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MOS-transistor as switch:

Off resistance:
In the range 0.1-10 GQ
(Depends on technology and channel length).

On resistance:

Applying the expression for Drain current when the transistor

operates in the linear region:
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Clock Feed Through

The control signal is coupled to the photo diode
via a capacitive voltage divider:

Vpd

Cgs

V.
sign
8 Cgerde

(3.2)

PD —
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Charge injection in Source and Drain

Extracts form:
Charge Injection in Analog MOS Switches

CHARGE INJECTION IN C» ‘%1

George Wegmann, Eric A. Vittoz and Fouad Rahali. ! —— q 100
IEEE JSSC, vol. sc-22, no. 6, Dec 1987 -1 ___._--g 10
.8 // : ,__..--‘!C"
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t
fall Vg
B expresses the normalized Transistor *
length related to mobility and time:
|
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W
B = THCx
Ref.: Wegmann
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Effective threshold voltage (Wegmann):

_ Y
Vg = VTO+[1 + JQ—jVin

F
v
g Cg+cOV
Conditions: C, G,
] ] |
t » T . — p—
fall transit __L_ g __L_
Cl, C2 » Gg
Consider the channel as a voltage
controlled conductance:
g[V,(0] = B(Vy() = Vp)
= B(V —at— V ) g[V(t)]:g[at]
g, on TE an/Z .' .' an/z
O+ =6
Cl C2
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PIXEL READ OUT
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3T - pixel
RST VAAPIX RST VaAPIX
| SEL | SEL
| = .t L L
~ e ouT = ouT

X

| |
| I
b o s s < s : NW : N+
I
PW PW [ : PW
W wmaad
el ‘\
epletlon PSUB .
region P-€p
b
(a) ( ) Ref.: Nakamura
\Y
APD Integration

Reset level

Reset Reset
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Soft reset \;

<
&

vreset
The N-channel transistor does not completely Vaa | V \
T

reset the diode to V. V diode

MI‘CS
Current in a saturated transistor: I

b, L

C
— H OX\E[V —VT]2 (33)

lg = 5 TV

|
|
O
o

The transistor threshold voltage increases with —=
the voltage across the diode due to the body
effect:

>t

Vi = Vgt V(«/’2®F| +Vp— «/|2(DF‘) (3.4) Photo diode Equivalent circuit

By connection the maximum voltage (V,;) to the I P
gate, Vgs = Vys, the transistor will always be phote | ) d
saturated

Vis > Vyssat =V V1

gs ~
but it will go into weak inversion and finally

= A
completely pinch off. Cq 1(8:80)/W

AO 10V 3.8
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Pixel Read Out

Simulated example:
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Lag

Final reset level at the end of the reset period, depends on the signal level at the beginning of the reset period.
There will be some remaining charge in the photo diode. In other words, The image will contain remains from the
previous image.

Methods to avoid lag:

Flushing: To charge the pixel completely before reset to make sure the start conditions are always the same, the
remaining charge is always the same.

Hard reset: To make sure that the reset transistor does not pinch off, and the pixel is completely reset to V,;.
» P-channel transistor. Draw back: Larger area due to the required N-well.

» Boosting the control signal V,¢set- TO generate a control signal with higher voltage than the power supply.

PD ! RG! RD PD ! RG! RD

r— —— '

S = : : PD = Photodiode

5 3 | : RG = Reset gate

s & : ! RD = Reset drain
v

AO 10V 3.10
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Boosting

Phase 1:

Cg and C| are charged to V5

Phase 2:
Signal voltage is raised to
Vboost = Vaat Vaa" Cg/ (CL+Cp)

Boosting

Reset pulse

Reset enable

rad n

Reset enable

rad n+1

AO

10V 3.11



Pixel Read Out INF 5440 - CMOS Image Sensors

Alternative boosting

SEL [ L
RST [

X L
S&H 1 1

S&H 2

—

through gate capacitance
of MRD

I
i
I
VaaPix VPixouT feeds into VFD :
|
|
|

- Qs

VFD i CPIX

I

Veixour +
VRST

\J

VPIXOUT VS’GK

» Time

Ref.: Nakamura

AO 10V 3.12



Pixel Read Out INF 5440 - CMOS Image Sensors

Pinned Photo diode
v
'o—p—> Potential

n-region buried in a p-substrate. |
Reduces the effect of surface recombination

|

{

I

° i !
Improved response in blue range Tom “well’ — :

* Reduced dark current.

