CHAPTER 2

Fundamentals of
CMOS Image Sensors
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Outline

* Photoelectric Effect

* Photodetectors

e CMOS Image Sensor(CIS) Array Architecture
* CIS Peripherals

* Design Considerations
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Outline

e Photoelectric Effect
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Architecture of a CIS

Vertical Access Circuitry

Readout Circuitry

output

Horizontal Access Circuitry

N
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Photo-generated Carriers

* The amount of photo-generated carriers
- Depends on the semiconductor material
- Described by the absorption coefficient a

4 . _Electron
R

1--—- photo-generated carriers
) (electron-hole pairs)

Hole
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Absorption Coefficient

e Absorption coefficient a
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* Visible light (0.4 ~ 0.6um)
— L, =0.1~10um
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o : Depends on Material
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Behavior of Minority Carriers

e Large absorption length of IR
— Photo-generated minority carrier in substrate
— Long life time & diffusion
— Crosstalk
— Need IR cut filter to suppress blur effect
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Diffusion Length vs. Impurity Conc.

e Diffusion lengths

— > 10um with concentration < 1E18cm?3
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Sensitivity and Quantum Efficiency

* Sensitivity

R == I, : Photocurrent, P,: unit light power

Quantum efficiency # of generated carrier / # of input photons

Lije hv

o= B /vy~ P e
* Maximum sensitivity (at n, = 1)

e e A [um]

phmax hv o he 1.23
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Structures of PDs, PGs, and PTrs.

Poly gate
. 0 n
photogate i photodiode
s Poly gate

= V-phototransistor = L-phototransistor
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PN Junction Diode

e Forward current

eV
e =gy o (;m—g) -1

D, D,
Id?ff:'EDA L_I?Pﬂ"_gpng

n

* Photocurrent of the pn-junction PD
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PD |-V Curves

IL

1= 1, - Lzlexp(eVinkgT) -1]

I-V under bright

|-\ under dar

— -~ s
Avalanche Photodiode Solar cell
mode mode mode
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* Solar cell mode (get V. from |,=0)

kT I
Voe=-2—1In| -£ i +1
¢ \layr

 PD mode (reverse biased )

e Avalanche mode

- Used in an avalanche photodiode (APD) : single
photon detection
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Quantum Efficiency and Sensitivity
* Light intensity
dP(z) = —a (L) Pyexp|— (2 )z] d=

* PN-junction structure
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* Quantum efficiency

22 a(A)Pyexp [—ot(A)x]dx
o= = a(R) B, exp[a(A)a] d
— (1—exp[— (1)) exp[—ar(A)x,]

* Sensitivity

_ ﬂ(] —exp|—0(A)W])exp|— (A )x,]

he
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QE in P-N Junction

=

LLog e-/h+ concentration (I)

‘

/

Surface
recombination
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Dark Current

 G-R current (generation-recombination)

— Thermal generation

e Diffusion current vam. —
— Minority diffusion l L nt J )

e Surface leak current

B SI_SIOZ interface i) Generation in the depletion region
i) Diffusion from a neutral bulk

iii) Generation at the surface of Si
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Dark Current

e Diffusion current

Dpnpo  Dphiyg
fdrff:‘“( L, L )

Dy Dp EE
:_('_l s —|_ P\‘r _J.M;EK -
° (Lnﬁ.{& LPND) o p( A—ET) T g T

 Tunnel current
- Band-to-band tunneling (BTBT)
- Trap-assisted tunneling (TAT)
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Dark Current

 G-R current (generation-recombination)
— Thermal generation

en. e/ NN, E
Igyp = AW —L _ gpEYiely exp (— = )

Te To ZA'ET

e Surface leak current
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Surface Recombination

* SiO, interfaces the surface of the silicon
— Produce surface states or interface states
— Carriers near the surface are trapped

— Degrade the quantum efficiency or sensitivity (critical for
short wavelength light)
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Dependence of |

(T, V)

dar
Process Dependence
e ) E
Diffusion o< eXp (—E_gf)
G-R i =
_ o</ IV exp (— szT)

Band-to-band tunneling

Trap-assisted tunneling

Impact 1onization

Frankel-Poole

Surface leak

= 12 exp (77)

o< exp (5

e exp ()

< Vexp(F)
=exp (5257
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Temporal Noise

 Shot noise

fsh: rms — V Egjﬂf

e Signal-to-noise ratio (SNR) for shot noise

1 VI

V2eIAf  2eAf

SNR =
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Temporal Noise

* Thermal noise
- Johnson noise or Nyquist noise
- Appears as kTC noise

(0]
vf:JeMT- K 2-W=EZ F;
0 1+ (2T/RC) C “w—1°

q,° =C* v, =kIC
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Spatial Noise

