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ABSTRACT

Nowadays, CMOS image sensors are widely considéoedspace applications. Their performances haven bee
significantly enhanced with the use of CIS (CMOSgm Sensor) processes in term of dark current,tgumaefficiency
and conversion gain. Dynamic Range (DR) remainsngportant parameter for a lot of applications. Mas$tthe
dynamic range limitation of CMOS image sensors coifnem the pixel. During work performed in collabtion with
EADS Astrium, SUPAERO/CIMI laboratory has studieiffedent ways to improve dynamic range and tesicstres
have been developed to perform analysis and clesization. A first way to improve dynamic rangelvaié described,
consisting in improving the voltage swing at thegbioutput. Test vehicles and process modificatimasle to improve
voltage swing will be depicted. We have demonstiaevoltage swing improvement more than 30%. A sdomay to
improve dynamic range is to reduce readout noiseei readout architecture has been developed tmrperé
correlated double sampling readout. Strong readoise reduction will be demonstrated by measuresngetformed on
our test vehicle. A third way to improve dynamioga is to control conversion gain value. Indeed3 ihMOS pixel
structure, dynamic range is related to conversain through reset noise which is dependant of glote capacitance.
Decrease and increase of conversion gain have feéormed with different design techniques. A gaodtrol of the
conversion gain will be demonstrated with variatiothe range of 0.05 to 3 of initial conversiorirga
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1. INTRODUCTION

CMOS image sensors are nowadays extensively cassider several space applications. CMOS standewdesses,
which are developed for digital and mixed signapleqations, are really attractive particularly besa of their low
power consumption, applicability for on-chip signptocessing and large availability. However, eledptic
performances are often inadequate for high endagtjgins. Several ways have been explored to impimage sensor
performances to a very high level [1] [2] [3].
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parameter for a lot of applications. Most of theaayic range limitation of CMOS image sensors cofr@s the pixel
itself. During programs performed in collaboratigith EADS Astrium, SUPAERO/CIMI laboratory has sied
different ways to improve it and test structuregehbeen developed in order to perform analysiscliagacterisation.

remains an important

Section 2 defines the dynamic range equation foM&®S image sensor for a common readout circuit amag of two
stages . This equation highlights parameters winiglact strongly the dynamic range.

Section 3 presents the first way to improve theatiyic range. It consists in increasing the voltageg at the output of
the pixel. In collaboration with the foundry, pr@semodifications were made to optimize implantisg#t in order to
enhance threshold voltage and reducing body eféécMOS transistors in the pixel. Test vehicle anadgess
modifications are depicted.
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In section 4, a new architecture allowing to imprdfaie dynamic range is depicted. This architectadeices readout
noise. In the common photodiode pixel, so calledp®el with 3 MOS transistors in-pixel, noise fromset phase

generally dominates other noise sourcésék(-r— for hard reset or close t 2(ij for soft reset with g : photodiode
“PH

PH
capacitance). This readout architecture has beeglajed to perform a correlated double samplingleea Details are
given and strong readout noise reduction is dematest by measurements performed on our test vehicle

Section 5 presents a third way to improve the dyoaenge. This technique consists in controlling ttonversion gain
value for different pixel. Indeed, in 3 TMOS pixgtucture, dynamic range is related to convergamin through reset
noise which is dependant of photodiode capacitabDeerease and increase of conversion gain for @ngpixel pitch
(13um) have been performed with different deseghhiques. A control of the conversion gain will demonstrated
with variation in the range of 0.05 to 3 of init@dnversion gain.

In conclusion of the paper, a review of improverseobtained on voltage swing, conversion gain aridentevel is
made to understand impact on dynamic range.

All the test vehicles presented in this paper vaersigned by CIMI and co-funded by CIMI and EADSAsh.