Full “well”  _—

Pinned voltage = the voltage that results in
a complete depletion of the n-region.

Pinning voltage depends on doping

concentration and implantation range.
Ng3 >Ng2

|

Added process step to

standard CMOS process.

Patented: Eastman-Kodak/Motorola
(ImageMOSTM).

Nd2 > Ndl

Nyl

Pinning Voltage, V/,

Implant thickness (N)

AO 10V 3.13
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Noise Sampling

The signal that represents integrated light:
Vsignal - V(treset) _V(tint) (3.5)

Noise sampled at the two time points are uncorrelated tint

and contribute to the signal noise: I B Reset-level
5 :4 Integrasjon
] (3.6)

Vn, rms A/[Vn(treset)]2 + [Vn(tint)

The noise sampled at point t ,¢¢rt1 iS correlated with the

noise at t;, but it cannot be used because it is not

practical to store all pixel reset samples on capacitors N
during the exposure time.

However, the Fixed Pattern Noise due to variations in
signal offset from pixel to pixel is removed.

 Reset level variations

» Threshold voltage variations in the
SF transistor

AO 10V 3.14
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4T - Pixel

1P, RST VAAPIX
VED | SEL
iC L
p+ MRD
\ i LARS MeeL VPIXOUT
T [\ 8
: : n+ 1
1 7
PW | ! PW
N caaial Sl = ) _
N
Depletion .
regioln PSUB \ p-epl
(a)
1
SEL | -
RST | I
| . |
S&H 1 L [ . i
T ) .
S&H 2 | T I |
A I I ! I | :
1
I - —x 108G |
VFp | Iy KI CPIX e
N [ 4 .
f | I
VRST I
| . K } I 4
|
VPixout | | | VsiG \
t1 t2 13 t4
(b)

» Time

Pinned
Potential [

VPD VFD

MTX

MRST

VAAPIX

MTX

MTx

(c)

MRsST

MRsT

t=13

Ref.: Nakamura

Variant: N-sub

MTX
—

MRST

 m—

PW

P+

[ ne]

| N

PW

Lne]
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AO

10V

3.15



Pixel Read Out

INF 5440 - CMOS Image Sensors

4T - pixel (forts.)

Correlated Double sampling

Both the Reset sample and signal
sample after the charge transfer are
related to the same reset voltage. No
intermediate reset is performed.

Thus the difference Vgget - Vsignal is
independent on the noise from reset
voltage source sampled on FD during
the reset process. The reset noise
cancels out.

PD

FD

S RST H
S SIGN ’ H
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4T Pixel - Summary

The generated charge stored on PD (Photo diode) during the integration is transferred completely to
FD (Floating Diffusion) immediately after FD reset.
The signal is made up by the difference between the reset level and the level after integration:

Vreset - QTransferred / CFD-

Pinning voltage, TX pulse height, and the capacity of FD is chosen such that complete transfer is
achieved.

Advantages:

« High conversion gain -
given by FD

» Large light sensitive area.

» High sensitivity to blue light.

* Low dark current

» Correlated double sampling reduces sampling noise.
Low threshold voltage for the TX-transistor is required.

Complete charge transfer is prerequisite for low noise (zero sampling noise).

AO 10V 3.17
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Method for reduction of the number of transistors

Two rows share
FD,
SF transistor,
RST transistor, and SEL tran-
sistor.

