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Abstract— CMOS image sensors are nowadays extensively used The first part of sectiofl gives a description of the low

in imaging applications even for high-end applicatins. This is
really possible thanks to a reduction of noise obtaed, among
others, by Correlated Double Sampling (CDS) readout Random
Telegraph Signal (RTS) noise has thus become an issioe low
light level applications especially in the contexbf downscaling
transistor size. This paper describes the analysisf in-pixel
source follower transistor RTS noise filtering by MS circuit.
The measurement of a non Gaussian distribution witta positive
skew of image sensor output noise is analysed. Imga of
dimensions (W and L) of the in-pixel source followeris
demonstrated. Circuit to circuit pixel output noise dispersion on
12 circuits coming from 3 different wafers is alscanalysed and
weak dispersion is seen.

Keywords—Low-frequency noise, CMOS image sensor, RTS
noise, Correlated double sampling, noise dispersion

[. INTRODUCTION
CMOS image sensors are nowadays widely used
commercial applications and even for space apphica{l].

The use of CMOS standard processes for image sens]gg

developed for digital and mixed signal applicatios® really
attractive particularly for their low power consutiop,
applicability for on-chip signal processing?] and large
availability. During last ten years, lots of workave been
done in order to improve image sensor performateasvery

frequency noise and particularly the RTS noise disd
parameters. Then, standard CMOS image sensor eatthi¢
with CDS readout mode and noise sources are descrithe
last part of this section is devoted to the impgHdRTS noise
of in-pixel source follower transistor on the semsmtput
noise response. Sectidh presents the test vehicle and the
noise measurement results. Circuit to circuit nolsgponse
dispersion is also given. Sectitwi is dedicated to the impact
of the in-pixel source follower transistor size the output
noise response of the test vehicle. Cumulativeoisims of
noise output response are analysed in order toiiags to
reduce RTS noise impacts. Finally, in sectigra conclusion
is done and the perspectives of this work are given

II. Low FREQUENCYNOISE INCMOSIMAGE SENSORS

A Low Frequency noise and RTS Noise Modelling

rThe use of large area MOS transistors leads to low
equency noise (LFN) showing a 1/f Power Speddahsity
(PSD). This is well characterized by the use ofrappate

models known as McWhorter modggl] dealing with carrier
number fluctuation, Hooge modf8] dealing with mobility
fluctuation or the unified mode[9] dealing with carrier

high level. These performances have been significannumber fluctuation inducing mobility fluctuation.

enhanced with the use of CIS (CMOS image sensogesses
31, [4], [5]-

Image sensor key parameters are Quantum Effici6QEY,
Conversion Gain (CG), Full Well Capacity (FWC), BRar
Current (DC), Noise, Photo-Response and Dark Sifylwa-
Uniformity (respectively PRNU and DSNU) and Modidat
Transfer Function (MTF). In order to increase theep
photosensitive area, the use of aggressive techiesicand
small MOS transistors in the pixel are requiredafTleads to
an increase of MOS transistor low frequency noi$e use of
4T photodiode pixels, also known as “pinned” phatdéd,
and a Correlated Double Sampling (CDS) circuit ard
associated
photodiode reset noise (KTC noise) which is usuthléymajor
noise contributor. This noise reduction reveals R@ndom
Telegraph Signal (RTS) noise impact of the in-pigelirce
follower transistor. This RTS noise becomes anedsu the

low light sensitivity applicationfs].

readout mode allow the elimination oé th
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Fig. 1 : Power Spectral Density of a small MOS siator with RTS noise
coming from one defect at Si/SiO2 interface

For small devices (gate area<lpum?), LFN does notvsh
1/f PSD. The carrier number becomes small
trapping/detrapping events, caused by individuakrface
defects at Si/SiO2 interface, yields to discretairdicurrent

and



fluctuations. In the case of one defect, the PSDoimes a are the MOSFET dimensions amg and x are fabrication
lorentzian spectrum. Fig. 1 illustrates the PSD sueed for a process constants.
small MOS transistor (gate area<lpm?) in UMC 0.85QIS  The probability of trap occupancy (PT@)2], shown by

technology. This result confirms the lorentzian cpem  equation (4), can be deduced from equations (1 2nd
depicted by the following PSD:

