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From Janesick 

Bandgap of Si at 300K = 1.1 eV 
& pure Si transparent for ! > 1.1 "m 

Ignoring reflection # 
 
Visible light or x-rays: 
4-5 orders of magnitude 
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i@#(+@.!MO&%)(&9!
F*5'6#6%/%+9!'4!3)+)&+%(0!#!
*#5+%&/)I!G%+-!$*#+%#/!
5)$*'($)!F*5'6#6%/%+9!'4!
3)+)&+%(0uY@#(+%49%(0!m
FJ?9I!*#5+%&/)$!#!QiM!
"!N'G!4#%+-4@//9!3')$!+-)!

3)+)&+'5!+5#($4)5!+-)!
F$*#+%#//9!=#59%(0I!
_@&+@#+%'($!'4!+-)!%(*@+!
$%0(#/!

"!QiMFfJ?!f9I!

"!!e#(9!3)b(%+%'($!^!
.'$+!&'..'(!%$!

"!!MJ#.*/)?!_#+!b)/3!
%//@.%(#+%'(!F_@J!"I!'4!
3)+)&+'5!G%+-!&)5+#%(!
iM!

"!!!!!!!!!!!!!!!!!!!!!!!!!!!FP'%$$'(I!

"!!!!!

4'5!)/)&+5'(%&!('%$)!Wm!

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

5i^T&'%-$9+*&>$-=(T&^/9U(#&,J&B+)7&

"!!E%o!v!R!}:~!)t:!!H(�)&+!}:~!A)t!K$!F0)()5#+)$!'(!
#=)5#0)!7?888!)u-!*#%5$I!#(3!.)#$@5)!+-)!'@+*@+!
*@/$)!-)%0-+!#!,&'(=)5$%'(!0#%(1!R!t'/+$!u!)r!R!t)!

"!!heE!('%$)!#+!'@+*@+!R!tm!
"!!:^?&F;<='5,4#-)$:0'(#$>",*2#I!R!tmut)!

"!!H4!+-)!.#J%.@.!='/+#0)!+-#+!+-)!$9$+).!&#(!
.)#$@5)!%$!te[a?!+-)(!+-)!39(#.%&!5#(0)!%$!te[a!u!tm!
"!!MJ#.*/)o!t)!R!7!wt!u!)r!?!tm!R!788!wt!

"!!Mm;!R!788!)r!R!}~8!)t!{heE|!!
"!!te[a!R!7t!#!Qh!R!7t!u!788!wt!R!78S!

"!m"HCE!R!4-FQhI!u!4-FLI!
"!!4-F78SI!u!4-FLI!R!7}!6%+$!F%:):!L7}!Ä!78SI!

"!!Eum!-#$!$*)&%b&!.)#(%(0$?!+-#+!#5)!('+!#(9!'4!+-)$)B!

q+4-00:%F<+9+5-5)7ê%
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$!%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

I&)$0(&,J&d&4+V(#(-)&j^&

"!!p(%4'5.!_@J!"!{Ku&.Lu$|!'(!#5)#![!9%)/3$!!
m!R!"A!{Ku$|!Å!ym!%(&%3)(+!*-'+'($u$!
"!!*-'+'$+#+%$+%&$!

"!!M#&-!'()!F+-#+!%$!&'(=)5+)3I!*5'3@&)$!mÅ!R!
mMuv!Å!yF2mÅI!)u-!*#%5$u$!
"!!%(+5%($%&!5)$'/@+%'(!

"!!D-%&-?!#$!#!&@55)(+!$#.*/)3!%(!+%.)!l!-#$!
_@&+@#+%'($!z!yFmÅlI!
"!!$-'+!('%$)!

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

1?0$77+*$02&!"#$%&'()(*),#&

"!!P-'$*-'5!F*'G3)5)3!
$&%(+%//#+'5I!

"!!2%6)5Z'*+%&#//9!&'@*/)3!+'!
#!;;Q!FLQ!$'/%3Z$+#+)!
3)+)&+'5I!&#.)5#!

"!!]!#(3!^!
"!!,0)()5#/!*@5*'$)1!
"!!5#3%#+%'(!3#.#0)!
"!!#5)#!
"!!*-'$*-'5!
"!!b6)5Z'*+%&!

&3/+C3/6%

II(%



!"#$"##%

$L%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

5*+(-)+f*&??'7&X?A$#=("?,/60(4&'(C+*(7Y&

"!;;Q!%(=)(+)3!%(!7Ç~Ç!69!"'9/)!
#(3!E.%+-!F")//!>#6$I!#$!
#/+)5(#+%=)!+'!.#0()+%&!
6@66/)!.).'59!$+'5#0)!