The two rows are separated by selection of

TX1 or TX2,
1
]
LI |
! @ RST I 1 1
1
: *- TX ] | 1
1 1
: J' S&H 1 [ ] i
-------------------- I 1
S&H 2 1 L
1 ]
1
VAST VAAPIX 1 : 1
; 1 1 | Setting VFD at low
RST— ' i I | until next readout
TX VFD : 1 1 | disables pixel
= 2 A " I 1| output
VFD = QsiG | ! '
— 1 1
Veixout VRIXOUT- A 1 -I ceix
i VRST\ s
@ VsiGg
y o » Time
a (b)
Ref.: Nakamura ( )
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SOURCE FOLLOWER
AMPLIFIER STAGE
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Source follower vk
Quiescent point: Vb1 * Vin
Quiescent current Iy = HCOXV&(V ~Vpo) (3.7) Vo /\
¢~ 2 L, Vb2 V10 . \/ \/
20, L,

Output voltage (DC), rel. Vip1: V

o= w68

Vin
where V1 er given by \//\\/ T
Vi = Vig+ AV= Voo +7(J2Pg + Vg — /2Pg))

C
Gl I I gdl . J_
M1 A
' C
Vb1 + V|n_| Ej_ Vgs — gsl e* e* gdl
gm1V Zmb1(-Vsp)
Vcﬁ\> Vbout * Vout ~ Small signal . mlVgs | Smb1\~Vsb
equivalent Vin v
lg schematic a2 >
» 'l , | <
- 1 Cygp :
Vo2 L Seleiels s ‘5 242

N
(\®]

AO 10V 3.20
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. + current direction

S1/D2
-k
A ' A
V; R . —_—
N —_— e * e * — VOUt ZL _ CL
Coar  |8m1(-VintVour) |  Emb1Vut gd1 g2 | Coa2

D1/S2 1

The pixel read-out circuit’s output impedance, Z,, is typically capacitive (C\).

The time constant related to the output and upper cut off frequency fj, is:

I P S (3.9)
h + h 27 2 '
8d1 ™" 8d2 T 2Ty,
For f << fy:
v = €m1Vin " 8m1Vout ~ 8mb1Vout
t
u gd1+gd2 (3.10)
Gives the amplification:
v g g _
ut ml ~—ml 4 typically 0.7-0.8 (3.11)
Vinn Emi +gmb1 +gd1 +gd2 Eml +gmb1
AO 10V 321
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Pixel Array
g ;
%E A %E B
- i -
Vdd\
Row;elec:/ LI LI
€S¢e %{E 1 %E 1
L L
] ;
%E A %E A
- i -
4 4
%E i %E i
. L
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Pixel Array (cont.)

Analog bus

.
Vdd ~
Row select 7 LI
Reset l:
L

Bias-current

S/H signal S/H reset

L

T

i1

AO
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Example - Source Follower

10 ms
- >
Vireset |
|
|
V=3V vy : r_'\
Vreset W=2Mm :
| [ L=0.3um W=2pm Vihr |
L=0.3 ' —
\ | K |
| Vshj
Diode as ZX
in earlier
example Vi Vut and sampled values of signal and reset?
Vsh}
IDZSHA+
\Y
shr C. C, nCyy = 150 pA/V?
Vro=0.7V
HAL
— 172
W=6um y=02V
- L=03pum -~ —
AO 10V 3.24
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MOS-structure
(Metal Oxide Semiconductor) Depletion region
The contact potential* @5, forms a depletion range at the Silicon {
surface (Similar to a PN junction).
» Majority carriers are depleted away from the surface. + @ Bulk
* Gives band bending. ng=0 + @ p-type
« At equilibrium, the distance between the conduction band /—> Substrata
E. and the Fermi level is large. Therefore the carrier + e
concentration in the conduction band is low. Gate k .
Band bending: Oxide A p=-qN,

E ;at the interface — E ; in bulk
q

Og - Dp

Potential difference between intrinsic Fermi level E; and the
actual Fermi level E:

Band bending is changed by external voltage at the Gate.
The system is then no longer in equilibration.