* Fixed Pattern Noise (FPN)

— Pixel uniformity

— Readout circuit uniformity
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Photon Transfer Curve
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 Shot noise

= /2eIAf

rsh: rms

e Signal-to-noise ratio (SNR) for shot noise

1 VI

V2eIAf  2eAf

SNR =
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Noise

* Thermal noise
- also Johnson noise or Nyquist noise
- appears as kzTC noise

| 4l TAf
‘Tsh rms R
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Speed

 Some kinds of smart image sensors need a PD with a
fast response

- for optical wireless LANs
- measure time-of-flight (TOF)
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* The response of a PD is limited by
(1) CR time constant

T, =2TCLR,
(2) Transit time

I}}" — -H}T/ITS
(3) Diffusion time of minority carriers

-
Tﬁ p — L}'?._PA;DHEP'
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Outline

e Photodetectors
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Photogate

e T = Depletion region
+++++++ +
V=0 +++++++ ¢
J_P-SUb' \/=0 Potential well
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Phototransistor

 Amplifies a photocurrent by a factor of the base
current gain

- Not high, typically about 10-20
- Large variation ( produces FPN )

 When base width increases, the quantum efficiency
increases but the gain decreases
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Avalanche Photodiode (APD)

* High-speed response

e Optical fiber communication

e Ultra low light detection (single photon)
e Spike-current output (not for imaging)

* Require a high voltage over 100 V

* Low voltage operation possibility at sub-micron
technology
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Avalanche Photodiode Structure

Multiplication region

pH | h+ | P-Ug=====-- Z=1p- n+ | |p#
well! ‘f _Nwell
\ deep n-well )
p-sub
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Photoconductive Detector (PCD)

e Typically has a structure of n*—n"—n*
e Gain originates from two parts

- Long lifetime of holes t,,

- Short transit time of electrons t,,
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MSM Photodetector

 Metal-Semiconductor-Metal (MSM) Photodetector
— A kind of PCD

e Easy to fabricate
e Ultra-fast photodetectors (GaAs MSM)

* Image sensors with a sensitivity in the UV region (GaN
MSM)
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Structure of MSM Photodetector

Shottoky electrode
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Outline

 CMOS Image Sensor(CIS) Array Architecture
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Architecture of a CIS

Controller

Reference

Buffer

Active-Pixel Array

Row Address

FPN
Suppression

Column Address “:>
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Image
Processing

Digital
‘ Output

‘ Analog
Output
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Active & Passive Pixel
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Active & Passive Pixel

hd
L

Veixour

Row Address Circuit
Row Address Circuit
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h\Y
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Accumulation Mode

e Electrical floating PD as capacitor

* Accumulation of photo-generated carrier is
interpreted as discharge process.

* R = 0.3A/W, PD area A = 100um?, illumination L, =
100lux, 1lux~= 1.6x10"7W/cm?

]ph:RpthQxA

= 0.3A/W x 100 x 1.6 x 10~"W/ecm—2 x 100 um?
~ 10 pA.

 Accumulation is necessary at video rate
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Accumulation Mode

e Junction capacitance (depends on applied bias V)

EoE;
H_T

W=K(V+V,)"

Cop(V) =

* For Cpp(V) : linearly proportional to / , + 1
, dv
CPD(V)EJJP“% =0

(L, +I)(L—m.) | ™
P J
V(t)=(Vo+Vy) [1-—F t — Vi
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Voltage Drop of a PD
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Potential Description

(a) Gate Vdd
X ............................... = .. Y
PD n- &
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n- .E E r

Fei Depletion width
Vi N

f p-sub v
L | ot T

E.'Fﬁ ---------------------

Eg'} Depletion Potential by
region accumulated charges
T ,[Vq __________
b
: E :B\ Accumulated
(b) Epn charges
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Behavior of Carriers in PD

}Lred green A‘blue

l’ l l’ : Photo-generated carriers
Depletion
region

pssub. pp F N N\ [|----F

L

*s22 Signal charges

\. Drift current
e Diff. current

“: Recombination
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Pinned Photodiode (PPD)

e Also buried photodiode (BPD)
* Has less dark current than a conventional PD
* Has an accumulation region with complete depletion

— Need precise fabrication process control
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Photo-Generated Carriers in PPD

?“grem ?‘hlne Potential well is separated from the trap.

