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Direction of transfer

P2 P3 P1 P2 P3P1 P1

PIXEL

P1 = Low
P2 = High
P3 = Low

Ionizing particle

Collected charge

P1 = Low
P2 = High
P3 = High

P1 = Low
P2 = Low
P3 = High

P1 = High
P2 = Low
P3 = High

Potential well

SiO2

Gate

p-type Si
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OD

RG

RD

OS

PV1

PV2

PH1PH2OG

Image  section
(Vertical register)

Readout section
(Horizontal register)

One pixel
p  channel stop
+

Reset transistor

Floating diffusion
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Polysilicon gate

Device structure (not to scale)

SiO   (100nm)2

p  substrate (300   m)+ µ

2
µDistance from Si-SiO  interface (  m) 

Oxide thickness
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l (
V

)

Buried channel

n-type buried channel (implant 0.8   m)µ

n

- 4 V

0 V

4 V

V  = 8 V
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1.7x1011 e/cm2 (13 krad)

8.5x1011 e/cm2 (65 krad)

1.7x1012 e/cm2 (130 krad)
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Before irradiation

1.7x1011 e/cm2 (13 krad)

8.5x1011 e/cm2 (65 krad)

June  2000

November 1998
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Before irradiation
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Before irradiation

5.1x108 neutrons/cm2
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5.7x109 neutrons/cm2
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Ag�^/1(& t #%' #-r/103"$�e2'0301��7&2s�[/1 #7^hV��F=��F=�[/1>35\lKlJ�)>x���\��7&7&2b/12'"$�*��%T7*��03<9-z(*��03]$ t-#"$F\�!"$�& #��/,P$:t(&2'-z(
:J��>�>35&�! #032'F\�!"$>3 #7S"$�Z/1(& B4&5&%'<)-#5&0303 #��/�:J��>�"$4&>3 #0M+$ #7�@CYK(&2'> 7*��03<)-z(*��03]$ �P[:t(&2'-z(S-,���S4! x-,��%'%' #7
�M7*��03<E-#5&0303 #��/)�I"$0C7*��03<E-z(*��03]$ c���! #7& #>M/z��% �=� �ZlJWx�aP$:J��>CGI"$5&�&7e/1"Z4! K]$ #�& #01�[/1 #7=4��E/1(& t-z(*��03]$ 
>3(&2bG�/12'�&]U> ���b@Q@=YK(&2'>S ��� #-r/E2'>Z�&03 #>3 #��/E"$�&%b�R2'�_hV��F=��F=�[/1>35_lKlJ�)>E���&7i:J��>S�&"�/9"$4&>3 #0M+$ #7�2'�
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7& r+T2'-# #>#@