* Contact potential = the difference in electron escape energy
divided by its charge q.

N | DOg-Op
|
- - - = ~ — -E;
s !
I et
ate | CDF
- —_——P et —_————— T — - Eg

Depletion region

AO 10V
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Positive Bias Voltage at the Gate

By increasing the band bending the distance E; - Eg at the
interface is reduced, and the minority carrier concentration
increases.

When the total band bending corresponds to 2x the
difference E;-Ef, we have by definition strong inversion:

Oy -y = 2P

Where ®g is the semiconductor surface potential and
@y is the bulk potential.

The electron density is then high compared to the dopant
concentration and becomes the majority carriers, that is, a p-
type semiconductor is inverted to a n-type close to the
Si/SiO, interface. Similarly, a n-type is inverted to a p-type
by adding a negative voltage on the Gate.

If the potential or band bending is further increased, only a
small amount of space charges are uncovered. That is, a
small increase of the depletion region, the charge is mainly
added by generation of electrons. Thus, it is the inversion
layer that constitute the charge contribution to the capacitor
with oxide as dielectric.

The threshold voltage is defined as the voltage Vg required
to bring the surface just into strong inversion: ®g=2®¢.

Gate 5102
Inversion layer
¢ r Depletion region
/ Xd
' ' p-type
V1| pt Qp dQ

L 1

L Negative Space charge
Negative free electrons
Positive charge

Oxide Depletion region Ref - Tsividis

AO 10V
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On a transistor with 4 terminals, the threshold voltage is the Gate-Source voltage, Vg, that gives strong inversion.
If the Source voltage is connected to Bulk (grounded), V1 is the threshold voltage at Vg=0.
The inversion layer forms a conduction channel underneath the gate between the Source and Drain regions.

Source-Bulk voltage, Vgg, changes the band bending and the charge Qg in the depletion region (Source has contact to the
channel).

The resulting threshold voltage can be written:

Vi = VyotAV = VT0+y(J|2cDF| +VSB—J|2®F|)

(3.A1)
J2AN A &g €
T TTC
oX
| Vs
I
| N Gate
Source J- Drain
‘\ |
A\ / - \ /]

i \ ’ A

,,,,,, _ —_ — —

AO 10V 3.28
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Drain current in the linear region
Vgs< Ves -Vt

The channel has a given resistivity. The current creates a
voltage variation v(y) along the channel. A voltage higher than
the threshold gives charge in the inversion layer.

Inversion layer charge:
Qu(y) = = Coy [v(y) = (Vs V)l

Current in the channel of width W:

d
ID = WQI(Y)ME = WQI(Y)Hd_;
u is the carrier mobility typically:
up= 135 um?/(V.ns), py= 50 um?/(V.ns)

A change of variables and integration on both sides of the
equation above gives:

Q) =Qvy)  v[,_y =0  v|,_p = Vps

L Vs
Io Indy = WuC . [Vgg—Vv—Vrldv

W 1
Ip = KCoxT | Vas— V13 Vps |Vos (3.A2)

oxX

Drain

Gat

Source

] tC_ross section

AO 10V
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Drain current in saturated transistor
Vys> Ves -Vt

Charge concentration in the inversion layer at the pinch-off
point must be zero:

QI(yl) = COX[VGS_V(YI)_VT] =0
CoxlVgs=(Vgs = V)= Vrl =0

We see that v(y1) must be equal to Vgg-V7.

When Vpgincreases beyond Vgg-V, the voltage increase
appear between Drain and the pinch-off point; an increase
in the field in that region. The potential difference between
source and the pinch off point becomes Vg -Vt (Source
is grounded) and is independent on Vpg.

Replacing Vpg with Vgg -Vt inni (3.A2):

LCoxW 2
Id = Tf[VGS_VT] (3.A3)

v(yl)=Vgs-Vr
Qiyl)=0

Vps-(Vgs-V1)
\ Drain H |

Source

AO 10V
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Channel length modulation.

