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(57) Abstract: A pixel sensor.having a main photodetector and a parasitic photodiode and a method for reading out that pixel sensor
are disclosed. The pixel sensor is read by reading a first potential on a floating diffusion node in the pixel sensor while the floating
diftusion node is isolated from the main photodiode. The pixel sensor is then exposed to light such that the floating diffusion node
and the photodetector are both exposed to the light. A second potential on the floating diffusion node is then readout while the tloal -
ing diffusion node is isoiated from the main photodiode. After the first and second potentials are readout, a third potential on the
floating diffusion node is readout. The main photodiode is then connected to the floating diftusion node, and a fourth potential on
the floating diffusion node is readout. First and second light, intensities are determined from the.readout potentials.
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MAGING ARRAY WITH IMPROVED DYNAMIC RANGE UTHLEZING
PARASITIC PHOTODIODES

Backeround of the Invention

(D00 OMOS imaging sensors are widely used in cameras and other imaging
applications. The imaging sensors typically include g two-dimensional array of pivel
sensors. Each pixel sensor includes a photodiade that measures the image intenstiy at
3 corresponding peint o the mage, The dynamic range of the image sensor is the
ratio of the minimum amount of light that can be measured to the maimum amount.
An unage is formed by first emptying the photodiodes of any acowmnulated charge and
then exposing the photodiodes 1o the image. Fach photodiode acoumulaies charge at a

rate determined by the Hight intensity evaitied by the image at the corresponding point

i the image, referred to as a pixel. In genersl, the amount of charge that can be

accumulated in a photodinde has a maxinun value, referved 1o as the maximuom well
capacity, Once this capacity 1s reached, the excess charge 18 removed from the pixel
through a special gate that shunts the exoess charge to ground to prevent artifacts in

the froage. The minimuan charge that can be detected is determined by noise

[0002Z] In principle, the nonimum well capacity can be increased by wtilicing
targer photodiodes; however, this solution increases the cost of the imaging arvay and
requives processing olectronics that can deal with the larger dynamie vange of the
signals generated by the pixels. Another prior art solution for Increasing the dynamic
range of the imaging array mvolves using two different photodiodes for sach pixel. In
this splution, a farge area photodiode & used to measure low Hght lovels and 2 smaller
photodiode i3 used o measurs intensities at the trighter locstions in the image. I the
pixel s exposed {o a high brightness location, the smaller photodicode is used, Atdim
fovattonsy in the froage, the larger photodiode s used. This sohution requires two

different sets of photedicdes and the increased silicon area associated with the

additional photodiodes that measure the high brightness locstions in the image.
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{0003} A second prior art solution uses multiple exposures o provide the
increased dynamic range. i thiy solution, basically two piotures are taken of each
sceng, A first pictire uses 8 very short exposure fime which captures the intensities of
e high brightness points in the image. Pixals at low intensity points in the fmage are
underexposed. The second picture uses a mueh longer exposure period. In the second
picture, the pixels at the high intensity poinds are overexposed, whils the pixels at the
low intensity points wre now adeguately sxposed and provide the infensity values at
the low intensity points. The two pictures are then combined o provide an image

=

o artifacts in the

ot

with mcreased dvnamic range. This approach, however, leads
image, as the two pictores are soparated in Hme by an amnount that can be a prohiem if

the scone 18 rapidly changing.

Sumunary of the Invention

[O0041 The present invention inchides a pixsel scaser having a wain
phatodiods and a parasitic photodiode and a mothod for reading out that pixel sensor,
In the method for reading the pixel sensor, o first potential on a Hoating diffusion node
in the pixel sensor 1s read while the Hoating diffusion node is isolated from the main
photodiode. The pixel sonsor iy then exposged to hight such that the foating ditfusion
node and the main photodetector ave both exposed o the Hight. A second potential on
the floating diffudon node i3 then readont while the floating diffusion node 18 1solated
from the wam phatediode. A fvst light intonsity is determined from the Srst and
second potentials, After the fivsi and second potentials are readouwt, 8 third potential
on the floating diffusion node i readout. The main photediode is then connectad o
the floating diffusion nede, and a fourth potontial on the Hoating diffusion node {s
readout. A second light intensity is determined from the third and fourth potentials,

FO005] Inone aspect of the wnvention, the Seating diffusion nnde is connected
0 a reset bus having a st reset polential and then disconnected from the resst bus

prior to reasting the first potential, In another aspect of the invention, the floating

]
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dithiion node ts connested to the reset hus and then disconnected from the reset bus

after the second potential is readout and prior 1o reading the third potentiall

FO006] I another aspect of the present invention, photoslectrons are slnmted
from the main photodiode to grounsd if 3 potential on the photodiode exceeds an

overflow potential.

fO007T A pixel sensor secording to the present invontion includes a main

rhotodinde characterized by a first light conversion efficiency, a floating diffusion
node, a gate that selectively conpects the main photodiode 15 the floating diffusion
aode, # readout amplifier that generates a sigral indicative of a potential on the
fleating diffusion node, the signal being coupled to a first conducior tn response to a

select signal received by the pixel sensor: and g reset gate that selectively conneots the
floating diffusion node o a reset bug al a reset potential. The floating diffusion node
meludes a parasitic photediode characterized by g second light conversion effic
the first Hght conversion efficiency s grogter than or cqual to 30 times the second

light converston efficiency.

{O008] In one aspect of the present nvention, the pixel sensor includes an
overflow gate comnected fo the main photediode. The overflow gate removes charge

from the photodiods if a potential on the photodicde exceeds gn overflow potential,

(G009 In another aspect of the invention, the floating ditfusion node inchudes
an n-type implanted region in a potype semiconducior suhstrate. The main photodiode
also includes an n-type implanted region in the potype substrate. A pertion of the n-
type implanted region of the floating diffusion node 18 in dirpet comact with the plype
substrate, the siee of that portion being adjusted 10 provide the second light

conversion efficiency.