2. DYNAMIC RANGE DEFINITON FOR CMOSIMAGE SENSORS

In this section, a definition of the dynamic rarfge CMOS image sensors is explicated. For a systerdepicted in
Figure 1, the output dynamic range of a CMOS insagesor is defined by :
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With : Vumax = Maximum linear voltage on the photodiode (od@# node) ; :

Vpark = Voltage due to dark current i

Vnoise_parc= Noise voltage due to dark current SAMPLEAND i  QUTPUT STAGE

Vreser = Noise voltage due to reset phase HOLD CIRCUIT & (source follower)

Vreapout noise= Noise voltage due to readout circuit *
Aot = Readout circuit gain*

* including pixel column and output stage

Figure 1 : Photo element and readout circuit
synoptic

The readout circuit is generally differential. Theset noise is affected by this differential reddoweset noise is
doubled. The ¥eapout noisetakes into account this readout circuit feature.

The dynamic range can be expressed pyR = Vuax ~Voare
V2
V§O|SE park T ZVRZESET + READOL;T_NOISE
- Aror
The noise voltage for the reset phase is giveh’,@gr = [4][5][6] andGC_PH =4
PH PH

With o : coefficient between 1 and @ =1 for hard reset mode a2 for soft reset mode
&_pn:Conversion gain on the integration node (or readode)
Cr : Capacitance on the integration node (or readode)
Using the previous definition of noise voltage floe reset phase, the dynamic range becomes :
DR = Viunx ~Voarc (1)

2
V2 +2 KT G + VREADOUT7N0I55
NOISE_DARK CTC] C_PH A?
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In order to illustrate the previous equation, faling figures show the impact of the various pararsbn the Dynamic
Range. In case of 4T photodiode or 3T photodiod®aated with a special readout circuit implemeatat the

KT
—G, py term (reset noise) is cancelled by the Correl&edble Sampling (CDS) mode [7].
aq -

Figure 2 shows variations of dynamic range versyal pitch in case of “hard reset” mode, “soft i8saode and CDS
mode for the CIS 0.35um process considered. Otharanpeters are fixed Wx=1V, Tnt=10ms,
Vreapout noise= 150V, Aor=0.6, $ark=200pA/cm? (dark current density). Active part iretpixel stays constant so
fill factor decrease with pixel pitch. These curgg®w that for both “hard” and “soft” reset modie dynamic range is
increasing with pixel pitch. This increase is doeréset noise dependence on pixel pitch. The dynaarge stays
constant for CDS mode except for small pixel whepaversion gain becomes very high and thus darkectinoise

impact is higher.
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Figure 3 : Dynamic Range versugT @ Vuax=1V, pixel

pitch=13um, Veaoout noise=150UV, Aor=0.6,
JDARK=200pA/0m2

Figure 3 depicts evolution of dynamic range velstisgration time. Pixel pitch is fixed to 13um. Rbe three modes,
curves show a weak impact of integration time onafyic range. Degradation becomes important whegiation time
is higher than 100ms. This is due to dark curretgigration on photodiode, reducing the maximum lestatear voltage

swing and the increasing of dark current noise.

Figure 4 illustrates dynamic range behavior veMusx which is the maximum linear voltage swing on pllitde.
Pixel pitch is fixed to 13um and integration tineeliOms. Curves demonstrate an important increaBdRofvhile Vyax
is increasing for the three modes. A dynamic rabggond 70 dB can be reached with a readout cimliotving

Correlated Double Sampling.
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Figure 4 : Dynamic Range versugdy @ Tnt=10ms,
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Figure 5 depicts dynamic range versus dark cudensity
with a fixed integration time of 10 ms and a fixpikel
pitch of 13um. Dark current density have a weakaotn
dynamic range for this integration time. DR stagiaitively
constant for the three mode (“hard”, “soft” and QDS

Dynamic range dependence on readout circuit nase i
depicted in Figure 6, showing a strong impact oa th
dynamic range in the case of the CDS mode. Howelvisr,
impact is limited for the both “hard” and “soft” get
modes.

All these curves allow to identify clearly paramstiaving

a major impact on Dynamic Range. These parameters a
maximum linear voltage swing on photodiode, resese
and conversion gain. Next sections of this papeaéx
optimization work performed by CIMI to enhance dyiia
range.