In saturation, the channel length is shortened with increasing Vpg. The shortening increases the current because the current
is limited by diffusion in the inversion layer along the channel, not by the field across the region between Drain and Pinch
off point. The carriers are driven fast across this region. The effect is important for short channels.

I”lCoxW 2
| | VDS
i
| |VGs
|
| ‘ Gate
Source ‘ Drain
- — |
T — | e |
i O
| |
| — )
| |
| |
| |
- Bulk | — ' AL <¢—— VDS-(VGS-VT)

AO 10V 3.31
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Output characteristics for NMOS

AO

10V 3.32
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Output characteristics for PMOSt

'Vds
-
V=0
_ Vi1
'ng
—HC
_Vg3
Ig
-V ds ‘Vg4 I'O:Avds/ AId
v
'Vg 5 ds,sat ! 'Id

AO 10V 333
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Mobility as a function of doping concentration

1 | | | T T | | | 1 | | | |
- il
150 —
300 K =4
= —
B Electrons B
o P
m | oW
E|T 100}
1S B
oS
iy -
3
50 Holes
| | | | ] | | ] I 1 | ] ] ]

0
102 2 5 10° 2 5 10t 2 5 10072 5 1082 5 107
N (um™3) Ref.: Grove
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Small signal parameters:

Transconductans at constant Vgg, Vpg > Vgg - V7. (Differentiate (3.A3))

dI nC
_ d _ ox W ( ( 0X W
gm dVgs 2 7T [V -Vl = /\/ ZMC I[VgS ZMCOXL D (3.A5)

Bulk transconductans at constant Vgg, Vps > Vgg - V1 (Differentiate (3.A3) with V1 given by (3.A1))
dlg a1 dVp _ “CoxW[ Y _ __ygm (3.A6)

g . = = =2
mo dVp dVr dVg, /|2CDF| +Vg /|2ch| + Vg,

Output conductance (differentiate (3.A2) and (3.A4)

dI
_ g
A Oxf[v “Vp-Vgl V< Vy-Vp (3.A7)
dI Al
d DS
_ _ Y SV - 3.A8
574V, (I+aVpe) Mps Vas2 Vs Vr (3-48)

AO 10V 3.35
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The ratio g,,,p, to 9.,

DS -
0.8 \30 ¢B =07V =

— 2.5 -1
0.6 2.0 -
0.4 _\ 1 '5

0.1 |- :
0.08 | 0.3
-
0.06 ) 0.2
0.04 -
B 12

vy=0.1V
0.02 |-
0.01 1 | 1 1 1 1 [ I U |
0 1 2 4 6 10

Ref.: Grove
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Capacitance
For V< V-Vt
C, = C, WL+2C W

g
€ .
C, = —WL
X
d
For Vs> VeVt
2 .
Cgs = gcoxWL+C0V1W (empiric)
ng - COVIW

Source - Drain junction capacitance (used in SPICE level=3):

V.7 —MJ V.1 —-MISW
C. :A-CJ[I——JJ +P-CJSW[1——J}
j PB PB

A= area, P=perimeter

(3.A9)

(3.A10)

(3.A11)

(3.A12)

(3.A13)

AO 10V
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Small signal equivalent

L
- |

Gate
Source

Bulk

Common Source equivalent

g D
Vgegm *
Cs Ves @$ = H Zds Cab
Vpgmy,
S S
B
1

If S and B are connected, Vg,gmp= 0

dI
_ %d _ / A
€m ~ av__ 2“Coxf1d

Drain £s

dI
_ dy W
8mb = gy~ A/zucchbulkfld

sb

i
€4s dVds

sz

AO
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Small signal equivalent (cont.)