"!>EC!F,>#50)!E*#&)!C)/)$&'*)1!
^!/#+)5!N@66/)I!7Ç~É!^!-'G!+'!
%.#0)Ñ!
"!2%/.!G#$!'6=%'@$!&-'%&)?!6@+!Z!

H+!G'@/3!,&/'@31!3@)!+'!
5#3%#+%'(!3#.#0)!%(!$*#&)!
;-#(0%(0!+-)!b/.!%(!+-)!&#.)5#!
('+!$'!+5%=%#/!

"!7ÇÖL!;;Q!*5'*'$)3!
(4FDD)00%*)D40-%9%RT,R%II(%
T04)W%f9{%-5%!O!%*F%
É6))*W%1iii%-5%QOO%*F%
b)7W%#'A@%FF%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

5+&@#,*(77+-=k&3-)(=#$)(4&?+#*/+)&:0(9(-)7&

S G D 
B 

p Si 

n+ n+ 

L 

SiO2 

tOX 

p+ 

MOS Transistor 

p Si 

SiO2 

p+ 

pn Diode 

n+ 
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$M%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

3-)(=#$)(4&?+#*/+)&:0(9(-)7&

B 

p Si 

SiO2 

tOX 

p+ 

MOS Capacitor 

xD 

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

I**/9/0$)(&?A$#=(&
V+ V– V– 

– – 
– 

– 

– 
– 
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$Q%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

I**/9/0$)(&$-4&<#$-7J(#&?A$#=(&
V+ V– V– 

– 

– 
– 

– 

– – 

V+ V– 

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

?,-C(-)+,-$0&d"@A$7(&??'&

"!m'%$)/)$$?!z/'$$/)$$!&-#50)!+5#($4)5!
"!N%0-!0#%(!&-#50)Z+'Z='/+#0)!&'(=)5$%'(!jt!R!Yu;2Q!

"!V@+*@+!#.*/%b)5!F$'@5&)!4'//'G)5?!'5!sI!'(Z&-%*!

ë#%
ë@%
ë$%

75X* FZZ*

FZZ*

V8&*
-Z*

\F*
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

R$-%&O$%7&),&4,&)A+7&

ë#%

ë@%

ë$%

&<c)0%#% &<c)0%@%

[#% [@%

[#% [@%[A%

iFC0-*5%d%
F/7<o)+%C/5)*.-0%

ë#%

ë@%

&<c)0%#% &<c)0%@% &<c)0%#% &<c)0%@%

[#% [@%

[#% [@%

[#% [@%

ë$%

ë#%

ë@%

ëK%

[#% [@%

[#% [@%

[#% [@%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

N,O&+)&P,#Q7&

"!!H.#0)!#5)#!^!ma!J!mÜ!
*%J)/$!

"!!V@+*@+!$-%4+!5)0%$+)5!
Fma!*%J)/$I!

"!!MJ*'$)!%.#0)!#5)#!
"!!E-%4+!'()!5'G!%(+'!

'@+*@+!$-%4+!5)0%$+)5!
"!!E-%4+!'@+!)#&-!*%J)/!
"!!h)*)#+!
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K#%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

5(C(#$0&$#*A+)(*)/#(7&

J)
6.
2-
0%2
0/
2U
+%

f/6<~/*5-0%20/2U+%

h400%G6-F)%

J)
6.
2-
0%2
0/
2U
+%

f/6<~/*5-0%20/2U+%

h6-F)%56-*+G)6%
b-C<7%+3<ä%G6/F%<F-=)%%
5/%+5/6-=)%
10/S)6%6)-7/45%/G%%
+5/6-=)%746<*=%<*5)=6-./*%

J)
6.
2-
0%2
0/
2U
+%

f/6<~/*5-0%20/2U+%

i*5)60<*)%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

L#,-)7+4(iB$*Q7+4(&300/9+-$)+,-&

V ^
&i
%

h<00%G-25/6%Ö%#% h<00%G-25/6%Z%#%

Ä>%

A'@íFìKAA%*F%
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K@%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

<#+60(&@,0%&??'&
@#,*(77&

&/0:%#%

&/0:%@%

&/0:%$%

É-5)%/c<7)%

T4Z*

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

R,-,0+)A+*&39$=(&5(-7,#7&

1^R^IV%

'!>2.Y)%&<c)0%1)*+/6%
'!N;(0%C6/C/+)7%#Q!M%
'!r-*:%S-:+%5/%F-U)%
53)%C3/5/7</7)%

b^1^V%

1^R^IV%

'!&-++<Y)%&<c)0%1)*+/6%
'!&6/C/+)7%#Q!M%
'!,/%b)+)5H%*/%<*ZC<c)0%
-FC0<o)6%
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K$%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

