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S
id
e
 note

:  T
ra
nsistors

C
o

lle
c
to

r

E
m

itte
r

B
a

s
e

C
lassical transistors

and
 M
O
S
F
E
T
s

N
ote: transistors can b

e used
 as sw

itch
es and

 as am
plifiers

M
ultiple

x
e
rs

“Pix
e
l signals �

S
e
que
ntial output line

s”
is calle

d
 m
ultiple

x
ing.

A
 m
ultiple

x
e
r (M

U
X
)  h
as th

e
 follow

ing functions:
•
ad
d
re
ss a colum

n of pix
e
ls b
y turning on th

e
ir am

plifie
rs

•
pix
e
ls in oth

e
r colum

ns w
ith
 pow

e
r off w

ill not contrib
ute
 a signal

S
ignal at ph

otod
iod
e
 �
gate

 T
1

R
e
ad
out use

s row
 d
rive

r
R
1
and
 

colum
n d
rive

r
C
1
to close

 th
e
 

sw
itch

ing transistors T
2 , T

3 , T
4 .

�
Pow
e
r to T

1
�
signal to th

e
 

output b
us

R
e
se
t: conne

ct V
R
via T

5
and
 T
3 .



M
ultiple

x
e
rs  (2

)
A
d
vantage

:  all pix
e
ls can b

e
 ad
d
re
sse
d
  as d

e
sire

d
  (“rand

om
 acce

ss”)
•
allow

s for soph
isticate

d
 re
ad
out sch

e
m
e
s

•
allow

s (faste
r) sub

array
re
ad
ing

•
d
oe
s not re

quire
 m
oving ch

arge
s on th

e
 array (

�
C
C
D
)

T
ypical w

iring 
d
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 for th
e
 

R
ockw

e
ll ne

ar-
I
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A
W
A
I
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array:



D
e
te
ctor R

e
a
d
outs

T
w
o ge

ne
ral approach

e
s:

1.
C
C
D
s:  sh

utte
r d
e
te
rm
ine
s e
x
posure

 tim
e
 –
d
e
structive

re
ad
s

2
.
I
R
 arrays:  re

ad
outs d

e
te
rm
ine
 inte

gration tim
e
 (continuously 

e
x
pose

d
) –
non-d

e
structive

re
ad
s.

“ non-d
e
structive

”
≡
ch
arge

 is not alte
re
d
 b
y sam

pling its curre
nt value

E
x
am
ple:

A
ssum

e
 a 1k ×

1k array �
10
2
4
2
pix
e
ls

F
our ch

anne
ls �

2
6
2
,14
4
 pix
e
ls pe

r ch
anne

l

R
e
ad
out tim

e
 pe
r pix

e
l ~
 4
µs �

t
F
= 1.0

4
8
6
s “fram

e
 tim

e
”

(m
ax
im
um
) fram

e
 rate

 = 1/t
F
= 0
.9
5
 H
z

0
.9
5
 H
z is rath

e
r slow

! –
w
h
at can w

e
 d
o?

�
sh
orte

r re
ad
 out tim

e
s �

m
ore
 noise

�
b
e
tte
r: m

ore
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ad
out ch

anne
ls

S
ingle

 S
a
m
pling

•T
h
is is th

e
 m
ost sim

ple
 approach

•I
t d
oe
s not re

m
ove
 k
T
C
noise

 and
 voltage

 d
rifts

•I
t m
e
asure

s d
ire
ctly th

e
 signal le

ve
l
(im
portant e

.g., to d
e
te
ct saturation)

reset

reset
read



D
oub

le
-
corre

la
te
d
 S
a
m
pling

•
R
e
ad
s pix

e
l tw
ice
 (b
e
fore

 and
 afte

r th
e
 re
se
t)
b
e
fore

 “m
oving”

to th
e
 

ne
x
t pix

e
l

•
S
ignal = R

e
ad
(1) –

R
e
ad
(2
)

•
T
ake
s care

 of voltage
 d
rifts

•
A
d
vantage

: ope
rate

s on pix
e
l-b
y-pix

e
l b
asis

•
D
isad

vantage
: long re

se
t se

ttling tim
e
s introd

uce
 noise

reset

Read (1)reset
Read (2)

R
e
se
t-
R
e
a
d
-
R
e
a
d

read

reset

read

•
R
e
se
ts th

e
 array pix

e
l-b
y-pix

e
l (or colum

n-w
ise
)

•
R
e
ad
s th

e
 array pix

e
l-b
y-pix

e
l (at start of inte

gration)
•
R
e
ad
s th

e
 array pix

e
l-b
y-pix

e
l (at e

nd
 of inte

gration)
•
S
ignal = R

e
ad
(2
) –
R
e
ad
(1)

•
A
d
vantage

: b
e
st corre

lation, no re
se
t noise

•
D
isad

vantage
s: re

quire
s fram

e
 storage

, h
as re

d
uce
d
 d
ynam

ical range
, 

and
 w
ill not re

ve
al saturation.