�; #-,��5&>3 L/1(& L�ZlJW~7&"T #>^�&"�/e7& #�! #�&7�"$��/1(& L��-#-#5&FE5&%s�[/12'"$�_/12'F\ �"�Gt/1(& 803 ,��7&"$56/e-r�T-#%' �P
7*��03<�-#5&0303 #��/�F\ ,��>35&03 #F\ #��/1>���03 ?�&"�/�� �� #-r/1 #7�@}hD"c:; r+$ #0#PK/1(& u�ZlJW	�&03"c+T2'7& #>\4*��-z<�]$03"$5&�&7
-z(*��03]$ ?2'��/1(& ulKlJ� ���&7�7& #-#03 ,��>3 #>=/1(& ?F\ ,��>35&03 #7}l;YKA9/1(&03"$5&]$( /1(& �XG �[/\�# #03" �_ ��� #-r/,PK��>
:t2'%'%�4! Z>3(&"c:t��2'��dT #-r/12'"$�?�&@xYK(& S�&03 #>3 #�&-# 9"�GO01��7&2s�[/12'"$�T�g2'�&7&5&-# #7L�ZlJW :J��>D5&�& a`6�! #-r/1 #7R���&7
��7&7&2b/12'"$�*��%� ���"$0M/1>K:; #03 ZF=��7& ./1"e>M/15&76�L2b/K2'�L7& r/z��2'%Q@
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"$�& V"�G /1(& )>1��F\�&%' #>#@�YK(&2'>;-#5&0303 #��/K2'>;>32'F\2'%s��0�/1"9/1(& V>3�&5&032'"$5&>J7*��03<e>32']$�*��%!"$4&>3 #0M+$ #7L2'�\+T2'0M/15*��%
�&(*��>3 elKlJ�)>V56/12'%'2'�#2'�&]^>35&0MG ��-# E�&2'�&�&2'�&]eGI"$0D03 #7&5&-# #7R7*��03<L-#5&0303 #��/.]$ #�& #01�[/12'"$��@Dht�T�& #-# #< > �$�b@
 a`6�&%s��2'�&>Z/1(*�[/S-#5&0303 #��/^4��i2'F\�*��-r/Z2'"$�&2'�,�[/12'"$��4���(&"$%' #>S03 r/15&03�&2'�&]?/1"?/1(& \-z(*���&�& #%;>M/1"$�&>9���&7
/1"�/1(& ���7qp1��-# #��/?]��[/1 #>L�[G�/1 #0=/1(& R>35&0MG ��-# ��!"�/1 #��/12s��%V(*��>84! # #� >M:t2b/1-z(& #7}GI03"$F�2'��+$ #03>32'"$� /1"
7& #�&%' r/12'"$��@CAg�L(&2'>KF\"T7& #%�/1(& .>3�&5&032'"$5&>t-#5&0303 #��/D2'>K]$ #�& #01�[/1 #7?"$�L ,��-z(?-#%'"T-z<8���&7L2'>K #>3>3 #��/12s��%'%b�
2'�&7& #�! #�&7& #��/)"$�L/1(& Z:t2'76/1(�"�GO/1(& S-#%'"T-z<��&5&%'>3 #>#@JYK(& 92'��/1 #�&>32b+$ S #%' #-r/1032'-.�* #%'7&>D�&03 #>3 #��/)2'�L/1(& 
+T2'0M/15*��%��&(*��>3 ElKlJ�)>D��03 Z #>3>3 #��/12s��%�GI"$0J/1(& S�ZlJW�]$ #�& #01�[/12'"$��@
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2'0301��7&2s�[/1 #787& r+T2'-# �@

YK(& K/1 #F\�! #01�[/15&03 J7& #�! #�&7& #�&-# t"�G�/1(& t�ZlJW�2'>�>3(&"c:t�\"$�eNO2']&@��6@b�c�6@OA /C-,���^4! K>3 # #��P�/1(*�[/B�[/
%'"c:_/1 #F\�! #01�[/15&03 C/1(& ;�ZlJWu-,���S4! x>3 r+$ #01��%T"$037& #03>�"�G&F=��]$�&2b/15&7& C(&2']$(& #0 /1(*���Z/1(& x4&5&%'<)-#5&0303 #��/,P
:t(&2'-z(?2'>K�&%'"�/3/1 #7L"$��NO2']&@&�6@ �6@CYK(& S>3�&5&032'"$5&>t7*��03<�-#5&0303 #��/V7& #�! #�&7&>D"$�8/1(& Z03 ,��7&"$56/D>3�! # #7�"�G
/1(& \lKlJ�	/1(&03"$5&]$(u/1(& E:t2'76/1(R"�GB/1(& E>3(&2bG�/.�&5&%'>3 E"�GB/1(& E+$ #0M/12'-,��%O03 #]$2'>M/1 #0#@ 
)�iNO2']&@!�6@b�$�E/1(&2'>
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/1(& x7& #�! #�&7& #�&-# J"$�S/1(& x-#%'"T-z<):t2'76/1(92'> +$ #0M�9-#%'"$>3 C/1"V a`6�!"$�& #��/12s��%� #F\2'>3>32'"$�Z:t2b/1(Z/12'F\ B-#"$�&>M/z����/
"�GC���&�&03",`62'F=�[/1 #%b�u�c�=<�>#@xYK(& S7*��03<�-#5&0303 #��/)�! #7& #>M/z��%  a`6(&2'4&2b/1>D��%'>3"\�^+$"$%b/z��]$ Z7& #�! #�&7& #�&-# E"$�
/1(& D��F\�&%'2b/15&7& #>C"�G!/1(& t-#%'"T-z<E�&5&%'>3 #>x"�G!/1(& K+$ #0M/12'-,��%*03 #]$2'>M/1 #0#@�YK(& D7& #�! #�&7& #�&-#2' #>;"$�^/1(& t+���%'5& #>
"�G�m ��� ���&78m � �t��03 .>3(&"c:t��"$��NO2']&@&�6@b�q�&� ���J���&7?NO2']&@&�6@b�q�&�I4��aP&03 #>3�! #-r/12b+$ #%b�$@