3. IMPACT AND OPTIMISATION OF PHOTODIODE VOLTAGE SWING ON DYNAMIC RANGE

In the previous section, the dynamic range equdtasidemonstrated the impact of the photodiodagelswing Wax
on the dynamic range. In order to increase dynaarige of a CMOS image sensor, the photodiode wiagng must
be increased. CIMI laboratory has designed, inabalfation with the UMC foundry, a test vehicle aling to enhance
the photodiode voltage swing without degradationpbbtodiode dark current. The process, coming ftdkiC, is
0.35um CIS (CMOS Image Sensor) dedicated to deteddpplications. This process is optimized for dquan
efficiency, charge collection and low dark currtvénks to special photodiode doping profile.

The test vehicle, named COBRA1M, is a 1Kx1K comn{@m) photodiode array. The pixel pitch is 13um. éRaa
circuit architecture is the same as depicted imfeid.. A photography of COBRALM is depicted on Fegida).

The readout circuit is composed of two amplificatistages and a sample and hold circuit to perfampsng on
reference signal and photonic signal. The two dinption stages are based on source follower strast
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Figure 7 : Photography and noise equivalent motl€@BRA1M



The noise equivalent model associated to this ngagiocuit is shown in Figure 7 b). The output dyma range for this
CMOS image sensor, when taking into account théagaarchitecture is defined by :

Maximum usable output linear voltage S/ving With : Vuax = Maximum linear voltage on the photodiode
DR= = = —= = = (or readout node)
noise_in_ dark Vpark = Voltage due to dark current

Onoise_parc= Noise voltage due to dark current

Maximum__usable_output _linear _voltage_swing = -V,
- —outP —voltage_sming = A A, Viuex ~Vors) Oreser = Noise voltage due to reset phase

Noise in dark = \/AfAzzaf,OBE_DARK + ZALZAZZUFZQESET + 2A§Ui1 a1 = Noise voltage due to first stage amplifier
- % o2 = Noise voltage due to second stage amplifier
+2A 04, +20;, osn = Noise voltage due to S/H phase

A = First stage gain
A= Second stage gain

The dynamic range can be expressed Bﬁz_ (Viuax ~Vonrc)
B KT oi o2 o2
\/JI%IOISE_DARK + ZFqGC_PH + 2?21 + Zﬁ +2 Af/XZZ

With the assumption about reset noise predominaoncgpared to the other noise for this kind of pixae dynamic

range can be expressed by : DR~ (Vyax —Vora)

KT
2— GC_PH
aq

The readout circuit for this vehicle is common apidted on Figure 7 b). The 3T pixel is composedaEset transistor,
a source follower transistor and the row selectiansistor. These 3 in-pixel transistors are impadiy special doping
implant. Features as threshold voltage and leakagent of the reset and the source follower titosiare very
important. If threshold voltage of source follovelacreases the photodiode output voltage increAsgsecial care must
be taken to keep a low leakage current in ordewtad dark current.

Four variations of photodiode doping implant warpliemented to decrease threshold voltage withcamging leakage
current. Figure 8 presents the measurement rasalle on the test vehicles. Voltage swing at thpuiuf the readout
circuit is strongly increasing with the variatiods increase up to 45% can be reached at saturketi@h for variation

process #3. However, an increase of dark curremtbeaseen for this variation process. A trade ofisirbe made
because variation process #4 offers a improvemgtiteovoltage swing at the output (33% of increaseaturation
level) with a slightly increase of dark current.