(M
ultiple

) F
ow
le
r S

a
m
pling

m
re

a
d
s

reset

m
reads

•
N
am
e
d
 afte

r A
l F
ow
le
r (N

O
A
O
)

•
S
im
ilar to re

se
t-re

ad
-re
ad
 b
ut e

ach
 re
ad
 is now

 d
one
 m
tim
e
s

•
S
ignal = m

e
an(re

ad
2
) –
m
e
an(re

ad
1)

•
R
e
d
uce
s th

e
 re
ad
out noise

 b
y √
m
 ove

r re
se
t-re

ad
-re
ad

S
a
m
ple
-
up-

th
e
-
ra
m
p F

itting

reset

m
re

a
d
s

•
m
e
quid

istant re
ad
s
d
uring th

e
 inte

gration

•
L
ine
ar fit �

“slope
”

•
R
e
d
uce
s th

e
 re
ad
out noise

 b
y √
m
  (until 1/f noise

 d
om
inate

s)

•
Particularly use

ful w
h
e
n particle

 h
its are

 like
ly
d
uring t

int .

G
e
ne
ral prob

le
m
 for any B

L
I
P non-d

e
structive

 re
ad
s:  succe

ssive
 signal 

m
e
asure

m
e
nts are

 corre
late

d
in th

e
ir noise

.
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(S
a
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n

c
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c
o
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P
), 3

9
6

C
C
D
s
= array of integrating capacitors th

at store electric ch
arges until th

ey 
are read

 out b
y transferring th

em
 sequentially to an output am

plifier.



B
a
sic F

unctiona
lity

Pix
e
l structure

: m
e
tal “gate

”
e
vaporate

d
 

onto S
iO
2
(isolator) on silicon = M

O
S

A
pplying a voltage

 V
g
�
b
ias for th

e
 

intrinsic se
m
icond

uctor.  C
h
arge

 
curre

nt only d
ue
 to ab

sorb
e
d
 ph
otons.

I
I

g

D

t
t

V
q
N

w
−

  
  

+
=

2
/

1

2
0

0
2

ε
κ

p-type
 d
oping �

w
id
th
 of 

d
e
ple
tion zone

:

w
h
e
re
 t
I
is th

e th
ickness of th

e
 insulator, 

N
D
th
e d
e
nsity of ionize

d
 d
onors,  κ

0
= 11.8

 
th
e d
ie
le
ctric constant of silicon.



B
a
sic F

unctiona
lity

  (2
)

1.
ph
otons cre

ate
 fre

e
 e
le
ctrons in th

e
 ph
otocond

uctor

2
.
e
–
d
rift tow

ard
 th
e
 e
le
ctrod

e
 b
ut cannot pe

ne
trate

 th
e
 

S
iO
2
laye

r �
e
–
accum

ulate
 at th

e
 S
i—
S
iO
2
inte

rface

3
.
th
e
 total num

b
e
r of e

–
colle

cte
d
 at th

e
 inte

rface
 is a 

m
e
asure

 of th
e
 num

b
e
r of ph

otons
d
uring th

e
 e
x
posure

.

w
h
e
re
 V
T
is th

e
 th
re
sh
old
 voltage

 for th
e
 form

ation of a storage
 w
e
ll, and

 C
0

is th
e
 pix
e
l capacitance

:

(
)T

g
W

V
V

C
Q

−
=

0

d

A
C

0
0

0

ε
κ

=

W
e
ll d
e
pth
:

C
h
arge

s w
ill colle

ct until th
e
ir ch

arge
 b
alance

s V
g .

T
h
e
 m
ax
im
um
  num

b
e
r of e

le
ctrons th

e
 M
O
S
 

capacitor can h
old
 is th

e
 w
e
ll capacity:

F
ront a

nd
 B
a
ck I

llum
ina
tion

F
ront illum

inate
d
C
C
D
s:

T
h
e
 m
e
tal e

le
ctrod

e
 w
ould

 b
lock th

e
 incom

ing 
ph
otons �

m
ak
e
 e
le
ctrod

e
 transpare

nt b
y using 

h
e
avily d

ope
d
 silicon inste

ad
 �
prob

le
m
s at 

b
lue
/U
V
 w
ave
le
ngth

s (transpare
ncy of S

i)

B
ack
 illum

inate
d
C
C
D
s:

B
lue
/U
V
 ph
otons w

ill b
e
 e
fficie

ntly ab
sorb

e
d
 

b
e
h
ind
 surface

 �
long d

istance
 to d

e
ple
tion 

re
gion �

low
 Q
E
.

S
olution: th

inning
th
e
 d
e
te
ctor (

�
e
fficie

nt 
d
iffusion into d

e
ple
tion zone

)



C
onsid

e
rations for th

inning th
e
 C
C
D
:

•
T
h
ickne

ss m
ust b

e
 ≥≥≥ ≥
one
 ph
oton ab

sorption le
ngth

 1/a
(if not, ph

otons w
ill b
e
 

lost)

•
a = a(λ), h

e
nce
 th
e
 th
ickne

ss d
e
pe
nd
s on d

e
sign w

ave
le
ngth

[1/(a
1µm ) = 8

0
µm
; 

1/(a
0
.4
µm ) = 0

.3
µm
 !]