Ag��/1(& S(&"$032'�#"$��/z��% 03 #]$2'>M/1 #0t/1(& Z+T2'7& #"=%' r+$ #%�"�G�/1(& S"c+$ #03-#%'"T-z<� #7��&2 `6 #%'>#P*:t(&2'-z(�2'>D5&>3 #7R��>)�
03 rGI #03 #�&-# �P�2'>O>3 #�&>32b/12b+$ J/1"V/1(& t��F\�&%'2b/15&7& x"�G*/1(& J-#%'"T-z<S�&5&%'>3 #>C7&5& ;/1".-,���*��-#2b/12b+$ xGI # #76/1(&03"$5&]$(^/1"
/1(& D"$56/1�&56/x�&"T7& D���&7=-#03"$>3>M/z��%'<E"�G�/1(& t]��[/1 t7&032b+$ D-#5&0303 #��/x/1"Z/1(& V��F\�&%'2b�* #0#@�UV���^GI # #76/1(&03"$5&]$(
GI03"$Fo/1(& 9+$ #0M/12'-,��%�>3(&2bG�/)�&5&%'>3 #>)2'>V�&"�/.���u2'>3>35& �P�4! #-,��5&>3 ^2b/V"T-#-#5&03>)7&5&032'�&]=/1(& S/12'F\ S2'��/1 #0M+���%'>
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GI # #76/1(&03"$5&]$(? ��� #-r/1>D4! #-,��F\ Z>M/103"$�&]$ #0#P*4&56/t/1(& Z03 ,��>3"$�&>KGI"$0J/1(*�[/K:; #03 S�&"�/t:; #%'% 5&�&7& #03>M/1"T"T7�@
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NO2']$5&03 9�6@b�c�D�KY� #F\�! #01�[/15&03 97& #�! #�&7& #�&-# ^"�GC/1(& E�,+$ #01��]$ ^�ZlJW 7& #�&>32b/g��2'�u7& r+T2'-# 	 j�d!�,���������
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m�����  �V�[m	���&7?m � �  �qmE@!�.��>3(& #7�%'2'�& Z>3(&"c:t>V/1(& S-,��%'-#5&%s�[/1 #7L/1 #F\�! #01�[/15&03 S7& #�! #�&7& #�&-# E"�G
/1(& Z(&"$%' .2'"$�&2'�,�[/12'"$��01�[/1 Z�[/D #%' #-r/1032'-)�* #%'7L"�G;�c� �Km��[-#F?P*4*��>3 #7?"$� > ���8@Q@
�&5&%'>3 Z���&7L"$��/1(& ./1 #F\�! #01�[/15&03 )>35&]$]$ #>M/1>K/1(*�[/D���&"�/1(& #0KF\ #-z(*���&2'>3FH4! #>32'7& .2'F\�*��-r/J2'"$�&2'�,�[/12'"$�
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7& #-#03 ,��>3 #>8:t2b/1( 2'�&-#03 ,��>32'�&]_/1 #F\�! #01�[/15&03 �Pt4! #-,��5&>3 R/1(& u2'F\�*��-r/�2'"$�&2'�,�[/12'"$� 01�[/1 u2'>�%'"c:; #08�[/
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�  aV a`6�O� ��6 i�� � ) � �6@ ���
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]$"T"T78F=�[/1-z(L/1"^/1(& Z7*�[/z�e���&7L/1(&2'>K-#"$0303 #-r/12'"$�8:J��>V��7&7& #7L/1"^/1(& ZF\"T7& #%��*��01��F\ r/1 #03>#@