Gate Cod~Cod_on Cys = %COXWL + Cggoul
Source Ca™Cae™Cas o —L— Drain

- I

L # ‘ ng - ngovl
= I ¢ =
Cqy | cb e

db _ -
Vas-Vassat C db = Junction
7y,
G T D
C
all| — I
] Can o
—L— d
I C \ o S []
I 8s & gmVg [ 8Mp(-Vsp) e
L Cap
I >
Cgsl I — ——Csb
0, v ¢ T
Ve 4 1 1 B
VgSZVg_VSb

AO 10V 3.39
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Transistor symbols

N-channel MOS-transistor

Drain
Gate I <~— Bulk
Source
Drain
Gate | Bulk
[ grounded
Source
Bulk: P-type
Drain: N-type

Source: N-type

P-channel MOS-transistor

Source
Gate I —>— Bulk v
Drain
Source
Gate l: Bulk at
high v
voltage
Drain
Bulk: N-type
Drain: P-type

Source: P-type

AO

10V
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Diode connected transistor

Given that the transistor is in strong inversion,

VsVt

it will always be saturated when Vgg=Vpg (connected)

because the condition: VDS > VGS -Vt must be met

Input conductance:

Zinn = dv 4, dVgs €m r

1mnn

(3.A14)

AO 10V 341
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Current mirrors
* M1 is always saturated because Vs = Vgg > Vg - V1
* Assuming M2 saturated as well

Applying the expression for the drain current:

- BoCoxw 2

I

gives the output current:

HoCox W2 >
—((V_ .-V 1+AV
2 L2( gs~ V1) ( as2) W,L,(1+AV,,)
[ = [ .= I (3.A15)
ut n,C W refl LW (1+AV, ;) ref
0~ox "1 vV vV 2 1 +0V 2" dsl
2 Ll( gs T) ( dsl)

|deally for long channels (A=0), and when L4=L,:

_

Iut Wl Iref

The simple expression above is inaccurate for short channels due to the final
output resistance for M2. Therefore:

I U S ! _UHMVe)
Tut™ RTINS = 1 kY (3.A16)
EM2 2 Mo xW oy vy d d
dV4, 2 L e T

AO 10V
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Cascoded current mirrors

Have high output resistance

A% v I
L. G ! D1 G2 D2 Tut  u
V,gm Vg8
gs gsem
T @+ @* Sds @% @* [|_| Eds
- Vsb&mb VsbEmb
St 3l s2
|
| i v l ut H G3 D3 G4 D4
ref
Vut \4 g v
gsom gsgm
@$ @* U gd @$ @* U &d
M1 M2 ’ \% s
Vsb&mb sb8mb
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Appendix: MOS Transistor

INF 5440 - CMOS Image Sensors

Output resistance r; = dv;; / diy

The DC voltages v1=v,=0 is zero in a small signal equivalent circuit:

fut~ 8ma(V1 = V3) T 8mb2V3 ~ 8as2(Vour —V3) = 0 (a)
ds4V3 T 8maVa™ 8ma(Vi—V3) T 8 (V3= V) T Epov3 =0 (b)
Solving (b) for v3 and replacing v3 in (a). Reorganizing gives:
Co_ Vut _ Bm2 " 8mb2 T 852 " 8dsd  Em2 _ Em2 |

. ~
“ Lat 8ds28ds4 8ds2

I ref

- (3.A17)
84s4  LZasaMas

Vi Vut
H 1/(&m1-8mb1+8ds3) @( V1Vm2 |38 Zds2
V2 V3
| ensteas) Y 28me | s
A0 10V
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	MOS - transistor as switch
	MOS-transistor as switch:
	Off resistance:
	In the range 0.1-10 GW (Depends on technology and channel length).