PROCESS Linearity @5% | Saturation level
(mv) (mv)
STANDARD 716 872
VARIATION #1 984 1115
r>~ VARIATION #2 1029 1166
é VARIATION #3 1121 1266
©
g., VARIATION #4 1021 1163
2
Dark Current @30T in
nA/cm?
0 & J J J J J J | Standard T 0,33
Varl 0,82
0 100000 200000 300000 400000 500000 600000 700000
Var2 0,72
Flux (Photons/pix/s) Var3 0,71
Var4d 0,40
a) Sensitivity curve for the standard process aeditimplant variations b) Measured voltage swinthatoutput of circuit and dark

current density

Figure 8 : Sensitivity, voltage swing at the outpfithe readout circuit and dark current densigasurement results

Using the result of the dynamic range equationtliis readout circuit, a comparison of dynamic rangelB can be
made between the different process (standard anatieas) for an integration time of 100ms. Cal¢idas are made



using the saturation level (ieyMx) and the maximum voltage allowing a non-lineaiitierior to 5%. Figure 9 shows
the dynamic range with regard to the process vanand for a=1 andoa=2.

DR for alpha=1 DR for alpha=2
66 - DR (dB) @ saturation level 69 @ DR (dB) @ saturation level
W DR (dB) @linearity of 5% 68 /B DR (dB) of 5%
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a)ja=1 bya=2

Figure 9 : Dynamic range in dB

A real improvement of the dynamic range can behredgcup to 4 dB for the process variation #3. Aldraff between
DR and dark current can be made and process \aarigdi is the more efficient in this case. Indeedinarease of 3.5dB
is obtained without a significant degradation ofkdeurrent.

4. READOUT CIRCUIT ARCHITECTURE IMPROVING DYNAMIC RANGE

Another way to improve dynamic range of CMOS imagesors is to modify readout architecture. The gmugl)
shows the impact of reset noise on dynamic rangeaFcommon 3T photodiode with a classical readiguit (two
stages, c.f. previously), the reset noise is donini the reset noise is eliminated, the dynanaioge increases and

becomes, without neglecting the other noise terpg:= Viuax ~Voarc

2
VREADOUT _NOIsE
A
oT

A new readout circuit architecture can be impleradnto eliminate reset noise. This architectureomposed of 3
sample and hold circuits allowing sampling of refeze signal and photonic signal in the same frasneguired for a
CDS readout mode [8][9]. This architecture is saliggfor linear or multi linear sensors. So, the Bdtomes :

2
VNOISE_DARK +

DR = Vuax ~Voar

2 2 2
\/JNOISE_DARK + Z o+ Z Ogy

Vmax = Maximum linear voltage on the photodiode (od@a node)
Vpark = Voltage due to dark current

Onoise_parc= Noise voltage due to dark current

oreset = Noise voltage due to reset phase

>0a = Sum of noise voltage due to amplifier stages

>0sy = Sum of noise voltage due to S/H phases

Figure 10 : DEMOS vehicle photography

This architecture was implemented in a test vehmel@med DEMOS. A photography of DEMOS is depicte&igure 10.
This test vehicle is a multi-linear sensor.



This multi-linear sensor is composed of lines witBum pixel pitch and lines with 15um pixel pitéach line has a
readout circuit dedicated with a CDS (Correlatedulle Sampling) implemented. Pixel rate on the Zweidutput is
close to 3 MPix/s.

The UMC CIS 0.35um process was used. Variatiorr 3 photodiode doping implant was re-used fos test vehicle
(cf previous section). Conversion gain of the 7.5pirel pitch is close to 7.8uV/e. Conversion gafrihee 15pum pixel
pitch is close to 3uV/e.

Measurements made on this vehicle allow to comthgeDynamic range value for this sensor. A comparigith the
same sensor without CDS stage can be made whergtakp account reset noise. This comparison isemaith the

“hard reset mode” , i.e. reset noise is equal/tcei(r— . Results on dynamic range are presented in Fijuffer the both
PH

pixel pitch. An output readout noise of 147uV wasrfd in both cases.

