�b�B�i�2 �+�?���`�;�2 �7�Q�`�K ���M�Q�i�?�2�`

�H���v�2�` �Q�M �i�Q�T �Q�7 �i�?�2 �}�`�b�i �H���v�2�`�X �h�?�B�b ���`�`���M�;�2�K�2�M�i �B�b �+���H�H�2�/ ���M �2�H�2�+�i�`�Q�H�v�i�B�+ �/�Q�m�#�H�2 �H���v�2�` ���M�/

�B�i�b �i�?�B�+�F�M�2�b�b �B�b �� �p�2�`�v �B�K�T�Q�`�i���M�i �[�m���M�i�B�i�v �+���H�H�2�/ �.�2�#�v�2 �H�2�M�;�i�?� D �X �A�i �B�b �;�B�p�2�M �#�v �7�Q�H�H�Q�r�B�M�;

�7�Q�`�K�m�H�� �(�k�e�)�,

� D =

s
�k B T

2NAe2I �U�8�X�9�V

�q�?�2�`�2kB �B�b �"�Q�H�i�x�K���M �+�Q�M�b�i���M�i�-NA �B�b ���p�Q�;���/�`�Q �+�Q�M�b�i���M�i�-� �B�b �i�?�2 �i�?�2 �T�2�`�K�B�i�i�B�p�B�i�v �Q�7

�i�?�2 �K���i�2�`�B���H�-�h �B�b ���#�b�Q�H�m�i�2 �i�2�K�T�2�`���i�m�`�2�-�2�B�b �i�?�2 �2�H�2�K�2�M�i���`�v �+�?���`�;�2 ���M�/�A�B�b �B�Q�M�B�+ �b�i�`�2�M�;�i�?

�Q�7 �i�?�2 �b�Q�H�m�i�B�Q�M�X

�h�?�2 �.�2�#�v�2 �H�2�M�;�i�? �/�2�b�+�`�B�#�2�b �i�?�2 �K���t�B�K���H �/�B�b�i���M�+�2 �7�`�Q�K �i�?�2 �b�m�`�7���+�2 �B�M �r�?�B�+�? �i�?�2 �B�Q�M�b

�7�`�Q�K �i�?�2 �b�Q�H�m�i�B�Q�M ���`�2 ���#�H�2 �i�Q �B�M�i�2�`���+�i �r�B�i�? �i�?�2 �;�`���T�?�2�M�2 �+�?���M�M�2�H ���M�/ �b�Q �B�M�~�m�2�M�+�2 �B�i�b

�T�`�Q�T�2�`�i�B�2�b�X

�8�X�k�X �.�m���H�@�;���i�2 �:�6�1�h

�A�M �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �T���`�i �Q�7 �i�?�B�b �r�Q�`�F �i�?�2 �/�m���H�@�;���i�2�/ �:�6�1�h �r���b �m�b�2�/�- �K�2���M�B�M�; �i�?���i �B�i

�?���p�2 �#�Q�i�? �� �i�Q�T�@�;���i�2 ���M�/ �� �#�Q�i�i�Q�K�@�;���i�2 ���M�/ �/�B�z�2�`�2�M�i �p�Q�H�i���;�2�b �+���M �#�2 ���T�T�H�B�2�/ �i�Q �2���+�? �Q�7

�i�?�2 �;���i�2�b �B�M�/�B�p�B�/�m���H�H�v�X �>���p�B�M�; �#�Q�i�? �;���i�2�b ���M�/ ���H�b�Q �#�2�B�M�; ���#�H�2 �i�Q ���T�T�H�v �/�B�z�2�`�2�M�i �p�Q�H�i���;�2�b

�i�Q �2���+�? �Q�7 �i�?�2�K �K���F�2�b �B�i �T�Q�b�b�B�#�H�2 �i�Q �K�2���b�m�`�2 �#�Q�i�? �i�?�2 �K���`�;�B�M���H �B�M�~�m�2�M�+�2�b �Q�7 �#�Q�i�? �;���i�2�b