A Te —(Ti+ri).t
Storenrzian = §)> Where:Ais a constant P(t) = I +7 +Ke == (4)
1+~ is the corner frequenc e ¢
[ OJ b quency This equation (4) depicts the trap probability &odzcupied

Temporal current fluctuation measurements wesd every moment. In steady state, the PTO becag(es+1.).
performed on the same MOS transistor and the eesuk In multiple level RTS noise, "2discrete levels of drain

shown in Fig. 2. current can be observed with N being the numbérapt

‘ ‘ In order to model the impact of RTS noise on the@M
ssoul ] image sensor noise response, a detailed descriptisansor
323 ] architecture and readout sequence is done in tkiepaet of
a2z : this section.

S B. CMOS image sensor architecture and readout sequence

319 A common CMOS image sensor readout circuit
e ] architecture is shown in Fig. 4. It is composed of:
z:: * a photo-element : a photodiode, or a pinned phottei
' associated with a transfer gate

15 L L
3'5“.575 1.58 1.585 1.59

te) * a reset switch allowing to reset the photo-elenoerthe
readout node

Fig. 2 : Temporal current fluctuations due to RTiEse - . . . .
* an in-pixel source follower which drives the sigfraim

Fig. 2 depicts a two level RTS which is confirmeg the pixel to column readout circuit
output signal temporal histogram in Fig. 3-a shawimwo « a double sample and hold circuit for reference and
peaks. integrated signal level

* an output stage allowing to drive the signal offpobr on
chip for additional processing
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Fig. 3 : RTS noise example coming from one defe&iksiO2 interface of a i i speeeer et
small MOSFET i oo
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Fig. 4: Common readout circuit architecture of a@®Mimage sensor

Ao _p9n 9 [ %1|(3) For a pinned photodiode pixel, before the beginmifithe
| Ip WLGC, t . T ) . .
b b % oX integration time, the photodiode is emptied by gharansfer

i ; hanism. Before the end of integration time, résdout
Equations (1), (2) and (3)10] and [11], depict these o ,
parameters wherdEg is the trap energy levehEc is the node is reset by the reset MOSFET (command sig&dlR

difference between energy levels of conduction bemdltrap, This level, called reference, is sampled and hetimnand

) . ; . ignal SHR) in the column readout circuit in thdéerence
0p is the trap section,txis the distance between trap ana

SI/SIO2 interface,  is the gate oxide thickness, T is th(?nhannel via the in-pixel source follower. At thedeof the
-~ : g tegration time, charges integrated in the phatdei are
temperature, k is the Boltzman constaptid the MOSFET g g g P

. . transferred (command signal TG) in the readout ndde
drain current, gm is the MOSFET transconductancend/ L voltage level corresponding to the integrated obmrgs



sampled and held (command signal SHS) in the columnFor a two level RTS noise, three states can be. Sderse
readout circuit of the signal channel. Video sigmaltage three states correspond to the four ways that dhepkes are
level results from the subtraction of the two sasplaffected by RTS noise.

(reference and signal). Thus, CDS readout is donehls
sequence. CDS readout allows:

Equation (5) shows the time domain operation cdraet
by the CDS circuit and the chronogram depictedign b.

The histogram shown in Fig. 7 presents the noisdialp
distribution at the sensor output. It has a nonsgeun shape
to eliminate reset noise coming from the reset ®fith a positive skew. This positive skew comes frdine
the readout node (capacitance) due to RSignificant RTS noise of the in-pixel source follew
transistor thermal noise impacting on the image sensor output noise respdisg is a
to remove pixel to pixel Fixed Pattern Noise (FPIf8ature of the RTS noise impd6i.
due to in-pixel source follower offset dispersion The next sections deal firstly with the descriptadrthe test
from pixel to pixel image sensor used and impact of circuit to cirdispersion
to reduce low frequency noise by CDS high pasm the pixel output noise distribution. Then, threp noise
filtering function. distribution, affected by the RTS noise, is anadyseith
regard to the in-pixel source follower size impddiis impact
is also analysed with regards to circuit to circligpersion.