??'&C7&I@5&

"! [PE!^!+5#($4)5$!#!504),2#!3'G(!+-)!&'/@.(!
"! ;;Q!^!F('%$)/)$$/9I!+5#($4)5$!#!%",*2#!3'G(!+-)!&'/@.(!
"! [PE!^!&#(!6)!.'5)!$)($%+%=)!F$'@5&)!4'//'G)5!3')$!('+!-#=)!+'!35%=)!'dZ

&-%*I!
"! [PE!^!b//!4#&+'5!n!7!%(!0)()5#/!
"! P-'+'0#+)![PE!^!/%A)!#!.#+5%J!'4!%(3%=%3@#/!;;Q$!
"! "#&A$%3)!%//@.%(#+%'(!^!#++).*+)3!4'5![PE?!G'5AZ%(Z*5'05)$$!

&É% 8%;#F,&OO'&
P>Q&

b^1^V%

1^R^IV%

-Z*

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

?R.5T&?R.5&1,6),2&$-4&??'&6#,*(77(7&

CCD CMOS 

tOX (Å) 500 - 
1000 5-20 

Well depth (!m) 2.5 0.5 
deeper for RF 

Implant (!m) 
~1 
channel 
stop 

0.1 
S/D implants 

V "10 
<3.3 
<2.5 
<1.x … 

Poly layers 3 (2) 1 
2 for analog 

Subst. quality Low 
leakage 

Don’t care 
Except opto 

É-5)%

'N*5* 'N*Z*

I3-**)0%R)*=53%R%|R%"î%

5n8%|5n8%"î%

ï(%

J|J%"î%

Irn1%76<Y)*%D:%
2/*+5-*5%o)07%+2-0<*=%

C%+4D+56-5)%
Z12#'$*]*U/^*_*U/*
*



!"#$"##%

KK%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

PA%&??'7[&

"!>'G!('%$)!F('%$)/)$$!&-#50)!+5#($4)5?!3'!
)=)59+-%(0!+'!.#A)!;2Q!$.#//!%(!'53)5!+'!0)+!
/#50)!&'(=)5$%'(!0#%(I!

"!2%//Z4#&+'5!R!7!F4'5!6#&A$%3)!%//@.%(#+%'(I!
"!>%()#5!#(3!)#$9!+'!&#/%65#+)!
"!D,-=&A+7),#%&,J&7*+(-)+f*&/7(&
"!>#50)!#5)#!3)=%&)$!)#$%)5!F&-)#*)5I!+'!3)=)/'*!

#$!;;Q$!+-#(!#$!$+#+)!'4!+-)!#5+!;eVE!3)=%&)$!
"!h)#3%/9!G#4)5!$&#/)!

"!;'..)5&%#//9!*5'3@&)3!

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

1?0$77+*$02&!"#$%&'()(*),#&

"!!P-'$*-'5!F*'G3)5)3!
$&%(+%//#+'5I!

"!!2%6)5Z'*+%&#//9!&'@*/)3!+'!
#!;;Q!FLQ!$'/%3Z$+#+)!
3)+)&+'5I!&#.)5#!

"!!]!#(3!^!
"!!,0)()5#/!*@5*'$)1!
"!!5#3%#+%'(!3#.#0)!
"!!#5)#!
"!!*-'$*-'5!
"!!b6)5Z'*+%&!

&3/+C3/6%

II(%
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KO%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

??'7&$#(&P,-4(#J/0T&U/)&5D.P&

,/S%<5%=)5+%F/6)%7<\2405%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

3-*#($7(&I'?&76((4&

NV, NH!R!á!N?!t!*%J)/$!
BV, BH!R!N?!t!6%((%(0!
TV, TH!R!N?!t!$-%4+!+%.)!
Nport R!á!*'5+$!
TCONV!R!+'+#/!&'(=)5$%'(!

+%.)!%(&/@3%(0!5)$)+?!
$@..%(0!G)//?!s!