���b �r�2�H�H ���b �i�?�2 �+�Q�H�H�2�+�i�B�p�2 �B�M�~�m�2�M�+�2 �#�Q�i�? �;���i�2�b �?���p�2 �Q�M �i�?�2 �`�2�b�T�Q�M�b�2 �Q�7 �i�?�2 �b�2�M�b�Q�`�X

�R�k



�8�X �:�_���S�>�1�L�1 �6�A�1�G�. �1�6�6�1�*�h �h�_���L�a�A�a�h�P�_ �U�:�6�1�h�V

�6�B�;�X �d�, �h�?�2 �b�2�M�b�Q�` �B�M �i�Q�T �;���i�2 �+�Q�M�}�;�m�`���i�B�Q�M �r�B�i�? �H�B�[�m�B�/ �i�Q�T �;���i�2

�6�B�;�X �3�, �h�?�2 �b�2�M�b�Q�` �B�M �#�Q�i�i�Q�K �;���i�2 �+�Q�M�}�;�m�`���i�B�Q�M

�R�j



�e�X �a�2���`�+�?
�A�M �i�?�2 �b�2���`�+�? �T���`�i �A �7�Q�+�m�b�2�/ �Q�M �k �i�Q�T�B�+�b�X �h�?�2 �}�`�b�i �Q�M�2 �B�b �;�H�m�+�Q�b�2 �b�2�M�b�B�M�; �m�b�B�M�; �:�6�1�h�b

���M�/ �i�?�2 �b�2�+�Q�M�/ �B�b ���T�T�H�B�+���i�B�Q�M�b �Q�7 �/�m���H �;���i�2�/ �:�6�1�h�b�X

�e�X�R�X �:�m�+�Q�b�2 �b�2�M�b�B�M�; �m�b�B�M�; �:�6�1�h�b

�A�M �k�y�k�y �>�m���M�; �*�X �2�i ���H�X �T�`�2�T���`�2�/ �:�6�1�h �7�Q�` �b�2�M�b�B�i�B�p�2 �;�H�m�+�Q�b�2 �b�2�M�b�B�M�;�X �:�`���T�?�2�M�2 �r���b �7�m�M�+�@

�i�B�Q�M���H�B�x�2�/ �r�B�i�? �S�v�`�2�M�2 �@ �R �@ �"�Q�`�Q�M�B�+ ���+�B�/�X �A�i�b �H�B�K�B�i �Q�7 �/�2�i�2�+�i�B�Q�M �U�G�P�.�V �r���b �2�b�i���#�H�B�b�?�2�/ �i�Q

�y�X�R�8 �’�J �r�B�i�? �/�2�i�2�+�i�B�Q�M �`���M�;�2 �7�`�Q�K �y�X�y�8 �i�Q �R�y�y �K�J�X �h�?�2 �m�b�2�7�m�H ���M�/ �m�M�+�Q�K�K�Q�M �B�M�M�Q�p���i�B�p�2

�T�`�Q�T�2�`�i�v �Q�7 �i�?�B�b �b�2�M�b�Q�` �r���b �B�i�b �#�2�M�/���#�B�H�B�i�v�- �r�?�B�+�? �B�b �m�b�2�7�m�H �B�M �K�2�/�B�+�B�M�2 ���T�T�H�B�+���i�B�Q�M�b�X�(�k�d�)

�A�M �k�y�k�k �6�2�M�Q�v �:�X �1�X �2�i ���H�X �T�`�2�T���`�2�/ �:�6�1�h �b�2�M�b�Q�` �7�Q�` �m�`�B�M�2 �;�H�m�+�Q�b�2 �/�2�i�2�+�i�B�Q�M�X �h�?�2

�;�`���T�?�2�M�2 �H���v�2�` �H�B�2�b �Q�M �;�Q�H�/�2�M �`���b�i�2�` ���M�/ �B�b �7�m�M�+�i�B�Q�M���H�B�x�2�/ �r�B�i�? �T�Q�H�v�U�j�@���K�B�M�Q�#�2�M�x�v�H�@�+�Q�@

���M�B�H�B�M�2�V ���M�/ �:�H�m�+�Q�b�2 �Q�t�B�/���b�2�X �h�?�B�b �b�2�M�b�Q�` �b�?�Q�r�b �G�P�. �9�X�R �’�J ���M�/ �/�2�i�2�+�i�B�Q�M �`���M�;�2 �7�`�Q�K