Photo-generated carriers

/71 Depletion region
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Passive Pixel Sensor

* Advantages

. @

- very simple Sflil Cotumn

- large fill factor (FF) Vep [ Mg | outeutline
 Disadvantages pDA-TCop [T

- large smear (?) = £

- large kzTC noise

________ ko
- large column FPN J:::i-‘:: C,a
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Transversal Signal Line (TSL)

e Drastically reduces smear (?)

. . Row select line
* kgTC noise is reduced
Q
. . . . c
* Little switching noise . —o—"ud =
c
= Dgpy =5
8 —I 1 3
= Msg, c
g . PosaflMose E
o PO e 3
; o
£
©
o<
3 1C
c kel
E rrpses
5 e
Signal output line qﬂz w

Horizontal scanner
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Active Pixel Sensor, 3T-APS

* Basic pixel circuits

i
of a 3T-APS aod —4
VPD SE
@
B Vag | £
M 2
Vdd RS g
n-l-
- Mgs - E
RS —| 3
PD P-sub. O

R e e R LT PR R R P R P R P P e e e e L L LT ]
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Issues with 3T-APS

* Itis difficult to suppress k,TC noise
 PD simultaneously acts as a photo conversion
region. This constrains the PD design

* Full-well capacity and the conversion gain have a
trade-off relationship
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Active Pixel Sensor, 4T-APS

* Basic pixel circuits

of the 4T-APS

2
5
e
3
C
£
=

® P’ O

c ) FD

—_— n

5 PD P-sub

g L

o SRR o O N 0

- ¥

E ---------------------- I T - Vdd

O cTmmemmmmmmmmmmmmmm e oo

QO
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Issues with 4T-APS

e The additional transistor reduces the FF

* Image lag may occur when the accumulated signal
charge is completely transferred into the FD

e Itis difficult to establish fabrication process
parameters

Mixed-Signal IC Design for Image Sensor - Chih-Cheng Hsieh



Incomplete Charge Transfer

L N NN BN N RN BN BN TSN ST .

Complete transfer €
PD is depleted completely.

"""""""""""""" I /S
----------------------- - -- . - ----
.............................................. 0
I s | Vg
Incomplete transfer > s

Causes of image lag and noise
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Outline

* CIS Peripherals
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Addressing

Array

V-scan

DO D1 D2 D3 D4 D5 D6 D7

Decoder logic
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Random Access

* Typical method

Column output line
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Random Access

* A different types of random access
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Readout Circuits

e Source follower

|
VRS 3 Vou
Drs —|_ E
Mse| g, %
- gl:l_l E = r Time
= MseL ! /
Vout
— Csy
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Correlated Double Sampling (CDS)

 Eliminate thermal noise from reset transistor
e CDS types for CMOS image sensors

Category Method Feature Ref.

Column CDS 1 One coupling capacitor Simple structure but suffers [127]
from column FPN

Column CDS 2 Two S/H capacitors 1bid. [128]

DDS* DDS following colummn CDS  Suppression of column FPN [129]

Chip-level CDS I-V conv. and CDS inachip  Suppression of column FPNbut  [116]
needs fast operation
Column ADC Single slope ADC Suppression of column FPN [130,131]
Cyclic ADC 1bid. [132]

*double delta sampling.
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Column CDS

[ ]

: ------E[ﬂUTEEEE------ Prst_amp

1 ] [ ¥

! : VeLp _7_ : X

. . -> . CFB

" 1 PCLP SH coL —| ®
: 1 Cin ¥ v 1

|

O NN NN NN NN : 1 vv:b_kuideclglﬂ
1 cLpe
Pixel Cell ' % CsH
. VeLp I_ :
1
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CDS with Differential Output

e Typical circuitry for CDS with a 4T-APS pixel circuit

s

olumn output line

L |20 =
1 O Cs >_
) Output

b

=S
11

L]
|
0
ps.

<

L
=
|
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Timing chart of CDS

{DSEL

a[i

t.1 i 1-:4 Lt Time
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Alternative CDS

TL

Column output line

Output
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Differential Delta Sampling (DDS)

Column cell

_______________________

1
| 1
! :
X o
L : ! T i d i Prst_amp —»
1 | | o
: ! _-,.\ Cshr [ VoLp Video out
! , PCE ! +
SEL— A l | Prst_amp —»
F ""'I-..._H_ |

i v g
________ ;,_";"lrn_"_J lé t rGSHE — .
ixel ce ! SHS ;_ 4 | T

COL
_______________________________________
SEL — |
RST
T
I
SHR
SHS
Prst_amp |_| |_|7//A_|_|_|_|_|7//A_|_
i I_l i
PGBI_-' /’f rl
coL, /4 [ 7
PCB, A .
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Analog Front End