	On resistance:
	Applying the expression for Drain current when the transistor operates in the linear region:
	(3.1)

	Where

	Clock Feed Through
	The control signal is coupled to the photo diode via a capacitive voltage divider:
	(3.2)
	Charge injection in Source and Drain
	Extracts form: Charge Injection in Analog MOS Switches George Wegmann, Eric A. Vittoz and Fouad R...
	Pulse edge
	Effective threshold voltage (Wegmann):
	Conditions:
	Consider the channel as a voltage controlled conductance:

	Pixel read out

	3T - pixel
	Soft reset
	The N-channel transistor does not completely reset the diode to Vaa.
	Current in a saturated transistor:
	(3.3)
	The transistor threshold voltage increases with the voltage across the diode due to the body effect:

	(3.4)
	By connection the maximum voltage (Vaa) to the gate, Vgs = Vds, the transistor will always be sat...
	Vds > Vds,sat = Vgs - VT
	but it will go into weak inversion and finally completely pinch off.

	Simulated example:
	W=2 mm Vaa = Vrst = 3 V mCox = 150 mA/ V2
	L= 0.3 mm Cd = 10 fF g = 0.2 V1/2


	Lag
	Final reset level at the end of the reset period, depends on the signal level at the beginning of...
	Methods to avoid lag:
	Flushing: To charge the pixel completely before reset to make sure the start conditions are alway...
	Hard reset: To make sure that the reset transistor does not pinch off, and the pixel is completel...
	• P-channel transistor. Draw back: Larger area due to the required N-well.
	• Boosting the control signal Vreset. To generate a control signal with higher voltage than the p...



	Boosting
	Phase 1:
	CB and CL are charged to Vaa
	Phase 2:
	Signal voltage is raised to
	Vboost = Vaa + Vaa* CB / (CL+CB)
	Alternative boosting

	Pinned Photo diode
	n-region buried in a p-substrate. Reduces the effect of surface recombination
	• Improved response in blue range
	• Reduced dark current.

	Pinned voltage = the voltage that results in a complete depletion of the n-region.
	Pinning voltage depends on doping concentration and implantation range.
	Added process step to standard CMOS process. Patented: Eastman-Kodak/Motorola (ImageMOSTM).

	Noise Sampling
	The signal that represents integrated light:
	(3.5)
	Noise sampled at the two time points are uncorrelated and contribute to the signal noise:

	(3.6)
	The noise sampled at point t resert1 is correlated with the noise at tint, but it cannot be used ...
	However, the Fixed Pattern Noise due to variations in signal offset from pixel to pixel is removed.
	• Reset level variations
	• Threshold voltage variations in the SF transistor



	4T - Pixel
	4T - pixel (forts.)
	Correlated Double sampling
	Both the Reset sample and signal sample after the charge transfer are related to the same reset v...
	Thus the difference Vreset - Vsignal is independent on the noise from reset voltage source sample...


	4T Pixel - Summary
	The generated charge stored on PD (Photo diode) during the integration is transferred completely ...
	Vreset - QTransferred / CFD.
	Pinning voltage, TX pulse height, and the capacity of FD is chosen such that complete transfer is...
	Advantages:
	• High conversion gain - given by FD
	• Large light sensitive area.
	• High sensitivity to blue light.
	• Low dark current
	• Correlated double sampling reduces sampling noise.

	Low threshold voltage for the TX-transistor is required.
	Complete charge transfer is prerequisite for low noise (zero sampling noise).

	Method for reduction of the number of transistors
	Two rows share FD, SF transistor, RST transistor, and SEL transistor.
	The two rows are separated by selection of TX1 or TX2,
	Source Follower aMPLIFIER STAGE

	Source follower
	Quiescent point:
	Quiescent current (3.7)
	Output voltage (DC), rel. Vb1: (3.8)
	where VT er given by
	The pixel read-out circuit’s output impedance, ZL, is typically capacitive (CL). The time constan...

	(3.9)
	For f << fh:

	(3.10)
	Gives the amplification:

	, typically 0.7-0.8 (3.11)

	Pixel Array
	Pixel Array (cont.)
	Example - Source Follower
	Appendix 1: MOS Transistor Model

	MOS-structure
	(Metal Oxide Semiconductor)
	The contact potential* Fms, forms a depletion range at the Silicon surface (Similar to a PN junct...
	• Majority carriers are depleted away from the surface.
	• Gives band bending.
	• At equilibrium, the distance between the conduction band Ec and the Fermi level is large. There...

