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Abstract: A detailed principle and a rigorous analysis of a new noise, the gate induced noise, in pixel MOSFET of CM OS
imagers are provided. The gate induced noise of the MOSFET is more notable in the strong reversion region than that in
the subthreshold region when the applied gate voltage is low. However, the applied gate voltage being up to 3V, the gate
induced noise is more notable with the «/ wp increasing when the MOSFET operates in the subthreshold region than that

in the strong reversion region. Between the photocurrent [y, and the root mean square value of the gated induced noise, cur-

.2 . .2 [ . . . . .2 .
rent i presents the relation of ije< [f, in the saturation region of the strong reversion and approximately i I in the
subthreshold region. A detailed and rigorous study of the gate induced noise in the reset MOSFET for the photodiode APS
and improved photodiode APS are provided. The improvement of logarithmic response APS is analyzed and the simulation

results show that the gate induced noise can be reduced.
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lumination. When MOSFETs are scaled into deep

[5

submicron regimel !, the gate oxide thickness will be

Introduction
reduced. When the thin gate oxide thickness, for ex-

All kinds of noise, such as thermal noise, fixed ample, is below 3nm, the gate induced noise will result

pattern noise, shot noise, and 1/f noise, have set the
fundamental limit in the design of analog circuits such
as bias circuits and readout circuit of CMOS image

[1.2]
sensor

, especially under low frequency linear ana-
log circuits'?. The noise is undesirable and fluctuating
information at random shown by current, voltage or
chargel **. This paper presents a new noise, the gate
induced noise in pixel MOSFET of CMOS imagers,

which sets one of the fundamental limits on high per

formance CM OS image sensor, especially under low il

in the direct tunneling current.

T he active pixel sensor has become mainstreams
in the design of CMOS image sensor because it has
more quantum efficiency, lower FPN, and larger dy-
namic range than the passive pixel sensor'®. The
standard photodiode for CMOS active pixel sensor
(CMOS APS), the three transistor photodiode pix-
ell”® is shown schematically in Fig. 1. Each pixel
contains a photodiode D, a reset transistor M1, a

source follower transistor M2, and a read transistor
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M 3. The standard photodiode APS reads out one row
at a time. At the end of each row’ s integration time,
the pixel values are stored in the column capacitors.
Then the row is reset and the stored pixel values are
read out via the column multiplexer. During one read-
out circle, the M 1 in the pixel is reset and the stored
pixel values at the node A capacitor are read out via
M2 by the way of the logarithm integration. Finally
the read M3 is set to a high voltage and the read circle

of the pixel values is finished.

Vi é
Reset—| [ M1 Va =
A Read
\:‘ p M2| |
1 M3

Fig. 1 Standard photodiode CMOS APS circuit

Because the M1, M2, and M3 are in the same
pixel cell exposed in the light circumstance, those
transistors are easy to be subjected by the incidence
light when the CMOS imager operates. When the
light shows on the operating chip, the photoelectrons
may be excited in the polysilicon gate of MOSFET
device and then bring about the gate induced noise,
which will beget the gate voltage’ s fluctuation so as
to result in the channel current’ s fluctuation via the
gate capacitance. Moreover the radicalization from the
environment and the variation from low temperature
to high temperature also excite excess electrons in the

polysilicon gate of MOSFET devices.

2 Principle and analysis of gate in-
duced noise

2.1 Gate induced noise model

T he excited photoelectrons when the light shows
on MOSFET device, and the excess electrons due to

the radicalization from the environment and change

able temperature, will beget the gate voltage’ s fluctu-
ation so as to result in the channel current’ s fluctua
tion via the gate capacitance. We define the root mean
square value of the noise current ij as the magnitude
of the gate induced noise. The ij obeys the noise pow-
er density function

ia= Sif)af (1
where Af is the testing bandwidth; S1(f )= 4kT vg s
is the power spectrum density of the fluctuation i in
the unit bandwidth around the frequency f; v(= 1
when in the linearity region, = 2/ 3 when in the satu-
ration region) with an infinitude measurement factor
reflects the influence of the channel thermal noise due
to the underlay deflection effect; g, is the saturation
stride.

Assumed that the gate voltage varies with A Vg,
the inducing charges AQ, in the MOSFET channel
are equal to the gate charges with the opposite symbol
by the coupling of the gate source capacitance C..

AQh= ChaVE (2)

Cg= Co WL is the total gate source capacr

where
tance.

The i]results from the fluctuation of the channel
barrier distribution, which varies with the change of
the channel. On the assumption that the electric field
on some spots in the MOSFET channel is a constant,
the i satisfies the follow ing formula relative to the

channel inducing charges AQ,,

ii= (jorQ.)?

where © is the angle frequency.