!
>(I%>(I%

>(I%>(I%

5/CvD/;/F%6)-7/45%
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K!%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

L,#&(F$960(&

"! Q#/$#!^!2CÉ8e!
"! 78LS!J!78LS!J!É:~!à.!*%J)/!
"! 25#.)!+5#($4)5!u!L!*'5+$!
"! 788!4*$!R!788!eP%Ju$!
"! 77:7!6%+$!{~Ö!3"|!#+!}8u~8!4*$!
"! 78:7!6%+$!{~7!3"|!#+!É8u788!4*$!

i*26)-+)%6)-7/45">(I%+C))7%

LRS&T#3#!4)0$(&

75X* FZZ*

V8&*

FZZ*

-Z*
<4*

=Fsï"R%##*
IÉsïR%%%$$*
tsIR"=F%%$$*

75X* FZZ*

V8&*

FZZ*

-Z*
<4*

FZZ*

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

D+9+)$)+,-7&

"! !!!!!!!!!m'%$)!&'(+5%6@+%'(!45'.!eh!F5)$)+!$G%+&-I!5).'=)3!69!;QE!
F&'55)/#+)3!3'@6/)!$#.*/%(0!^!.)#$@5)!th!#(3!th!]!tEI!

"! m'%$)!&'(+5%6@+%'($!45'.!eE!F$'@5&)!4'//'G)5I!
"!C-)5.#/!('%$)!!

"! 7u4!('%$)!

"!m'%$)!45'.!&@55)(+!$'@5&)!

kTC

fë#% fë@% fë$%

75X* FZZ*

V8&*

-Z*

n1ï% nVÉ%

FZZ*

+7*

+5*

(%s%é6-5)%
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KL%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

I44&9,#(&6,#)7&

"! h)$)+!#(3!'@+*@+!
+5#($%$+'5$!())3!5''.!

"!D#(+!+'!.%(%.%\)!;2Q!

"! m))3!$*#&)!4'5!+-)!
'@+*@+!$+#0)B!

fë#%fë@%fë$%

75X*FZZ*

n1ï%nVÉ%

FZZ*

-Z*

75X*

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

X$09,7)Y&?,0/9-"@$#$00(0&??'&

I/*+5-*5%
>6)-%
V-C)6%
r<*<9+3<ä%6)='%

n45C45%+5-=)%

s$AA%íF%C<523%
D/*7%C-7+%

BS<6)9D/*7-D0)E%

r<*<91b%S<53%5-C)6%
r)5-0%+56-CC<*=%
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KM%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

ID5&i&I@5&?,00$U,#$)+,-&

Data 

Acquisition 

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

'+#(*)&'()(*)+,-&

This should be depleted – generally thin with 
conventional processes 

LBL CCD – S. Holland et al. 

&6)Y</4+%)c-FC0)%/G%II(%4+-=)%S-+%G/6%/C.2-0%C3/5/*+'%%ï3-5%-D/45%c96-:+ñ%

V%

$ add a layer which can be used as an electrode 5%
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KQ%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

'()(*),#&<A+*Q-(77&),&?,00(*)&bbl&,J&@A,),-7&

#A%

#AA%

#AAA%

#AAAA%

#AAAAA%

A% OAAA% #AAAA% #OAAA% @AAAA% @OAAA% $AAAA%

X%
#>
E'
()
)*?
`A

B*

.%1&1'*G'("$D*?(FB*

1<%

É)%

É->+%

f-67%896-:%23-00)*=)+%

V%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

<A+-&1O+-4,O2&J,#&5,J)&!"#$%7&

Ap%

#Ap%

@Ap%

$Ap%

KAp%

OAp%

!Ap%

LAp%

MAp%

QAp%

#AAp%

#AA% #AAA%

X"
,'
)A

#)
)#
1'
*

C=",D*G'("$D*?(FB*

,-.Y)%
#A%*F%
@A%*F%
#AA%*F%

5%
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OA%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

mnE&o9&)A+*Q&??'&
OOh)%ó{%-*7%óò'%b)+/04./*%s%#@!%)J%-5%O'!%U)J%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

>04F<*4F%/*%1<0<2/*%

)!%1-FC0)%<+%6-+5)69+2-**)7%4*7)6%-%+4DF<26/*9+<~)7%S3<5)%B/6%F/*/236/F-.2E%89
6-:%D)-F%G/24+)7%D:%ó<6UC-56<2U9T-)~%F<66/6+'%>5%)-23%+5)C%-%%7<}6-2./*%C-;)6*%<+%
6)2/67)7'%

)!>*-0:+<+%/G%53)%7<}6-2./*%C-;)6*%+2-*+%C6/Y<7)+%S<53%C3-+)%7<+56<D4./*H%26:+5-0%
/6<)*5-./*%F-C+H%+56-<*"+56)++%F-C+H%7<+0/2-./*%+5642546)%-*7%7<+56<D4./*%