DYNAMIC RANGE

An output swing voltage close to 840mV was measfoed — — Et:ﬂ::ﬂggéﬁwamn*
the readout circuit allowing a 1% maximum non-liriga 76— —
The output swing voltage was close to 1.06V atrasitin 747
level. A gain of 0.6 was measured for the readouatiit. % 27
2 70 T
For comparison, the reset noise was carried ouh wi-E 68 T ] ]
photodiode capacitance close to 12fF for 7.5umigiteh 5 ]
and close to 32fF for 15um pixel pitch. 64—
62 T—
Results show an increase of 8dB in terms of dynami s ‘ ‘ ‘
. n DR in dB 7,5pum pixel DRin dB7,5um DR in dB 15um pixel DR in dB 15um
range for the small pixel and an increase of 6@BL6 um pitch without CDS pitch without CDS

piXeI p|tCh Readout circuit

Figure 11 : Dynamic range comparison

As expected, the dynamic range increases when negs¢, the dominant noise, is eliminated. The dynarange
becomes independent of the photodiode size, ie.cHpacitance value. A real improvement of dynaraitge is
achieved by architecture design.

5. CONVERSION GAIN CONTROL IN ORDER TO IMPROVE DYNAMIC RANGE

Equation 1 in section 2 shows the relation betwdgmamic range (DR) and conversion gain-X@ndeed, conversion
gain, which is dependent of photodiode size throogpacitance value, impacts the reset noise. Baalaut chain
without correlated double sampling (CDS) is uséé, fteset noise is not cancelled and is dominanipeoad to other
noises (assuming a pixel size close to 13um an8u®n3lithography process). Nevertheless, for largetqdiode

capacitance, assumption concerning the reset pogtmminance becomes false and all noise sourcsshmauaken into
account.

For the common 3T pixel 2D topology where CDS resd@annot be easily applied DR can be enhancecdebsedsing

the conversion gain. Indeed, conversion gain irgingg for a 3T pixel without reset noise cancediatdevice (CDS),

the reset noise increases. If reset noise increagsa fixed voltage output swing, the dynamiangea decreases. In
addition, the photodiode full well capacity decesasvhile conversion gain increases. Figure 12 ¢e@&k behavior

function to Conversion gain variation.



DR = Viuax ~Voarc dB o )
- A Asymptote due to Readout circuit and Dark current n oise

\/VZ +2 kl G + VF?EADOUT_CIRCUIT /
NOISE_DARK aq C_PH ATZOT

With : Vuax = Maximum linear voltage on the photodiode (odi@a
node)
Vpark = Voltage du to dark current
Vnoise_park= Noise voltage du to dark current
Vreapout_circuir= Noise voltage du to readout circuit
a : coefficient between 1 and 2 = hard reset{) and soft P> pvie
reset ¢ =2) CONVERSION GAIN
Gc_pn:Conversion gain on the integration node (or reado
node)
A+or = Readout circuit gain

DYNAMIC RANGE

Figure 12 : Dynamic range versus Conversion gain

Test vehicles were designed to demonstrate cogdial feasibility. These test vehicles are based28x128 pixel array
(2D array) with two conversion gain variation byhiaes. Pixel pitch is 13um. The readout circuit@nposed of two
stages as COBRA1M in section 3. Figure 13 showsceophotography of one of the test vehicles.

a) One of the test vehicles with 2 sub-arrays b)nipiea of pixels on test vehicles

Figure 13 : Microphotography of the test vehiclsigaed for Conversion Gain control

Various techniques for conversion gain control aelsieved using different methods, depending oriitia aim (i.e. an
increase or a decrease of the conversion gain)fifdtéechnique consists in reducing the photodiodpacitance which
allows to increase conversion gain. Figure 14 ko) @rpresents two ways to do it.

13pm pixel 13pm pixel

a) Reference pixel b) Photodiode area decreaseltype c) Photodiode area decrease type 2

Figure 14 : Ways to increase conversion gain

This technique consists in decreasing the photedada in order to decrease its capacitance. Tws wa@ taken into
account to reduce photodiode capacitance : TypEigufe 14 b) and Type 2 ( Figure 14 c).