Pixel array Pixel array

How address
]
]

Row Address
anll
]

| [P R [ e —

' Column Amp
SH ey
PGA  ADC | Column ADC

SH SH
] |
-:r-l -:u-l -:rl -
Digital memory 4 >

Column address

Column address

(a) (b)

(a) Serial and (b) column parallel processors
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Analog-to-Digital Converters

* When the number of pixels increases, column parallel
ADCs are employed

- successive approximation ADC
- single slope ADC
- cyclic ADC
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Outline

* Design Considerations
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Reset Noise

* k;TC noise

12 = 4k, TR, Af

v 1 I
our (5) — .5 :jiﬂ'.
Vi RQHCPD-F -+ 1
] /‘}‘:‘ 4.‘71.'BTR(}H df R
-'I o — v
out — Jo (Zﬂ'Rgan)z 11 on
T
— ( .

2 -
‘Iam = (Cvour)” = ﬂ'ﬁ TC
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Reset Method

e Soft reset

-V, slowly reaches V-V, Vaa
- Image lag Mrs
‘I"ESj_l
* Hard reset i

- gate voltage is larger than V,,;, Vgs™ ‘I’RS'VPD"‘»*.., Y
PD

- reset action finishes quickly D

- k;TC noise
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Flushed Reset

e Hard reset first

e Then soft reset to

|D_ ush

reduce k;TC noise Maush

Column output line
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Dynamic range

* The ratio of the maximum signal range to the
minimum signal range

 Determined by two factors
- noise floor (min.)
- well charge capacity (max.)
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Color Reproduction

* There are three ways to realize color in a conventional
CMOS image sensor

- On-chip color filter type
- Three imagers type
- Three light sources type
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On-chip Color Filter Type

* Three colored filters are directly placed on the pixels
- RGB or CMY complementary color filters

Sensor with on-chip filter
Ye=W-B=R+G

Mg=W-G=R+B
Cy=W-R=G+B

(W indicates white)
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Three Imagers Type

* High color fidelity
 Complicated optics
* Expensive

Input light
% E Divided into three colors
with dichroic mirrors

[ A A B R B A A
FA A A A A T A R

Sensor Sensor Sensor
for Rlight for G light for B light
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Three Light Sources Type

 Mainly used in medical endoscopes
* Color fidelity is excellent
 Time to acquire a whole image is long

Monochrome sensor
7 7 7777
7 7 7
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Pixel Sharing

@ dMr1c2
d}TG ] Mg TG1 J_TG

My L
£ oty | 3
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Zigzag Placement of RGB Pixels

I
|

SEL

ouT

Mixed-Signal IC Design for Image Sensor - Chih-Cheng Hsieh



Comparison of Pixels

PPS 3T-APS 4T-APS (PD) 4T-APS (PG) Log

Sensitivity Depends on the Good Good Fairly good Good but poor
performance of at low light lev-
a charge amp el

Area consump- Excellent Good Fairly good Fairly good Poor

tion

Noise Fairly good Fairly good (no  Excellent Excellent Poor

kTC reduction)

Dark current Good Good Excellent Good Fairly good

Image lag Fairly good Good Fairly good Fairly good Poor

Process Standard Standard Special Special Standard

Note Very few com- Widely com- Widely com- Very few com- Recently com-
mercialized mercialized mercialized mercialized mercialized
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Comparison with CCDs

 Main differences between the architecture of CCD
and CMOS sensors

- signal transferring method
- signal readout method
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Chip Structure
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Accumulation Time

« CCD
- signal transfer gives the same accumulation
time for every pixel at any time
* CMOS image sensors —_—
- rolling shutter

http://dvxuser.com/jason/CMOS-CCD/ |
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Comparison Table

Item

CCD 1mage sensor

CMOS 1mage sensor

Readout scheme
Simultaneity
Transistor 1solation

Thickness of gate oxide

Gate electrode

Isolation lavers
Metal layer

One on-chip SF: limits speed

Simultaneous readout of every
pixel

Reverse biased pn-junction
Thick for complete charge
transfer (> 50 nm)

Overlapped 1st & 2nd poly-Si
layers

Thin for suppressing light guide
Usually one

SF in every colummn: may exhib-
it column FPN

Sequential reset for every row:
rolling shutter

LOCOS/STIT: may exhibit
stress-induced dark currents
Thin for high speed transistor
and low voltage power supply
(< 10 nm)

Polycide poly-Si1

Thick (~ 1um)
Over three lavers

%LDCDS: local oxadation of sihcon, ST1: shallow trench i1solation.
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