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Abstract : A t hree2t ransist or active pixel sensor and its double sampling readout circuit implemented by a switch

cap acit or amplif ie r a re designed. The circuit is embedded in a 64 ×64 pixel ar ray CMOS image sensor and success2
f ully tap ed out wit h a Charte red 0135μm p rocess . The pixel pitch is 8μm ×8μm wit h a f ill f act or of 57 % ,t he p ho2
t o2sensitivity is 018V/ (lux ·s) , and t he dynamic range is 50dB . Theoretical analysis and test results indicate t hat as

t he p rocess is scaled dow n ,a smalle r pixel pitch reduces t he sensitivity. A deep junction n2well/ p2subst rate p hot odi2
ode wit h a reasonable f ill f act or and high sensitivity are more app rop riate f or submicron p rocesses .
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1 　Introduction

CMOS image sensors ( CIS) wit h active pixel
have at t racted much at tention in t he past ten
years. The advantages of CIS are : (1) compatibility
with standard CMOS processes ; ( 2 ) low system
cost and area due to t he on2chip integration of am2
plifiers , analog2to2digital converters , and timing
cont rol circuit s ; (3) low power consumption since
only one row of pixels needs to be active during the
readout and it has a low operation voltage ;and (4)

random access to t he image data [1 ] . The scaling
down of t he process yields a smaller pixel pitch ,
higher resolution , and lower power dissipation.
Furt hermore ,a shallow junction and a low power
supply voltage reduce t he spect ral response sensi2
tivity and t he signal2to2noise ratio ( SNR) , respec2
tively[1 ,2 ] . Appropriate architectures must be devel2
oped to overcome performance deterioration. A
t hree2t ransistor A PS and it s double sampling read2
out circuit are designed and fabricated wit h a Char2
tered 0135μm CMOS p rocess. Based on simulation
and test result s , t he characteristics of fill factor ,
resolution ,p hoto charge collection , and sensitivity
are analyzed. A pixel st ructure wit h a reasonable
fill factor and sensitivity in a deep submicron
process is p resented.

2 　Photodiode APS circuit and opera2
tional sequence

　　The p hotodiode ( PD) A PS and it s readout cir2
cuit design are shown in Fig. 1. ( Logic 1 means
gate closed , and logic 0 means gate open. ) Each
pixel comprises a PD , a reset t ransistor M1 , a
source follower t ransistor M2 , and a row2select
t ransistor M3. M4 is t he column load t ransistor of
t he source follower buffer . The switch capacitor
amplifier performs double sampling to reduce fixed
pat tern noise ( FPN) . Assuming t hat the t ransistors
in t he pixel have the same threshold voltage V T ,
t hen when t he PD is reset ( reset = 1 , sel = 1) , t he
pixel outp ut voltage is

Vpixel ≈ V dd - 2 V T - I bias / K (1)

where Ibias is t he bias current of t he source follo2
wer ,and K isμCO X ( W/ L ) / 2 of M4 .

The n t he reset signal is p ut high t o i ntegrate

t he p hot ocur re nt on t he PD . Af te r t he i ntegration

p e riod is f inis hed , t he p ixel outp ut is

Vout ≈ V dd - 2 V T - ip hoto t int / Cdiode - I bias / K

(2)

I t ca n be see n f rom Eq. ( 2 ) t hat t he t h res hold

voltage of fset of M1 a nd M2 ca n aff ect t he outp ut

volt age a nd i nt roduce FPN t o t he i mage .

A ti ming diagra m of t he A PS is also s how n i n
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Fig. 1 　A PS circuit and timing diagram

Fig. 1 . The se nsor is rea d out one row at a ti me ,

a nd double sa mpli ng is p e rf ormed by t he switch

cap acit or a mplif ie r . At t he e nd of each row’s ex2
p osure ti me , t he row select signal sel a nd a mplif ie r

reset signal S1 a re p ut high a nd t he p ixel outp ut

give n by Eq . ( 2) is sa mpled by t he sa mpling ca2
p acit a nce C1 . Af te r sa mpli ng , t he S1 signal is p ut

low , a nd t he reset signal is p ut high ; t he p ixel e n2
te rs t he reset st a te , a nd t he a mplif ie r e nte rs t he

a mplif ica tion state . At t his ti me , t he sel signal re2
mai ns high , a nd t he sa mpli ng cap acit or C1 is also

connected t o t he outp ut of t he p ixel give n by Eq.
(1) . The outp ut of t he a mp lif ie r ca n be w rit te n as

Vout = V ref -
C1

C2
( V rst - Vsig ) 　　　　　

= V ref -
C1

C2
( ip hoto t int / Cdiode - I bias / K)

(3)

The t h reshold voltage does n’t app ea r i n Eq . (3) .