(3)

The formula (2) is substituted for the formula

(3). B -
ii= O’ CLAVE (4)
On the other hand, the gate voltage fluctuation
AV results in the drainsource current’ s variation. If
both A V¢ and i, approximately meet the small signal
current-voltage relation, therefore
.i.z1= (gmh Vl;)2 (5)
The formula ( 1) substitutes for formulas ( 4)
and (5), and the MOSFET cut-off frequency is wr=
&ms! &

T ATV gl )P (6)
1]--[-



9 il Jin Xiangliang et al. :

Principle and Analysis of Novel Gate Induced Noise ... 923

And the S((f) = i_?p' Af denotes the noise frequency

chart changing with the frequency f, therefore

S|(f) = 4kTngs(i)2 (7)1

2.2 Analysis of gate induced noise

2.2.1 MOSFET operation in saturation region of
strong reversion.

Ignored the influence of the underlay resistance

rate and the cascade draimsource resistance, in the

saturation region the MOSFET transconductance,

g ms 18 equal to

waw C o
Sms = L l( V(;_ VT) (8)

Figure 2 shows that the average square value
,,fo|(f) is relative to the «/ wp and the V- Vi
when the MOSFET operates in the saturation region

of the strong reversion under the consideration of W/

L=1, Co= 3.45% 10" F/cm? and T = 300K.

3n

Fig. 2 ,;":S' i(f) versus both o/ wp and V- Vi

when MOSFET operating in saturation region of strong

reversion

2.2.2 MOSFET operation in saturation region of
weak reversion( Vpg 23 Vin)
The MOSFET transconductance, g.., in the

weak region is as following,
W 1
ms = I, X IDOX H-V[i exp[( V(}_ VT)/H' Vlh]

(9)
where V= kT/q, k(= 1.381x 10" *J/K) is Boltz
mann constant; T is the absolute temperature; ¢ ( =

1.6 x 10" "C) is the charge; I'po and n are technology

parameters and their typical values are Ipp = 20nA

and n= 2. At the room temperature, V, is 26mV.

Figure 3 shows that the average square value ’Sl(f)
is relative to @/ op and the Vg— Vi when the MOS-
FET operates in the saturation region of the weak re
version under the consideration of W/ L= 1and T=

300K.

Fig. 3 ,,-’IS |(,f) versus both o/ wp and Ve- Vo

when the MOSFET operating in saturation region of

weak reversion

When the working frequency of the MOSFET
device is a constant, the gate-induced noise of the
MOSFET is bigger in the strong reversion region
than that in the subthreshold region under the lower
gate voltage. As the applied gate voltage goes up, the
gate induced noise of the MOSFET operating in the
subthreshold region ascends in term of the exponential
law. On the other hand, the applied gate voltage being
up to 3V, the gate induced noise is more noticeable
with the @/ oy increasing when the MOSFET oper
ates in the subthreshold region than that in the strong
reversion region. This is because the saturation
transconductance, g s, is linear in the strong reversion

region, but exponential in the subthreshold region.

2. 3 Relation between photocurrent and gated inm
ducing noise current

The relation between photocurrent and the gat-
ed-inducing noise is deduced as following. The root

. .2 . e
mean square value of the noise current i satisfies for

mula ( 6). Therefore, the .r,_:“; is linear with the g,..
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When the reset MOSFET operates in the saturation
region of the strong reversion ( Vp= Vg— Vi), the
[-V relation is following formula ( 10).

w, WC o u, WC

o, (V- 21 Vh(10)

Ip= Vi)? =

From formulas ( 8) and ( 10), we can draw

éu.,l WC

IJ L I'v

Zms = (11)

when the reset MOSFET operates in the subthreshold

region, the /- V relation is following the equation.

Ip= W, Inoexp/ (Vo= Vi)/nVal( Vos 23 V)

L
(12)
From formulas (11) and (12), we can draw
I'n
Ems= Ly, (13)

T herefore, from both formulas (6) and (11) or
from both formulas (6) and ( 13), we can respectively

draw the same relation between photocurrent I and

i3 in the saturation region of the strong reversion or in

the subthreshold region. T he gated-induced root mean

square value of the noise current ij and photocurrent
. .2 [ .

I'p presents the relation e I in the saturation re

gion of the strong reversion and approximately linear

. .2 . .
relation ijj o</ in the subthreshold region.