Vs(t) =V, 0 [8(1) - 6t -Tp)] (5) .
- : ‘
o ni , .
susk 11 | 3 g i a0 POSITIVE SKEW
— i i 5»
. b =15
a) Synoptic b) chronogram ol
Fig. 5: Synoptic and chronogram of CDS system 5 1
g ynop 9 Y 1 .I.'.ﬂ-l.hl =

C. RTS noise impact on CMOS image sensor noise respons
As can be seen inlI§B, CDS principle requires two

160 150 200 250
PIXEL OUTPUT NOISE DISTRIBUTION (uV rms)

Fig. 7: Pixel output noise distribution at the sermsutput

samples which are provided by the in-pixel souraiofver

transistor.
pixel voltage response at the image sensor outhatwws

I1l. CIRcUIT TO CIRCUIT DISPERSIONIMPACT ON PIXEL
OUTPUTNOISEDISTRIBUTION

If this transistor produces significRTS noise, the

different levels areas as depicted in the outpyriaditemporal

histogram (Fig. g)13]. Reference level and voltage leve
corresponding to the integrated charges are thesawmoples
taken at different moment.

This result comes from a test image sensor using
photodiodes and designed in UMC CIS 0.35um (desdrib

sectionlll).
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ﬁ. Test Image Sensor Description

The test image sensor of 3T photodiode pixels igudti-
linear sensor with 1 double line and 9 single lidedicated to
gyshbroom image acquisition. Pixel pitch of theldeuine is
7.5um. Single lines are composed of various pbitdhps:
7.5um, 15um and 15x45um. Reset noise is elimintizaoks
to a special sequence allowing CDS readout. Twglsilnes,
with 7.5um, are dedicated to noise analysis andialheRTS
noise analysis. These single lines are composetl grbups
(638 pixels) of pixels with different in-pixel sag follower
sizes (WI/L). So, eight in-pixel source follower esizariations
are designed in this test vehicle (see Table 1).

TABLE |
IN-PIXEL SOURCE FOLLOWER SIZE VARIATIONS

A special sequence allows the CDS readout.

SHS

SH SHR SHS

ZALE'

TIME (s)

5
&
3

&
3

8
3

WIL IN MICRONS
PART N°1 | PARTN°2 | PART N°3 | PART N°4
LINE N°1 1.5/0.5 1.5/0.65 1.5/0.8 1.5/1
LINE N°2 1/0.5 1/0.65 1/0.8 11
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Fig. 6: Histogram of a pixel output signal subjezsignificant RTS noise of

=1
8

Twelve circuits were tested from 3 different wafers
e 7 circuits from wafer #4
e 4 circuits from wafer #5
e 1 circuit from wafer #1

0.0195

0.02 0.0205 0.021 0.0215 0022
PIXEL OUTPUT SIGNAL AFTER CDS (V)

Fig. 8 shows the packaged circuit photography.

in-pixel source follower transistor



Fig. 8: Test image sensor microphotography

B. Pixel Output Noise Distribution Dispersion

Pixel output noise was measured on the 12 cirfngta the
different wafers in order to show the noise disjoers
Cumulative histogram with log scale is chosen teehthe
best view of the positive skew of the distributievhich
depicts the RTS noise behaviour. Fig. 9 illustrates
measurement results.
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Fig. 9: Cumulative histogram of the pixel outputiseodispersion from 12
circuits

It can be noted that dispersion of the pixel outpaise
distribution is weak. Only some very noisy pixele apread
at the end of the distributions. As a general rdistribution is
well-centred.