YK(& ��&03 a�g2'0301��7&2s�[/12'"$�}mVl;YKA�2'>�03 ,��>3"$�*��4&%b�� a`6�&%s��2'�& #7 4���/1(& ��&03 #>3 #�&-# "�G\� 7& rGI #-r/i�[/
y � �V�6@ �$�E rm�:t2b/1( �	�  � Tt�c�� I �t���&7L�9-#"$�&-# #��/101�[/12'"$��"�G�� Tt�c���z-#F  % � NO2']&@��&@ ���a@ChD"$032'�#"$��/z��%
l;YKAJ4! rGI"$03 .2'0301��7&2s�[/12'"$�=:J��>t4! #%'"c: /1(& ZF\ ,��>35&01��4&%' .%'2'F\2b/J"�G;�c����#@
YK(& �F\"T7& #%'2'�&]L"$�_ #%' #-r/103"$�_2'0301��7&2s�[/1 #7�lKlJ�)>9>3(&"c:; #7�/1(*�[/E�L/101�����[/^y � �V�6@ ���L rmH:t2b/1(�	�  � Tt�c�� I �^-#F � :J��>E03 #>3�!"$�&>32'4&%' \GI"$0S/1(& �"$4&>3 #0M+$ #7 2'�&-#03 ,��>3 �"�GK/1(& =mVl;YKAz@�YK(& � #�& #03]��

�!"$>32b/12'"$�\"�G�/1(& D/101����PT7& #032b+$ #7=GI03"$F	/1(& VF\"T7& #%QP�+���032' #>x4! r/g:; # #�?y � �V�6@ ���Z rm ���&78y � �V�6@ �$�S rm
2'�^/1(&03 # D>1��F\�&%' #>#@OYK(& D>32'FE5&%s�[/1 #7e03 #>35&%b/1>B"$�=NO2']&@$�&@ �Z��03 t4*��>3 #7="$�e/1(& t�&03 #>3 #�&-# V"�G�/g:;"Z/101���&>
�[/)y � �V�6@ ���\ rm ���&7uy � �V�6@ �$�� rmE@!YK(& 9-#"$�&-# #��/101�[/12'"$�u"�G�/1(& S/101���u�[/)y � �V�6@ �$�= rmEP!"$46/z��2'�& #7
GI03"$F�/1(& ^F\"T7& #%�2'�&-#03 ,��>3 #>.2'�&>32']$�&2b�*-,����/1%b��5&�&7& #0.2'0301��7&2s�[/12'"$��@ZYK(& e2'��/103"T7&5&-r/12'"$�R01�[/1 ^"�GB/1(& 
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>3(&"$5&%'7?4! .+$ #0M�L%'"$�&]^/1"=��%'%'"c: %s��03]$ )GI01��-r/12'"$�L"�G�/1(& ./101���&�! #7�-z(*��03]$ ./1"\4! Z03 #%' ,��>3 #7�@xUJ/D(&2']$(
/1 #F\�! #01�[/15&03 ?/1(&2'>\/12'F\ ?4! #-#"$F\ #>�>3(&"$0M/1 #0�2'� ��-#-#"$037*���&-# u:t2b/1(��I�&@b�q�aPt���&7 03 ,��>3"$�*��4&%b��%'"$�&]
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�&2 `6 #%�2'�=/1(& .>3 #-#"$�&7?-,��>3 �P&2Q@  �@bP&03 #%' ,��>3 #78 #%' #-r/103"$�&>t��03 .�&"�/t��%'%'"c:; #7=/1"^%' ,�,+$ �@BUDG�/1 #0K>3"$F\ V/12'F\ 
/1(& D7& rGI #-r/1>; #F\2b/C #%' #-r/103"$�&>;���&7\/1(& t�&2 `6 #%�03 ,��-z(& #>x/1(& #03F=��%* ���5&2'%'2'4&032'5&F�:t2b/1(e/101���\"T-#-#5&�*�[/12'"$�
]$2b+$ #�LGI03"$F �I�&@ ��� + :�  9 ]9 ] [ 9�� d � �T@b�q�
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�
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 ���5&2'%'2'4&032'5&F � �T@b�q�aP6:t2b/1(8/1(& Z ��� #-r/D>3(&"c:t��"$��NO2']&@!�T@ �T@
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"c+$ #0 /1(& x>M/z���&7*��037S>3-z(& #F\ .� WK�r�XWx�$��"$�9NO2']&@,�&@ �T@�YK(& BmVl;YKAzPq-,��5&>3 #7E4��./1(& x�&(*��>3 ;Wx�K7&"T #>��&"�/
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P1-P2:    4 µs

P1-P2:    8 µs

P2-P1-P2: 8 µs

P1-P2:   16 µs

Vertical shift pulse
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