)!%V3)%5)23*<]4)%3)0C+%4*7)6+5-*7<*=%53)%2/FC0)c<5:%/G%53)%F<26/F)23-*<2+%/G%
F-5)6<-0+%B+56)*=53H%6)+<+5-*2)%5/%G-<046)H%ôE%-5%=6-*40-6%-*7%+4D=6-*40-6%0)Y)0%

R-4)%C-;)6*%2-C546)7%D:%-%
89b-:%II(%7)5)25/6%

ï3<5)%/6%
r/*/236/F-.2%896-:%
D)-F%

h/24+<*=%/C.2+%
BóT%F<66/6+E%

1-FC0)%/*%-%
8Ç%+2-**<*=%
+5-=)%

I/*Y)*./*-0%
89b-:%II(%()5)25/6%

a

C

)!%,/%+-FC0)%6/5-./*%6)]4<6)7%ê%

:F$960(k&!">$%&9+*#,4+V#$*)+,-&$)&)A(&ID5&
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

R+*#,4+V#$*)+,-&

KTP crystal indexed. The energy of each 
reflection can be measured ! 

!! Laue ab-initio indexation (of unknown 
structures, heterogeneous samples, !) 

!! Energy-resolved Laue diffraction for 
structure solution using Laue (pb of 
harmonics, scaling,!) 

3/46+%&%+)2/*7+%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

:F$960(k&!@?5&$)&I@5&BD&p"3'&

h-+5II(%-5%M9i(%

8&I1%^c-FC0)%d%L#*F%6-7<4+%0-5)c%+C3)6)+%<*%=0:2)6/0%-5%s9@A%7)=%I%%
B(-5-%2/465)+:%/G%146)+3%,-6-:-*-*%-*7%>0)2%1-*7:E%

.F)%-Y)6-=)%

.F)%-45/2/66)0-./*%

#A%F+%)cC/+46)+%
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

:F$960(k&?,A(#(-)&39$=+-=&$)&ID5&BD&baEaG&
-C)6546)%

%

10 nm should be possible in near future!

1/ä%896-:%&5:23/=6-C3:%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

L$7)&>($4,/)&q&D,)7&,J&'$)$&

#%É
D"+

%%

^53
)6*

)5% 1)25/6%#%
1)25/6%@%

1)25/6%Q%

1)25/6%$%

RTR*)5%
b/45)6%

&3-+)%#%9%>VI>%5/%RTR*)5%
&3-+)%@%9%i*+5-00%F40.C/65%
#A%ÉD"+%+S<523%-5%1)25/6%Q%

#A%ÉD"+%%

^53)6*)5%
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

>5!5&:-4&5)$)+,-&J,#&D?D5&N/)*A&H&

É/*</F)5)6%
$!Aö%3/6<~'%
#AAö%Y)65'%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

C%.)!M='/@+%'(!'4!;-#50)uE*%(!V53)5%(0!&

I3-6=)%/67)6<*=%F)05+%-ä)6%C4FC%0-+)6%C40+)%

4,:=[5"[U#Vb* X0X(c* -(cVb* <8V*

^N%Z%MOK%)J% #@KA%)J% L@A%)J% Q$A%)J%
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

GQ&L#$9(&5),#(&L??'&

@U%c%#U%II(%/6%%
#U%c%#U%S<53%)0)256/*<2%+34;)6%

#A'@A#A%

10 GbE Network 
1 GbE Network 
Custom Interface 
Custom 

RAID Array 
Node 

User!
Client!

I-F)6- 
f)-7%

Shelf 
Manager 

Timing 
Module 

Data Capture 
Module Fabric 

Switch 
Hub Sys. Config. 

Module 

GUI Interface 
Module 

&6/2)++/6%,/7)%

I-F)6-%i*5)6G-2) 
,/7)%

Digital 
PSU 

>VI>%I3-++<+%,)5S/6U%I/**)2./*+%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%
Ç<9(<%I34-*=%)5%-0'%

56+-&.#4(#+-=&X5.Y&K&)A(&R,C+(&
h-+5%F)0.*=%-*7%+0/S%6)2/Y)6:%/G%+C<*%/67)6<*=%-6/4*7%OAó%B2/66)25%.F)%y<;)6<*=%-*7%
<*5)*+<5:%è4254-./*E%
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

??'&%%&J??'&%%&CJ??'&
I/*Y)*./*-0%II(%

#AA%f~%
B-EI&9II(%
#A@%f~%

I&9II(%
#A$9K%f~%

Conventional CCD! FastCCD! Very FastCCD!