10° . . : :
—W/L=15/0.5
-=-W/L=1.5/0.65
‘‘‘‘‘‘‘ WiL=1.5/0.8
- -~ WIL=1.5/1
o,z
g’ 4
o
[T
(o]
x
w
m 1
=10
5
=
-
10" ‘ . . K L ik L ‘
[) 50 100 150 200 250 300 350 200

READOUT NOISE, pVrms

Fig. 10 : Cumulative histogram (log scale) of pigatput noise for W=1.5um
and L variations of in-pixel source follower trasteir

IV. PIXEL OUTPUT NOISEANALYSIS IN FUNCTION OF THEIN-
PIXEL SOURCEFOLLOWER SIZE

Noise measurements were done with each differepixiel
source follower size. Cumulative histogram of pixeltput
noise for W=1.5um and L variations (0.5 to 1um)ttad in-
pixel source follower transistor is shown in Fi@. 1

As can be seen, distribution positive skews arahsame
for the different W/L. These slopes increase asirhedision
increases which means there are less noisy pikalS (hoise
amplitude decrease).

Same measurements were done with a fixed W of Ipdn a
a L variation (0.5 to 1um). These measurement tesre
presented in Fig. 11. Once again, different slopasthe
distribution skew are seen. The slopes increasd Wit
dimension.
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Fig. 11 : Cumulative histogram (log scale) of pirekput noise for W=1pm
and L variations of in-pixel source follower trastsir

A comparison between two W sizes can be founddn R2.
Again, the slope increase when W increases.
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Fig. 12 : Comparison of cumulative histogram (lamls) of pixel output
noise for W/L=1.5/0.5, W/L=1.5/1, W/L=1/0.5, W/L=bf the in-pixel source
follower transistor

Our results indicate dependence of RTS noise amciglibn
both W and L. Equation (6) shows this dependendyefea
is a constant depending on the technology, biaaimd trap
location).

a
RTSwpLiTupe = WL (6)



Martin and a[12] show RTS noise dependence only with regarding RTS noise reduction when L and W increase
dimension. Their work was based on single transistour Whatever the circuit to circuit dispersion. This rkagives

results, obtained from imagers, demonstrate RTSsenofeveral perspectives in order to understand the RGiSe
dependence with the both dimensions W and L, ﬁw mechanism. Future works will focus on the RTS noise

obtained by Lahav and Hi5] distribution which can be deduced of pixel outpuise
' f histogram. This RTS noise distribution will help tasfind a

Same measurement on pixel output noise dispersam o
P P P model for W and L variations.

circuit to circuit was done with the various in-gixsource
follower size variations.Measurement results for MBgm

. . . ACKNOWLEDGMENT
and L variations are shown in Fig. 13.
The authors want to thank Paola Cervantes from
3 . . . .

10 T R ‘ ISAE/CIMI group, Sai Guiry and Michel Breart de Banger
from EADS-Astrium for the measurements, Franck Goeb
and Nicolas Huger both from ISAE/CIMI group for tlesign

9 10%| 0.6, | of the test vehicle. The test image sensor walicded by
= ' ISAE and EADS-Astrium.
[’
o
ﬁ REFERENCES
2 10'L L:mm/ [1]  Michel Bréart de Boisanger, Olivier Saint-Pé, Fiancarnaudie,
= Saiprasad Guiry, Pierre Magnan, Philippe Martin-Ba@r, Franck
Corbiére, Nicolas Huger, Neil Guyatt, “Cobra, A Ci&pace
Qualified Detector Family Covering The Need For M&eo And Geo
i ‘ O B i1l Optical Instruments” , Proc. ‘7th Internat. Confh Space Optics’,
50100 150 2 350 400 450 500 550 600 TOULOUSE, FRANCE 14-17 October 2008
READOUT NOISE, uVrms [2] S. Rolando and al, «<CMOS image sensor combiningtedetection,
) . . . ) . . localization and intensity measurement», XX| Coefere on Design of
Fig. 13: Cumulative histogram of the pixel outpwise dispersion from 12 Circuits and Integrated Systems, DCIS, Barcelon@2Rlov. 2006.
circuits for W=1.5um and L variations [38] M. Furumiya and al, « High sensitivity and No-Ctadls pixel