�R�y �i�Q �R�y�y�y �’�J�X �(�k�3�)

�e�X�k�X �.�m���H �;���i�2�/ �:�6�1�h�b

�.�m���H �;���i�2�/ �b�2�M�b�Q�` �r�B�i�? �?�Q�M�2�v ���b �/�B�2�H�2�+�i�`�B�+

�A�M �k�y�k�R ���H�x���B�/ �J�X �2�i ���H�X �T�`�2�T���`�2�/ �/�m���H �;���i�2�/ �;�`���T�?�2�M�2 �}�2�H�/ �2�z�2�+�i �i�`���M�b�B�b�i�Q�` ���M�/ �T�2�`�7�Q�`�K�2�/

�B�i �r�B�i�? �?�Q�M�2�v ���b �� �i�Q�T �;���i�2 �/�B�2�H�2�+�i�`�B�+�X �:�`���T�?�2�M�2 �r���b �;�`�Q�r�M �#�v �*�o�. �Q�M �*�m �7�Q�B�H�- �i�?�2�M

�+�Q�p�2�`�2�/ �#�v �S�J�J���X ���7�i�2�`�r���`�/�b �i�?�2 �*�m �r���b �2�i�+�?�2�/�- ���M�/ �i�?�2 �;�`���T�?�2�M�2 �r���b �b�?�B�7�i�2�/ �Q�M �T�@�a�B

�b�m�#�b�i�`���i�2 �r�B�i�? �j�y�y �M�K �a�B�P2 �H���v�2�`�X �h�?�2�M �i�?�2 �K�2�i���H �+�Q�M�i���+�i�b �r�2�`�2 �/�2�T�Q�b�B�i�2�/ �#�v �i�?�2�`�K���H

�2�p���T�Q�`���i�Q�`�X

�.�m�`�B�M�; �i�?�2 �K�2���b�m�`�2�K�2�M�i �i�?�2 �?�Q�M�2�v �B�M �k �K�K �i�?�B�+�F �H���v�2�` �r���b �b�r�2�T�i �7�`�Q�K �Q�M�2 �b�B�/�2 �Q�7 �i�?�2

�+�?���M�M�2�H �i�Q ���M�Q�i�?�2�`�X �h�?�2 �K�2���b�m�`�2�K�2�M�i �r���b �K���/�2 �B�M �j �/�B�z�2�`�2�M�i �b�i���i�2�b�X �6�B�`�b�i �K�2���b�m�`�2�K�2�M�i

�r�B�i�? �#���+�F �;���i�2 �r���b �i���F�2�M �r�B�i�? �T�`�B�b�i�B�M�2 �;�`���T�?�2�M�2 ���M�/ �i�?�2 �.�B�`���+ �T�Q�B�M�i �r���b �7�Q�m�M�/ ���i �@�k

�o�X �.�m�`�B�M�; �i�?�2 �b�2�+�Q�M�/ �K�2���b�m�`�2�K�2�M�i �r�B�i�? �+�?���M�M�2�H �?���H�7 �+�Q�p�2�`�2�/ �r�B�i�? �?�Q�M�2�v�- �k �H�Q�+���H �+�m�`�`�2�M�i

�K�B�M�B�K�� �r�2�`�2 �7�Q�m�M�/ ���i �� �j�8 �o ���M�/ �y �o�X �h�?�2 �H���b�i �K�2���b�m�`�2�K�2�M�i �r�B�i�? �+�?���M�M�2�H �7�m�H�H�v �+�Q�p�2�`�2�/

�r�B�i�? �?�Q�M�2�v�- �i�?�2 �.�B�`���+ �T�Q�B�M�i �b�?�B�7�i�2�/ �i�Q �� �j�k �o�X

�h�?�2 �b�2�+�Q�M�/ �T���`�i �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i �K�2���b�m�`�2�/ �i�?�2 �/�2�T�2�M�/�2�M�+�v �Q�7 �+�m�`�`�2�M�i �B�M �i�?�2 �+�?���M�M�2�H