4-port! (almost)Column Parallel! Column Parallel!

Commercial readout!
fCRIC (custom 0.25 μm 

CMOS readout IC)!
HIPPO (custom 65 nm 

CMOS readout IC)!

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

#'^v##%

#'^v#K%

#'^v#L%

#'^v@A%

#'^v@$%

#'^9A$%

#'^9A@%

#'^9A#%

#'^vAA%

#'^vA#%

#'^vA@%

#'^vA$%

#QLA% #QLO% #QMA% #QMO% #QQA% #QQO% @AAA% @AAO% @A#A% @A#O%

2%
@)
@A

A
: @
A
",
J:
@d
e;
f
*!
g
*

Y0
@)
*

(<+U%ï6<5)%1C))7%

^53)6*)5%R<*U%1C))7%

15/6-=)%b<*=%T6<=35*)++%

h^R%T6<=35*)++%

'$)$&I*e/+7+)+,-T&<#$-79+77+,-&$-4&@#,*(77+-=&

*
%#A

@%r
C<c"+%
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I09,7)&@$#$00(0&&&&L/00%&@$#$00(0&
" ! Still a CCD#
" ! Limit will be 103 – 104 Mpix/s#

" ! Limited by clock rates#
" ! 2 developments required:#
" ! Prototype CCD – in fabrication now#
" ! Prototype readout IC - in fabrication now!

KWW#%

&6)-FC%
BF40.9+0/C)E%
r4c%

MA%rf~%
#A9D<5%>(I%

1)6<-0<~)6%

KWW#%

KUVVP&!O%*F%Irn1%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

L/)/#(&4(C(0,69(-)7&+-&6#,*(77+-=&

V/7-:%

R/S%i[%7)5)25/6%

>623<Y-0%
15/6-=)%

1//*%

V/F/66/S%

h4546)%

102 Hz 

103.5 Hz 

105 Hz 

I0)Y)6%7)5)25/6%

T6<00<-*5%7)5)25/6%

h&É>%

h&É>% É&q%

h&É>% É&q%
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

R+*#,(0(*)#,-+*7"(-$U0(4&'()(*),#7&

OcO%2F@%1<%+56<C+%

2N*

'N*
'h*

1<0<2/*%+56<C%7)5)25/6%

1<0<2/*%+56<C%7)5)25/6%B#(E%
G/6%C-6.20)%C3:+<2+%2-'%#QMK%

&<523%6&

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

L,00,O(4&U%&?/7),9&3?7&

1<%()5)25/6%

I4+5/F%iI%

>(I%

M%

I3-6=)%+)*+<.Y)%
-FC0<o)6%S<53%
-7y4+5-D0)%6<+).F)%

>*-0/=%C<C)0<*)% ï<0U<*+/*%>(I%
x)6/9+4CC6)++)7%
6)-7/45%/*%M9D<5%
C-6-00)0%D4+%

>(I%

>(I%

-,

.,

-./,



!"#$"##%

OM%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

L/#)A(#&.6)+,-7&

@(%+)=F)*5)7%1<%
@(%+)=F)*5)7%1<%-;-23)7%
5/%@(%+)=F)*5)7%1<%%

@(%+)=F)*5)7%1<%-;-23)7%
5/%#(%+)=F)*5)7%1<%
/6%/53)6%)0)256/*<2+%%

+1'16#&%#>*
)(')1"N"(,J18&*

1'*),A(*)80)&",&(*

iD0"#J*
5(')1"*

N*
7(,J18&*

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

DN?&@+F(0&'()(*),#7&

CMS ATLAS 

Large projects 
to develop 
hybrid pixels 

.#6,&8)*=*545*

&<0-54+%
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

>r'k&5.3&X385.3&s&38BtDuY&

J.Marczewski European project SUCIMA 3

SOI Imager SOI Imager –– Main ConceptMain Concept

DetectorDetector !! handle waferhandle wafer
" High resistive
" 300 µm thick

ElectronicsElectronics !! device layer device layer 

"Low resistive

"1.5 µm thick
r)5-0%i*5)62/**)25%

iTr%A'#Mí%1ni%Irn1%
Tn8%B1<n@E%

5#6#>1'=1'=high resistivity, thick, fully depleted detector-grade )#6#>1'*
nU<%1ni%&6/2)++%Bó^óE%

f<=39â%1<%õ%$AA%ÅF%

Tn8%
1<%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

:F$960(k&ID5&J(9),70+*+-=&BD&maE&

Zholents and Zolotorev, Physical Review Letters 76, 916 (1996), Schoenlein et al., Science 287, 223 (2000) 

@AA%G+%C40+)+%
T45%0/S%è4c%9%#AO%N"+"A'#p%Tï%

Perkin Elmer C30902: single element APD,  $100"

r<00</*+%/G%7/00-6+%<*Y)+5)7%
" !<*%3-67S-6)%
" !<*%.F)%5/%F-U)%53<+%S/6U%

()5)25/6%4+)7%G/6%0-+5%7)2-7)%
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

J(9),@+F&

"!S?888!45#.)$!u!$)&:!
"!L!AN\!/#$)5!'(!
"!L!AN\!/#$)5!'d!