The va riation of t h res hold voltage f rom pixel t o

p ixel is eli mi nate d because t he result i ncludes t he

dif f e re nce betwee n t he reset outp ut a nd t he exp o2
sure outp ut of t he p ixel . The outp ut volt age ca n be

a djusted t o a n app rop riate level by V ref t o f it t he

f ollowi ng p rocess [ 3 ] .

3 　Experiment and results

The t hree2t ransistor active pixel sensor and it s
readout circuit were designed and embedded in a 64

×64 pixel array CIS with an 82bit on2chip analog2
to2digital converter . The sensor was fabricated wit h
a Chartered 0135μm CMOS process. A p hotograp h
of t he chip is shown in Fig. 2.

Fig. 2 　Photograph of the CIS

The p hotodiode array is located in t he upper
right area of t he chip . The analog signal p rocessing
circuit ry is located adjacent to the p hotodiode ar2
ray ,in t he lower right2hand corner of the chip . The
timing cont rol for t he pixel array and processing
circuit is located on t he lef t side of chip . Metal 4
act s as a light shielding layer to reduce t he p hoto
charge generated in the non2p hotosensitive area of
t he pixel . The readout circuit was tested separately
f rom t he PD array wit h an external elect rical stim2
ulus. The performance of the readout circuit was
confirmed by simulation and testing. The circuit in2
serted for testing t he pixel is shown in Fig. 3. In
t he diagram ,“buf”is a buffer used to drive a large
out side load.

Fig. 3 　Test circuit of the pixel

The qualitative test result s of the p hoto re2
sponse at room light are shown in Fig. 4. The illu2
mination intensity was 800lux , as measured by a
luxmeter . The row select signal sel is connected to
V dd ,and t he reset signal is p rovided by t he FP GA
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cont rol circuit . The reset time is 500μs , and the
outp ut signal is measured by an oscillograp h.

Fig. 4 　Qualitative test result

The outp ut voltage at different p hoto intensi2
ties is plot ted in Fig. 5. The exposure time is 3ms ,
and t he cont rol circuit is t he same as in Fig. 4. The
incident light is adjusted by a bulb wit h variable il2
lumination intensity.

Fig. 5 　Output voltage versus incidence density

The main characteristics of t he A PS are listed
in Table 1. The zero digital outp ut in darkroom
conditions indicates t hat the FPN is less t han 1
L SB of t he 82bit analog2to2digital converter ,which
is 319mV.

Table 1 　Main characteristics of the APS

Technology 0. 35μm 2P4M n2well CMOS

Pixel size 8μm ×8μm

Photo detector n dif f usion/ p2subst rate p hotodiode

Supply voltage 3 . 3V

Fill f actor 57 %

Signal swing 0 . 17～1 . 5V (1 . 33V)

Sensitivity 0 . 8V/ (lux ·s)

FPN < 3 . 9mV (1LSB of 8bit AD C)

Dyna mic ra nge 50dB

4 　Characteristic analysis and optimi2
zation with device scal ing consider2
ations

4. 1 　Fill factor and resolution

The fill factor is t he ratio of t he p hotosensitive
area to t he pixel area. We want to increase t he fill
factor in order to enhance the sensitivity and dy2
namic range. First , t he pixel capacitance includes a
p hotosensitive part and a parasitic non2p hotosensi2
tive part ,which comes f rom t he floor ,t he perip her2
y , and t he pixel buffer . The outp ut voltage is
shown in Eq. (4) ,where A is t he p hotosensitive ar2
ea and Q is t he p hoto2generated charge[4 ,5 ] .