; technology for embedded CMOS Image Sensor », Bleddevices,
The results show a clear tendency of the RTS noise IEEE Transactions on. Vol. 48, NO. 10, October 2001

reduction when L increases despite the circuit B@UE [4) K. ihara and al, « A 3.7 x 3.7 fiisquare pixel CMOS image sensor for

dispersion. digital still camera application », in ISSCC Teélig., Feb. 1998, pp.
This is also confirmed by Fig. 14 showing the cuativk 5 éSZE;l?(?*- dal <A 4 dicital CMOS | e
; ; : ; ; .-B. Kwon and al, « An improved digita image in Proc.
h_|st0_gram of t_he pixel output .no.lse dispersion fribwn twelve IEEE Workshop Charge-Coupled Devices and Advancedgé
circuits for W=1um and L variations. Sensors, June 1999, pp. 144-147.
3 [6] K. Findlater , J.M Vaillant, D.J. Baxter, C. Augidd. Herault, R.K.

10 T T T T

Henderson, J.E.D. Hurwitz, L.A. Grant and J-M Vplte Source
follower noise limitations in CMOS active pixel Sems”, Detectors
and Associated Signal Processing. ProceedingseoSPIE, Volume
5251, pp. 187-195 (2004).

] [71 A. L. McWhorter, 1/f noise and germanium surfaceoperties.
Semiconductor H. Surface Physics (1957)

[8] F.N.Hooge, 1/f Noise is no surface effect. Phg/sietters (1969)

[9] Hung, K.; Ko, P.; Hu, C. & Cheng, Y. “A unified mebffor the flicker
noise in metal-oxide-semiconductor field-effectnsistors”, Electron
Devices, IEEE Transactions on, 1990, 37, 654-665

[10] M.J. Kirton et al., “Noise in Solid-State Microsttures: A New
Perspective on Individual Defects, Interface States Low-Frequency
(2/f) Noise”, Advances in Physics, Vol. 35, Nop$,367-468, 1989.

[11] Simoen, E.; Dierickx, B.; Claeys, C. & Declerck, G.

700 800 Explaining the amplitude of RTS noise in submicrtendMOSFETs

NUMBER OF PIXELS

i | iIiEEE ks
100 200 30 600

0 50
READOUT NOISE, pVrms Electron Devices, IEEE Transactions on, 1992, 22;429
[12] Van der Wel, A. P.; Klumperink, E. A. M.; Kolhatkal. S.; Hoekstra,
Fig. 14: Cumulative histogram of the pixel outpaise dispersion from 12 E.; Snoeij, M. F.; Salm, C.; Wallinga, H. & Nauf, “Low-Frequency
circuits for W=1.5um and L variations Noise Phenomena in Switched MOSFETSs” Solid-Stateults, IEEE
Journal of, 2007, 42, 540-550
V. CONCLUSIONS [13] Xinyang Wang; Rao, P.R.; Mierop, A.; Theuwissen).R., "Random

Telegraph Signal in CMOS Image Sensor Pixels," tkdec Devices

This work shows the impact of the in-pixel sourotiower Meeting, 2006. IEDM ‘06. International , vol., npp.1-4, 11-13 Dec.

RTS noise on pixel output noise response. CDSifilgewith 2006
regard to RTS noise is analysed. Measurement seshliw [14] Martin, S.; Li, G.; Worley, E. & White, J., “Modelg the bias and
also a strong dependence of the RTS noise to L \&hd scaling dependence of drain current fluctuations tlusingle carrier

. . . . . trapping in submicron MOSFET's”, Device Researchf€®nce, 1996.
dimensions of the in-pixel source follower transist Digest. 54th Annual, 1996, 116-117

_Increasing L and W dec_rea_ses the _nOi_Sy pixel r_lumlm] Assaf Lahav, A. F. & Shiwalkar, A., “Optimizationf cRandom
impacted by RTS noise. Circuit to circuit pixel put noise Telegraph Noise Non Uniformity in a CMOS Pixel with pinned-

response is also studied. A clear tendency is detraind photodiode”, International Image Sensor Workshqp,219-223, June
2007.



	Article.page_de_garde
	DCIS09_MARTIN-GONTHIER_final_version.pdf