"!;QE!
"!!2%5.G#5)!*5'&)$$%(0!
"!!h)&)%=)3!â@/:!<78!
"!V(!">!E)*:!U77!

WX9Y&C3&6#@,;&

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

>r'Hk&d'&3-)(=#$)+,-&

V3<**)7%1<%

V3<**)7%1<%

V3<2U%1<%
f<=396)+<+.Y<5:%
7)5)25/6%S-G)6%

V1J%

T4FC%B<*5)62/**)25E%

É6/S<*=%2/FF)62<-0%
<*5)6)+5%d%)'='%3<=3%
7)*+<5:%F)F/6:%BF/6)%
54*)+%/*%:/46%<&/7E%
q+)%/G%7<+C-6-5)%
5)23*/0/=<)+%+.00%bú(%
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

X'+#(*)&'()(*)+,-Y&@+F(0&?,960(F+)%&

(<+20-<F)6W%>R1%<+%-%+/ä%c96-:%G-2<0<5:%d%<7)-0%G/6%1<%B)c2)C5%G/6%*/<+)êE%

II(%/*%53<2UH%
3<=39â%1<%

1ni%/*%53<2UH%
3<=39â%1<%

$(%/*%53<2UH%
3<=39â%1<%

f:D6<7%/*%53<2UH%
3<=39â%1<%

1<~)% #A@%d%#A$%ÅF@% #A@%d%#A$%ÅF@% #AK%ÅF@% #A@%ÅF@%

"C<c% A% #A@%d%#A$%#A#%d%#A@% #A#%d%#A@%

^,I% #AA%d%#A#%)P% #A#%)P% #A@%)P% ñ%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

@+F(0&5+Z(T&'+V/7+,-&$-4&I-$0,=&C7a&'+=+)$0&

^Y)*%-%G400:97)C0)5)7%7)5)25/6%S<00%3-Y)%O%d%#A%ÅF%br1%7<}4+</*%
8(0&!",1,&-#;;&+,&(03,&/"41%,&("41#$%<&

@%`0-6=)a%7<=<5-0%B2/4*.*=E%C<c)0+%
c%

c% c%

1<
=*

-0
%

1<
=*

-0
% 1/F)%6)=</*%B7)C)*7<*=%/*%

7<}4+</*%wE%S3)6)%2/4*.*=%<+%
2/FC0<2-5)7%B7/4D0)%2/4*5ñ%
F<++)7%2/4*5+ñE%

$%`+F-00a%-*-0/=%C<c)0+%

(<}4+</*%+C6)-7+%23-6=)%-26/++%
C<c)0+%d%D45%2)*5)69/G9=6-Y<5:%
2-*%=<Y)%+4D9C<c)0%BÅFE%C/+<./*%
6)+/04./*%
BS3<0)%-77<*=%*/<+)êE%
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.)A(#&:F$960(7&,J&H'&'()(*),#7&

"!>#50)Z#5)#?!_#+Z*#()/!JZ
5#9!3)+)&+'5!

"!E&%(+%//#+'5!{):0:!;$HFC/I|!
"!#E%!]!C2C!P#$$%=)!P%J)/!

5)#3'@+!
"!e;P!

"!P-'+'&#+-'3)!

"!N965%3!*%J)/!H;!F'5!;;QI!

N%/6%)d%

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

5/99$#%&XGY&

"!!2'5!#!3)+)&+'5?!+-)!'(/9!@$)4@/!+-%(0!#!
*-'+'(!&#(!3'!%$!&5)#+)!#(!)/)&+5'(!
"!!m'+)!+'!#&&)/)5#+'5!*)'*/)o!+-)!'(/9!@$)4@/!

+-%(0!#(!)/)&+5'(!&#(!3'!%$!&5)#+)!#!*-'+'(!
"!!Q)+)&+%'(!.)&-#(%$.$!