�Q�M �i�?�2 �#���+�F �;���i�2 �p�Q�H�i���;�2 �7�Q�` �i�Q�T �;���i�2 �p�Q�H�i���;�2�b �7�`�Q�K �j �o �i�Q �@�9 �o�- �r�B�i�? �b�i�2�T �Q�7 �R �o�X �h�?�2

�R�9



�e�X �a�1���_�*�>

�;�`���/�m���H �b�?�B�7�i �Q�7 �.�B�`���+ �T�Q�B�M�i �U�+�m�`�`�2�M�i �K�B�M�B�K���V �p�Q�H�i���;�2 �r���b �Q�#�b�2�`�p�2�/ �B�M�+�`�2���b�B�M�; �7�`�Q�K ���#�Q�m�i

�@�8�y �o �i�Q �M�2���`�H�v �y �o �r�B�i�? �B�M�+�`�2���b�B�M�; �i�Q�T �;���i�2 �p�Q�H�i���;�2�X �(�k�N�)

�.�m���H �;���i�2�/ �:�`���T�?�2�M�2 �6�1�h �T�`�2�b�b�m�`�2 �b�2�M�b�Q�` �r�B�i�? �K�Q�p���#�H�2 �i�Q�T �;���i�2

�A�M �k�y�k�y �h���K�2�`�b�B�i �E�X�- �E�Q�i�i�B �J�X ���M�/ �6���F�?�7���F�? �J�X �+�Q�M�b�i�`�m�+�i�2�/ �/�m���H �;���i�2�/ �:�6�1�h �T�`�2�b�b�m�`�2

�b�2�M�b�Q�` �r�B�i�? �K�Q�p���#�H�2 �i�Q�T �;���i�2�X �A�i�b �i�Q�T �;���i�2 �r���b �M�Q�i �7���b�i�2�M�2�/ �i�Q �i�?�2 �i�Q�T �Q�7 �i�?�2 �B�M�b�m�H���i�B�M�;

�Q�t�B�/�2�- �#�m�i �B�i �r���b ���#�H�2 �i�Q �K�Q�p�2 �B�M �i�?�2 �p�2�`�i�B�+���H �/�B�`�2�+�i�B�Q�M �/�2�T�2�M�/�B�M�; �Q�M �i�?�2 ���T�T�H�B�2�/ �T�`�2�b�b�m�`�2�X

�h�?�2 �/�B�b�i���M�+�2 �#�2�i�r�2�2�M �i�?�2 �K�Q�p���#�H�2 �i�Q�T �;���i�2 ���M�/ �i�?�2 �Q�t�B�/�2 �B�M�~�m�2�M�+�2�b �i�?�2 �+���T���+�B�i�v �Q�M �i�?�2

�i�Q�T �;���i�2 ���M�/ �b�Q �i�?�2 �+�m�`�`�2�M�i �B�M �i�?�2 �+�Q�M�/�m�+�i�B�M�; �+�?���M�M�2�H�X

�q�?�2�M ���T�T�H�B�2�/ �#���+�F �;���i�2 �p�Q�H�i���;�2VBG �4 �@�9�y �o ���M�/ �i�?�2 �p�Q�H�i���;�2VDS �4 �y�X�8 �o �Q�M �i�?�2

�+�?���M�M�2�H �2�H�2�+�i�`�Q�/�2�b�- �r�2 �+���M �Q�#�b�2�`�p�2 �i�?�2 �H�B�M�2���` �b�?�B�7�i �Q�7 �i�?�2 �.�B�`���+ �i�Q�T �;���i�2 �p�Q�H�i���;�2 �7�`�Q�K

���#�Q�m�i �R�R�X�8 �o �i�Q �j �o �r�?�2�M �+�?���M�;�B�M�; �i�?�2 �/�B�b�i���M�+�2 �Q�7 �i�?�2 �i�Q�T �;���i�2 �2�H�2�+�i�`�Q�/�2 �7�`�Q�K �R�8 �M�K �i�Q

�y �M�K�X�(�R�R�)