•
L
uckily, th

e
 e
le
ctron d

iffusion le
ngth

in low
-le
ve
l d
ope
d
 S
i is 10

–5
0
 µm
 [at 

15
0
K
].

•
G
ood
 com

prom
ise
 for visib

le
 C
C
D
s:  th

inning to 15
–2
0
 µm

[at th
e
 cost of Q

E
 

in th
e
 re
d
]

M
aking C

C
D
s
too th

in
re
sults in:

•
low
 Q
E

•
b
ack re

fle
ction from

 th
e
 opposite

 site
 �
fringing (se

e
 b
e
low
)

M
aking C

C
D
s
too th

ick
re
sults in:

•
w
and
e
ring into ne

igh
b
ouring d

e
ple
tion zone

s �
loss in re

solution

T
h
inne

d
 C
C
D
s
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A
nd
 th
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ow
 th

e
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C
D
 re

a
d
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orks …

C
h
a
rge

 T
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nsfe

r “in a
 N
utsh

e
ll”

T
ake
n from

 a le
cture
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y D
r. L
. F
ulle
r, give
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I
T
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se
e
 h
ttp://pe

ople
.rit.e

d
u/lffe

e
e
/le
c_
C
C
D
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f

I
f a pote

ntial w
e
ll is m

ove
d
toge

th
e
r w
ith
 th
e
 surround

ing b
arrie

r, m
ost of th

e
 

e
le
ctric ch

arge
 w
ill m

ove
 w
ith
 it.

T
h
e
 colle

cte
d
 ch
arge

s are
 passe

d
 along

th
e
 colum

ns to th
e
 e
d
ge
 of th

e
 array to 

th
e
 output am

plifie
r.



C
h
a
rge

 T
ra
nsfe

r in a
 3
-
Ph
a
se
 C
C
D

Time sequence
3
 se
ts of e

le
ctrod

e
s 

�
3
-ph
ase
 C
C
D

4
-
a
nd
 2
-
Ph
a
se
 C
locking S

ch
e
m
e
s

O
ne
 can use

 d
e
pe
nd
e
ncy of w

e
ll d
e
pth
 on N

D
and
 t
I
(re
lative

 place
m
e
nt in th

e
 

S
iO
2
laye

r)

�
O
pe
rate

 4
 ph
ase
s as a 2

-ph
ase
 C
C
D

R
e
m
e
m
b
e
r: w

id
th
 of d

e
ple
tion zone

 = 
I

I
g

D

t
t

V
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−
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C
h
a
rge

 T
ra
nsfe

r A
rch

ite
cture

s  (1
)

1.
L
ine
 ad
d
re
ss arch

ite
cture

 (a) –
sh
ifts conte

nts of colum
ns to output 

re
giste

r (row
) w
h
ich
 transfe

rs th
e
 ch
arge

 pack
age
s to am

plifie
r.

T
h
e
 array is illum

inate
d
 w
h
ile
 transfe

rs occur  �
t
int
»
t
re
ad
(o.k. for 

astronom
y ) or

a sh
utte

r w
ill b
e
 close

d
 d
uring th

e
 re
ad
out.

2
.
I
nte
rline

 transfe
r (b
) –
ch
arge

s are
 sh
ifte

d
 into colum

ns w
h
ich
 are

 
prote

cte
d
 from

 ligh
t (m

aske
d
). 

S
ch
em
e (a) can also b

e operated
 in 

tim
e-d
elay-integration (T

D
I) m

od
e 

�
im
age m

oves along th
e colum

ns at 
transfer speed

.
(see sid

e note on G
A
IA
)

C
h
a
rge

 T
ra
nsfe

r A
rch

ite
cture

s  (2
)

3
.
F
ram
e
 fie
ld
 transfe

r (c) –
ch
arge

s are
 sh
ifte

d
 to an ad

jace
nt C

C
D
 se
ction 

w
h
ich
 is prote

cte
d
 from

 ligh
t.

5
8
8
 line

s of 6
0
4
 pix
e
ls, se

nsor are
a on le

ft and
 ligh

t sh
ie
ld
e
d
 storage

 area on righ
t

T
ake
n from

 a le
cture

 b
y D
r. L
. F
ulle
r, give

n at R
I
T
 –
se
e
 h
ttp://pe

ople
.rit.e

d
u/lffe

e
e
/le
c_
C
C
D
.pd
f



W
h
e
n e
le
ctrons are

 e
m
ptie

d
 from

 th
e
 last gate

 th
e
 ele
ctric fie

ld
associate

d
 w
ith
 

th
e
 p-n

junction colle
cts e

le
ctrons th

at m
ove
 to +V

, and
 V
out
w
ill d
rop to a le

ve
l 

proportional to th
e
 num

b
e
r of e

le
ctrons in th

at packe
t.

T
ake
n from

 a le
cture

 b
y D
r. L
. F
ulle
r, give

n at R
I
T
 –
se
e
 h
ttp://pe

ople
.rit.e

d
u/lffe

e
e
/le
c_
C
C
D
.pd
f

C
h
a
rge

 R
e
a
d
out