	Band bending:
	Potential difference between intrinsic Fermi level Ei and the actual Fermi level EF:
	Band bending is changed by external voltage at the Gate. The system is then no longer in equilibr...
	* Contact potential = the difference in electron escape energy divided by its charge q.

	Positive Bias Voltage at the Gate
	By increasing the band bending the distance Ec - EF at the interface is reduced, and the minority...
	When the total band bending corresponds to 2x the difference Ei-EF, we have by definition strong ...
	Where FS is the semiconductor surface potential and FB is the bulk potential.
	The electron density is then high compared to the dopant concentration and becomes the majority c...
	If the potential or band bending is further increased, only a small amount of space charges are u...
	The threshold voltage is defined as the voltage VGB required to bring the surface just into stron...
	On a transistor with 4 terminals, the threshold voltage is the Gate-Source voltage, VGS, that giv...
	Source-Bulk voltage, VBS, changes the band bending and the charge QB in the depletion region (Sou...
	The resulting threshold voltage can be written:
	(3.A1)


	Drain current in the linear region
	Vds< VGS -VT
	The channel has a given resistivity. The current creates a voltage variation v(y) along the chann...
	Inversion layer charge:
	Current in the channel of width W:
	m is the carrier mobility typically: mn= 135 mm2/(V.ns), mp= 50 mm2/(V.ns)
	A change of variables and integration on both sides of the equation above gives:
	(3.A2)


	Drain current in saturated transistor
	Vds> VGS -VT
	Charge concentration in the inversion layer at the pinch-off point must be zero:
	We see that v(y1) must be equal to VGS-VT.
	When VDS increases beyond VGS-VT, the voltage increase appear between Drain and the pinch-off poi...
	Replacing VDS with VGS -VT inn i (3.A2):
	(3.A3)


	Channel length modulation.
	In saturation, the channel length is shortened with increasing VDS. The shortening increases the ...
	(3.A4)


	Output characteristics for NMOS
	Output characteristics for PMOSt

	Mobility as a function of doping concentration
	Small signal parameters:
	Transconductans at constant VSB, VDS > VGS - VT. (Differentiate (3.A3))
	(3.A5)

	Bulk transconductans at constant VGS, VDS > VGS - VT (Differentiate (3.A3) with VT given by (3.A1))
	(3.A6)

	Output conductance (differentiate (3.A2) and (3.A4)
	(3.A7)
	(3.A8)


	The ratio gmb to gm
	Capacitance
	For Vds< Vgs-VT:
	(3.A9)
	(3.A10)

	For Vds> Vgs-VT:
	(empiric) (3.A11)
	(3.A12)

	Source - Drain junction capacitance (used in SPICE level=3):
	(3.A13)

	A= area, P=perimeter

	Small signal equivalent
	Small signal equivalent (cont.)

	Transistor symbols
	Bulk: P-type Drain: N-type Source: N-type

	Diode connected transistor
	Given that the transistor is in strong inversion,
	,
	it will always be saturated when VGS=VDS (connected) because the condition: must be met
	Input conductance:
	(3.A14)



	Current mirrors
	• M1 is always saturated because Vds = Vgs > Vgs - VT
	• Assuming M2 saturated as well
	Applying the expression for the drain current:
	gives the output current:
	(3.A15)

	Ideally for long channels (l=0), and when L1=L2:
	The simple expression above is inaccurate for short channels due to the final output resistance f...
	(3.A16)


	Cascoded current mirrors
	Have high output resistance
	Output resistance rut = dvut / diut
	The DC voltages v1=v2=0 is zero in a small signal equivalent circuit:
	Solving (b) for v3 and replacing v3 in (a). Reorganizing gives:
	(3.A17)
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