Vout = Q ( A) / [ Cp hoto ( A) + Cparasitic ] (4)

The p hoto sensitivity can be improved by increasing
t he p hotosensitive capacitance. Second , unwanted
charges that are non2linearly dependent on pixel ar2
ea ,such as dark current and“reset noise”, can de2
crease t he SNR , as shown in Eq. (5) . As t he fill
factor increases , t he Qnoise level is reduced ,and t he
SN R is improved.

SN R = Qsignal / Qnoise (5)

4. 2 　Photo2charge collection and sensitivity

　　Carriers generated by p hotons wit hin the de2
pletion region constit ute t he drif t current t hat is
collected by the PD. Carriers generated by p hotons
in t he bulk constit ute the diff usion current that is
collected by the PD wit hin t he diff usion lengt h L diff

= Dτ,where D is t he diff usion constant andτis
t he carrier lifetime. Bot h the mobility and t he carri2
er lifetime decrease wit h p rocess scaling due to t he
increase of t he subst rate doping. The effective vol2
ume for collecting p hoto charge reduces ,leading to
a decrease in spect ral response sensitivity[1 ] .

Three possible PD st ruct ures can be imple2
mented using a p2subst rate p rocess : n + / p2sub ,p + /
n2well ,and n2well/ p2sub[5 ] . The first two are shal2
low junctions ,and t he third is a deep junction. The
n + / p2sub PD used in t his design has a simple lay2
out , small pixel area ,low FPN due to lit hograp hic
variations , and a middle spect ral response. The
spect ral response of the p + / n2well PD is the worst
because of narrowness and shallowness of the junc2
tion. Carriers generated out side of t he well are
shielded ,and t he n2well takes up much area ,so this
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st ruct ure cannot be used. The n2well/ p2sub PD has
t he best spect ral response for visible light due to
t he width and dept h of it s depletion region layer ,
which allows t he collection of p hoto2generated mi2
nority carriers deep in the subst rate. But t he n2well
also takes up much area. Wit h a 0135μm process ,
t he n + / p2sub may be t he best t radeoff between ar2
ea and spect ral response.

The measured sensitivity is 018V/ ( lux ·s) ,
which is lower than the typical value (017～315V/
(lux ·s) ) [6 ] . The junction will be much shallower ,
and t he sensitivity will decrease wit h p rocess scal2
ing. The n2well , on t he other hand , will become
much smaller ,and t he n2well/ p2sub st ructure will
be the best choice in deep sub2micron processes.

5 　Conclusion

A three2t ransistor active pixel sensor and it s
double sampling readout circuit are designed. It is
embedded in a 64 ×64 pixel array CIS and fabrica2
ted. The fill factor is 57 % wit h an 8μm ×8μm pixel
pitch ,t he sensitivity is 018V/ (lux ·s) ,and t he dy2
namic range is 50dB. As processes are being scaled
down , high resolution requires smaller pixel area
and lower sensitivity wit h shallower junctions. Cir2
cuit size can be scaled down faster t han pixel size ,

and t he n2well/ p2sub PD st ruct ure can be used to
enhance sensitivity with an acceptable fill factor in
deep submicron processes. Analysis and test result s
suggest that CIS process will depart f rom t he
standard CMOS process in t he f ut ure. Since t he de2
pletion dept hs become shallower as feat ure size
shrinks ,CMOS technologies must be optimized by
tailoring t he depletion to maintain spect ral sensi2
tivity and reduce cross2talk for acceptable cost and
performance.
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CMOS 有源像素传感器特性分析与优化设计 3

徐江涛 　姚素英 　李斌桥 　史再峰 　高 　静

(天津大学电子信息工程学院 , 天津　300072)

摘要 : 设计了一个三管有源像素和其用开关电容放大器实现的双采样读出电路. 该电路被嵌入一 64 ×64 像素阵
列 CMOS 图像传感器 ,在 Chartered 公司 0135μm 工艺线上成功流片 . 在 8μm ×8μm 像素尺寸下实现了 57 %的填
充因子. 测得可见光响应灵敏度为 018V/ (lux ·s) ,动态范围为 50dB . 理论分析和实验结果表明随着工艺尺寸缩
小 ,像素尺寸减小会使光响应灵敏度降低. 在深亚微米工艺条件下 ,较深的 n 阱/ p 衬底结光电二极管可以提供合理
的填充因子和光响应灵敏度.
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