3 Analysis of gate induced noise in
reset MOSFET for APS pixel

In this section the gate induced noise in reset
MOSFET for APS pixel is analyzed. An improved
logarithmic response APS circuit is provided and ana-
lyzed for reducing the gate induced noise, and the

simulation results are given.
3.1 Improvement of photodiode APS circuit

Compared with the standard-photodiode APS, a
spill transistor M4 is added, which is held at a con-
stant potential of approximately 1.2V, shown in Fig.
4. If the scene dynamic range exceeds the sensor dy-
namic range, portions of the image will be clipped in
either dark or bright regions. The improved photodi

ode APS circuit can increase the dynamic range of

CMOS imagers in Reference[ 9], which is originally
used to improve the dynamic range in CCD pixel. In

this paper it can reduce the gate induced noise.

| g
v i
Heset—‘ M1 dd -3
A Read
M2
Vi~ [ ma L
M3
N\

Fig. 4 Improved photodiode APS circuit

3.2 Discussion and simulations

The gatesource capacitor of the gate induced
noise of the photodiode APS or the improved photodr
ode APS depicted in Figs. 5 (a) and (b) are the feed
through due to the gate to source overlap capacitance.
To be simple, an assumption that the equivalent ca
pacitance of the follower transistor M2 has been ig-

nored is taken. In the improved photodiode APS,

Fig. 5

APS or improved photodiode APS and equivalent dia

Diagram of gate induced noise of photodiode

gram (a) Photodiode APS; (b) Improved photodiode

APS; (¢) Equivalent diagram

the equivalent capacitance of the photodiode can be
neglected due to the segregating spill transistor M4,
In the node A, we can use the equivalent circuit that a
current source injects a capacitance where [ is the
photocurrent, iy is the dark current, and iy is the
gate induced noise current. There exists a relation as

following on the capacitance C,
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4
£=Caaz (14)

When the ¢ is a constant, the AV will decrease
. oV . . .
as the variety rate 0, 8 slower, since the capacitance

C becomes large and therefore the improved photodi-
ode APS can reduce the gate induced noise. Due to the
Miller affect, the photodiode APS’ capacitance at the
node A is given by

C= Cg,‘|+ _fl— A\-|)Cg'|]+ C'l (15)
where A,y is the M1 voltage gain, Cy, is the gate
source capacitance, Cg is the gate drain capacitance,
and C, is the equivalent capacitance of the photodi
ode. On the other hand, the improved photodiode
APS’ capacitance at the node A equals the Miller ca

pacitance of the M1 and M4 drairrsource.

! A\-4_ l

C = Chat (1- A)Can+ Cyat A Cona
vd

(16)
where the A .4 is the M4 voltage gain, C44 is the
drain-source capacitance, Cq4 is the gate drain capacr
tance. In general, the typical equivalent capacitance of
the photodiode C4 is about 1pF, the typical draimr
source capacitance C g4 varies from 0. 1pf to 1pF, the
gate-drain capacitance Cgg4 is from 1pF to 10pF and
the absolute value of the voltage gain A 4 is equal to
the multiple of the transcondutance g4 and the out-
put resistor at the node A. The gate induced noise de-
creases for formula ( 14) and then the improved pho-
todiode APS improves the antrdisturbance and sensi-
tivity.

A transient sine voltage source with 1M frequen-
cy and 250V amplitude is applied as the gate voltage’
s fluctuation. Based on the technology TSM CO. 5, the
fourier analysis diagram of both standard photodiode
APS and improved photodiode APS restraining gate
induced noise has been obtained. From the Fig. 6 the
improved photodiode APS restraining the gatein-
duced noise is better than the quaststandard photodi

ode APS.

Output noise voltage /(V - Hz i)

120

f/MHz

Fig. 6 Fourier analysis diagram

diode APS; (b) Improved photodiode APS

(a) Standard photo-

4 Conclusion

The paper presents the gate induced noise and
provides a detailed and rigorous principle of the gate
induced noise in pixel MOSFET of CMOS imagers.
We can draw some conclusions, which show that the
influence of the gate induced noise is different due to
the difference of the working frequency and the ap-
plied gate voltage, when the MOSFET is operating in
the subthreshold region or in the strong reversion re
gion. The gate induced noise of the MOSFET is more
noticeable in the strong reversion region than that in
the subthreshold region when the applied gate voltage
is low. However, the applied gate voltage being up to
3V, the gate-induced noise is more noticeable with the
@/ @y increasing when the MOSFET operates in the
subthreshold region than that in the strong reversion
region. On the other hand, the gate induced root mean
square value of the noise current ij and photocurrent
I'p present the relation £{2| oc ._."II_D in the saturation re-
gion of the strong reversion and approximately linear
relation i e I'y in the subthreshold region. Appling a
transient sine voltage source with IM frequency and
258V amplitude substitutes for the gate voltage’ s
fluctuation, the improved photodiode APS restraining

the gate induced noise is lower than the standard pho-
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todiode APS.
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