�.�m���H �;���i�2�/ �:�6�1�h �r�B�i�? �B�K�T�`�Q�p�2�/ �`���/�B�Q �7�`�2�[�m�2�M�+�v

�A�M �k�y�y�N �G�B�M �u�@�J�X �2�i ���H�X �+�Q�M�b�i�`�m�+�i�2�/ �:�6�1�h ���M�/ �i�2�b�i�2�/ �i�?�2 �Q�T�i�B�K���H ���T�T�H�B�2�/ �p�Q�H�i���;�2�b

�i�Q �`�2���+�? �i�?�2 �?�B�;�?�2�b�i �T�Q�b�b�B�#�H�2 �7�`�2�[�m�2�M�+�v�X �h�?�2�v �`�2���H�B�x�2�/ �i�?���i �i�?�2 �#�2�b�i �`���/�B�Q �7�`�2�[�m�2�M�+�v �B�b

�`�2���+�?�2�/ �r�?�2�M �i�?�2 �+�Q�M�/�m�+�i���M�+�2 �Q�7 �i�?�2 �+�?���M�M�2�H �B�b �K�B�M�B�K���H�X �h�?�2�v �`�2���H�B�x�2�/ �i�?���i �i�?�2 �H�Q�r�2�b�i

�+�Q�M�/�m�+�i���M�+�2 �B�b �`�2���+�?�2�/ �r�?�2�M �i�Q�T �;���i�2VT �4 �R�X�8 �o ���M�/ �#���+�F �;���i�2VB �4 �@�9�y �o �B�b ���T�T�H�B�2�/�X

�A�M �p�2�`�v �b�B�K�B�H���` �+�Q�M�}�;�m�`���i�B�Q�M �r�B�i�?VT �4 �R�X�e �o�-VB �4 �@�9�y �o ���M�/ �i�?�2 �+�?���M�M�2�H �p�Q�H�i���;�2

VCH �4 �y�-�3 �o �i�?�2�v �i�2�b�i�2�/ �?�Q�r �i�?�2 �7�`�2�[�m�2�M�+�v �/�2�T�2�M�/ �Q�M �i�?�2 �+�m�`�`�2�M�i �;���B�M�X �h�?�2 �K�2���b�m�`�2�K�2�M�i

�b�?�Q�r�M �i�?���i �i�?�2 �+�m�i�@�Q�z �7�`�2�[�m�2�M�+�v �Q�7 �i�?�2 �b�2�M�b�Q�` �B�b �8�y �:�>�x�X �(�j�y�)

�R�8



�d�X �1�t�T�2�`�B�K�2�M�i

�d�X�R�X �.�`�Q�T�H�2�i �2�p���T�Q�`���i�B�Q�M

�q�?�2�M �K�2���b�m�`�B�M�; �r�B�i�? �� �i�Q�T�@�;���i�2 �+�Q�M�}�;�m�`���i�B�Q�M�- �� �/�`�Q�T�H�2�i �Q�7 �i�?�2 �K�2���b�m�`�2�/ �H�B�[�m�B�/ ���+�i�b ���b ��

�/�B�2�H�2�+�i�`�B�+ �H���v�2�`�X �A�i�b �i�v�T�B�+���H �p�Q�H�m�K�2 �B�b �B�M �i�?�2 �Q�`�/�2�` �Q�7 �i�2�M�b �Q�7 �’�H�X �h�?�2 �/�`�Q�T�H�2�i �2�p���T�Q�`���i�2�b �Q�p�2�`

�i�B�K�2�- �r�?�B�+�? �+���M �B�M�~�m�2�M�+�2 �i�?�2 �K�2���b�m�`�2�K�2�M�i�X �h�?�2�`�2�7�Q�`�2�- �B�M �Q�`�/�2�` �i�Q �/�2�i�2�`�K�B�M�2 �r�?�2�i�?�2�` �B�i �B�b

�M�2�+�2�b�b���`�v �i�Q ���+�+�Q�m�M�i �7�Q�` �i�?�B�b �2�p���T�Q�`���i�B�Q�M �/�m�`�B�M�; �`�2�;�m�H���` �K�2���b�m�`�2�K�2�M�i�b�- �� �/�Q�+�m�K�2�M�i���i�B�Q�M