The second technique consists in increasing theoplmmle capacitance which allows to decrease csiorergain.
Figure 15 presents two ways to do it.
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a) Photodiode capacitance increase type 1

Figure 15 : Ways to decrease conversion gain

b) Pluatediapacitance increase type 2

This second technique consists in increasing ctgase of the photodiode by adding a fixed capacéanithin pixel. A
fill factor degradation is noted and will imply daglation on spectral detection efficiency (SDE).

Table 1 sum up variation of conversion gain dedigi®r comparison, a reference structure with avermion gain of
5.1uV/e was also designed. This reference strutiasea photodiode area as large as possible (STRBEH 11).

Structurel| 26 puV/e Reducing photodiode area (type 1) Structure 6 1,4 pvie Increase photodiode capacitance (typs
Structure2| 21 pVl/e Reducing photodiode area (type 1) Structure7 1,1 pvie Increase photodiode capacitance (typs
Structure3| 13 pV/e Reducing photodiode area (type 2) Structure 8 0,7 uVlie Increase photodiode capacitance (typs
Structure4 | 9,4 pVie Reducing photodiode area (type 2) Structure9 0,4 pV/e Increase photodiode capacitance (typs
Structure5| 1,8 pV/e Increase photodiode capacitance (type [1)Structure 10 0,3 uV/e Increase photodiode capacitance (typs

TABLE 1 : Conversion gain variation tested

Figure 16 depicts measurement results on convegsionvalue.

CONVERSION GAIN RESULTS

CONVERSION GAIN RESULTS

30

25—

N
S

E MEASURED CONVERSION GAIN AT
TPUT

B ESTIMATED CONVERSION GAIN AT
OUTPUT

ou

,_.
o

CONVERSION GAIN (V/e)
.
5

0 1

STRUCTURE 1 STRUCTURE 2

i

STRUCTURE 3 STRUCTURE 4 STRUCTURE 11
STRUCTURES

a) High Conversion gain values

CONVERSION GAIN (uV/e)
o o I I
S & - & %
[ [ [ T |

°
2

o
~

o

EESTIMATED CONVERSION GAIN AT
OUTPUT

BEMEASURED CONVERSION GAIN AT
OUTPUT

im

STRUCTURES5 ~ STRUCTURE 6  STRUCTURE 7

STRUCTURE 8 STRUCTURE9 ~ STRUCTURE 10
STRUCTURES

b) Low Conversion gain values

Figure 16 : Conversion gain measurement results

As expected, conversion gain measurement reswits sbnversion gain variation between structuregoAd control on
it is achieved for low conversion gain. Howeveditierence can be noted for high conversion galnis Hifference is



explained by process difficulties to control witbcaracy some doping implants. It is also explaibgdifficulties to

estimate photodiode capacitance. Indeed, only seirfapacitance was taken into account for photedegapacitance
estimation (no perimeter capacitance was takenantmunt). A control of the conversion gain is dasitated with
variation in the range of 0.05 to 3 of initial caemsion gain.

Noise and linearity measurements allows to caleulat DYNAMIC RANGE
dynamic range. Figure 17 shows the dynamic range fo
these different structures.
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determine reset noise level. STRUCTURES

Further measurements will be made to evaluate tal&ss Figure 17 : Dynamic range measurement results
and FTM response.

5. CONCLUSION

Different techniques for dynamic range improvemeate investigated and reported in this paper. $¢vest vehicles
were designed by CIMI in collaboration with EADS#Agm to perform comparison between theoreticaugal and
measurements. The first technique oriented on geo@mprovement gives very good results with a dyoamnge
increase close to 3.5dB with only a slightly irase of dark current (a dynamic range improvemersecto 4 dB can be
obtained but a dark current degradation is exp&clidte second technique which is based on impronewiereadout
circuit architecture allowing a real CDS readowegi also good results. In this case, an increa8eoo®% dB (depending
of the photodiode size) can be achieved. Readoutitsize is enlarged to allow correlated douldmpling. The third
technique consists to control conversion gain. $Vey control conversion gain (in the range of 0t653) were
presented and measurements results show a contrdyreamic range. Further measurements will be madefine
results on crosstalk and FTM for these techniques.
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