"!!,Q%5)&+1!F%(&/@3)$!b/.?!%.#0)!*/#+)$?!sI!
"!!,H(3%5)&+1!^!@$@#//9!=%#!$&%(+%//#+'5!

"!!E)($'5!,*5'*)5+%)$1!&5%+%&#/!
"!!Q)($%+9!F$+'**%(0!*'G)5?!WPM?!sI!
"!!"#(3!0#*?!/%0-+!9%)/3?!s!
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5/99$#%&XHY&

"!!2/@&+@#+%'($!
"!!8!ä!M)!ä!MK!%(!,3)+)&+'51!
"!!m@.6)5!Fm! !M)I!'4!$)&'(3#59!F+)5+%#59I!*#5+%&/)$!
"!!M/)&+5'(%&!('%$)!

"!!C-)5.#/!
"!!2#$+)5!%$!F0)()5#//9I!('%$%)5!

"!!E*#+%#/!5)$'/@+%'(!FPE2?!eC2I!F3%d@$%'(I!
"!!C).*'5#/!5)$'/@+%'(!F('%$)!%$!%.*'5+#(+I!
"!!QiM!
"!!h#3%#+%'(!3#.#0)!F('+!3%$&@$$)3?!6@+!%.*'5+#(+I!

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

3-&,)A(#&O,#47&

"!!P-'+'(!%(&%3)(+!#+!F8?8I!
"!!P5'6#6%/%+9!i:M:!'4!&5)#+%(0!#!

3)+)&+#6/)ã!$%0(#/!
"!!E%0(#/! !7uv!

"!!P-'+'$+#+%$+%&$!
"!!2#('!4#&+'5!

"!E*#+%#/!5)$'/@+%'(!!
FPE2?!eC2I!F3%d@$%'(I!

!
"!!ãQ)+)&+#6/)!R!4FM/)&+5'(%&$I!

"! !QiM!z!7u!{M/)&+5'(%&|!m'%$)!
"! !e#(9!G#9$!+'!$#9!ÉW!F&:4:!h'$)!&5%+)5%'(I!

"!!WFMI!z!2! !m'%$)!
"!!WF+I!z!m'%$)!
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&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

5/99$#%&XdY&
"!!>%A)!*#5A%(0!$*#&)$?!,('!/#&A!'4!3)+)&+'5$?!'(/9!/#&A!

'4!%.#0%(#+%'(1!
"!e%&5')/)&+5'(%&$Z)(#6/)3!3)+)&+'5!3)=)/'*.)(+!%(!

*#5+%&/)!*-9$%&$!$+#5+%(0!+'!$*%//!'=)5!%(+'!$9(&-5'+5'(!
5#3%#+%'(!5)$)#5&-!

"!!E).%&'(3@&+'5!3)+)&+'5$B!
"!!Q[i?!&'.*@+%(0!#(3!*5'&)$$%(0B!
"!E%!)J&)//)(+!4'5!M!n!78!A)t!F#(3!6)()b+$!45'.!

&'..)5&%#/!*5'&)$$%(0I!
"!!V+-)5!3)=)/'*.)(+$?!):0:!%(='/=%(0!#=#/#(&-)!

.@/+%*/%&#+%'(?!+-#+!+-)5)!G#$!('!+%.)!+'!3%$&@$$!
"!!2'5!-%0-)5!)()50%)$?!-#=)!&#(3%3#+)!.#+)5%#/$!F`#[$?!`)?!

;3C)?!sI!6@+!())3!håQ!
"!2@+@5)!G%//!6)!3)+)&+'5$!3)$%0()3!4'5!)J*)5%.)(+$!

F('+!)J*)5%.)(+$!3)$%0()3!4'5!3)+)&+'5$I!

&'%()*)+%!%,-./*-0%123//0%/*%,)456/*%-*7%896-:%12-;)6<*=%!%>6=/**)%?4*)%@A##%

8/(7)+,-7[&
Y",&(H86*,>E'1j6(J$(A('&)*5/W%
>R1%^cC)6<F)*5-0%1:+5)F+%É6/4C%
>R1%12<)*.o2%1:+5)F+%É6/4C%
>&1%T)-F0<*)%V)23*<2-0%14CC/65%É6/4C%
^0)256/*<2%1:+5)F+%É6/4C%
i*5)=6-5)7%I<624<5%()+<=*%É6/4C%
r<26/1:+5)F+%R-D/6-5/6:%
,-./*-0%I)*5)6%G/6%^0)256/*%r<26/+2/C:%
&3:+<2+%(<Y<+</*%
^*=<*))6<*=%(<Y<+</*%