�Q�7 �i�?�2 �/�2�B�Q�M�B�x�2�/ �U�.�A�V �r���i�2�` �/�`�Q�T�H�2�i �2�p���T�Q�`���i�B�Q�M �r���b �b�i�m�/�B�2�/ ���b �b�?�Q�r�M �B�M �6�B�;�X �N ���M�/ �h���#�X �R�X

�.�m�`�B�M�; �i�?�2 �K�2���b�m�`�2�K�2�M�i�- �i�?�2 �H�B�[�m�B�/ �/�`�Q�T�H�2�i �B�b �T�m�i �Q�M �� �b�B�H�B�+�Q�M �r���7�2�` �r�B�i�? �� �;�`���T�?�2�M�2

�H���v�2�`�X �R �’�H �/�`�Q�T�H�2�i �B�b �T�m�i �Q�M �i�?�2 �b�m�`�7���+�2 �Q�7 �� �b�B�H�B�+�Q�M �r���7�2�` ���M�/ �B�K���;�2�/ �#�v �Q�T�i�B�+���H �K�B�+�`�Q�b�+�Q�T�2

�2�p�2�`�v �j�y �b�X ���7�i�2�` �i�?�2 �T�?�Q�i�Q�;�`���T�?�b �r�2�`�2 �T�`�Q�+�2�b�b�2�/�- �i�?�2 �/�2�+�`�2���b�B�M�; �`���/�B�m�b �Q�7 �i�?�2 �/�`�Q�T�H�2�i

�r���b �K�2���b�m�`�2�/�X �"���b�2�/ �Q�M �7���+�i �i�?���i �i�?�2 �/�`�Q�T�H�2�i �F�2�T�i �� �?�2�K�B�b�T�?�2�`�2 �b�?���T�2 �K�Q�b�i �Q�7 �i�?�2 �i�B�K�2�-

�B�i�b �2�t�T�2�+�i�2�/ �p�Q�H�m�K�2 ���M�/ �b�m�`�7���+�2 �+���M �#�2 �+���H�+�m�H���i�2�/ �7�Q�` �2�p�2�`�v �i�B�K�2 �7�`���K�2 �U�h���#�X�d�X�R�X�V�X

�h���#�X�d�X�R�X�, �h�?�2 �K�2���b�m�`�2�/ �`���/�B�B ���M�/ �+���H�+�m�H���i�2�/ �p�Q�H�m�K�2 ���M�/ �b�m�`�7���+�2 �Q�7 �i�?�2 �2�p���T�Q�`���i�B�M�;

�/�`�Q�T�H�2�i�X

�i�B�K�2 �U�b�V �y �j�y �e�y �N�y �R�k�y �R�8�y �R�3�y �k�R�y �k�9�y �k�d�y

�`���/�B�m�b �U�T�t�V�d�k�d�X�y�e�N�y�X�y�e�9�3�X�8�e�y�d�X�y�8�e�8�X�8�8�R�j�X�y�9�d�k�X�8�9�R�y�X�8�j�8�y�X�y�k�d�N�X�8

�p�Q�H�m�K�2 �U�’�H�V�R�X�y�y�y�y�X�3�e�y�y�X�d�R�9�y�X�8�3�8�y�X�9�d�j�y�X�j�8�j�y�X�k�d�e�y�X�R�3�R�y�X�R�R�k�y�X�y�8�d

�b�m�`�7���+�2 �Umm2�V �3�X�j�y �d�X�9�d �e�X�e�y �8�X�d�3 �8�X�y�k �9�X�R�j �j�X�8�y �k�X�e�9 �R�X�N�k�R�X�k�k

�R�e




	Introduction
	Biosensors
	Glucose detection - chemicals
	Graphene
	Properties of graphene
	CVD graphene growth

	Graphene field effect transistor (GFET)
	Liquid top-gate GFET
	Dual-gate GFET

	Search
	Gucose sensing using GFETs
	Dual gated GFETs

	Experiment
	Droplet evaporation
	Functionalization process
	Sensor measurement

	Conclusion
	Bibliography
	List of abreviations