LS
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[GG10] The present invention also includes imaging arrays constructed from
the pixel sensors of the present invention ot readout using the method of the present

mvention,

T Figure | is s schematic drawing of & typical prior an pixel sensor in
L o A S -

one cotumn of pixel sonsors in an Imaging array.

{00121 Figure 2 illustrates a pixel sensur in which the parasitic photodiode is

gtilized in an tmage measurement,

[0013] Figure 3 is a cross-sectional view through a portion of a typical prioy

Srrrr

art pixel sensor.

100147 Figure 4 is a crosa~sectional view of & portion of a pixel sensor

according 1o one ambodiment of the present invention,

[O01S] Figure 5 dhustrates g two-dimensional imaging array constructed from

pixel sensors accerding o the present invontion.

f0016] The manner in which the present invention provides its advantages can
be more sasily understood with reference 1o Figure 1, which is o schematic drawing of
a typical privr art pixed aensor i one column of pixel sensors 1o an inmasging aray.
Pixel sensor 21 includes a photodiode 22 that measures the lght infensity at g
corresponding pixel in the wnage. Initially, photodiode 22 i3 reset by placing gate 25
i a vonducting state and connecting Boating shtfusion node 23 to a reset vollage, V.
Gate 25 is then closed and pholodicde 32 i gllowed (0 acoumulate photoclectrons. A

potential an gate 27 sets the maximum anwunt of charge that can be sceunuiated on
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photodiode 22, I more charge is scoamuiated than allowsd by the potential on pate

2

27, the excess charge is shunted to ground theough gate 27,

FO0ETT Atter photodiode 22 has been exposed, the charge accomulated in
photodiode 22 s then measured vsing & correlated double sampling algorithm. In this
algorithy, floating diffusion node 23 1s first veset to Vr using reset gate 24, The
potential on floating ditfusion node 23 is then measured by connecting source
follower 26 to readout line 31 using the gate connected to Hne28, This reset potential
ix stored i cohumn amplifier 32, Next, gate 25 is placed in a conducting state and the
charge accumulated in photodiode 22 is transferred o Hoating diffision node 23, It

should be noted that floating diffusion node 23 is offoctively a capactior that has been

X

charged to Vr. Henee, the charge leaving photodiode 22 lowers the voltage on
Hoating diffusion node 23 by an amount that depends on the capactiance of floating

diffusion node 23 and the amouant of charge that is transferred. The voltage on
floating diffusion node 23 is again measured after the transter, The difference in
voltage is then used o compute the amount of charge that scoumualated during the

EXPOSHIT,

FO01E] The present invention is based on the observation that a pbied of the
type discussed above can be modified  include a second parasitic photodiode that is
part of the Hoating diffusion node and has a significant photediode detection
otficiency. To distinguish the parasitic photodiode from photodiade 22, photodiode
23 and pi‘umdwdea serving snalogous functions will he referred to as the
"eonventional photodinde”. Refer now to Figure 2, which Hlustrates a pixel sensorin
which the parasitic photodinde 15 stilized in an image measurement. To simphiy the
follewing discussion, those clements of pixel sensor 41 that serve functions snalogous
fee those discussed above with respect to Figure 1 have been given the same numeric
designations and will aot be discussed further anless such discussion is necessary 1o
Hiustrate a new manner o which those elements sre ntilized. In general, parasilic

photodiode 42 has a detection efficiency that 18 significantly less than that of main

(¥ <]
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o

shotodiode 22, The manner i which the ratio of the photodiode detection efficiencies

of the two photodindes 15 adjusted will be disaussed in more detail below,

{0019] The manner in which pixel sensor 41 is utilized to measore the
indensity of a pixel will now be explained in more detaid. The process may be more
gastly understood starting from the resetting of the pixel after the last image readout
operation has been completed. Inttially, main photodiode 22 ix reset (o Vr and gate 25
is closed, This alse leaves floating diffusion node 43 reset to Vo This voltage is
measured at the start of the exposure by conneeting floating diffision node 43 o

column amplifier 532, Duwring the image exposure, parasitic photodiode 42 generates

photoelectrons that are stoved on Hoating diffusion node 43, These photoelectrons
lower the potential on Hloating Jiffusion node 43, At the end of the exposure, the

voltage on Hoating diffusion node 43 ix again measured by connecting the culput of
source follower 26 o column amplifier 52, and the amount of charge gonerated by
parasitic photodiode 42 is determined to provide a first pixel intensity value, Next,
floating diffusion node 43 is apain reset fo Vr and the potential on floating diffusion
node 43 is measored by connecting the output of sowree follower 26 o column
amplifier 52, Gate 23 s then placed in the conducting state and the photoelectrons
accumulated by main photodiods 22 are transferved to floating diffusion node 43, The
voltage on floating ditfusion node 43 is then measured again and used by coluvon

awplifier 52 {0 compute a second pixel intensity value.

{00207 1 the light intensity on the corvesponding pixel was high, main
photodiode 22 will have overflowed; however, parasitic photodiode 42, which has a
much lower conversion efficiency, will have a value that is within the desired range.
On the other hand, if the Hght intensity was low, there will be insufficient
photoelectrons accunuiated on parasitic photodiode 47 o provide a reliable estimate,

§

and the measurement from main photodiode 22 will be utthived.

(0211 The ghove-desoribed readout strategy sssumes that the ratio of the light
L4

detection efficiency of madn photodiode 22 and parasitic photodinde 42 18 adjusted



WO 2015/006069 PCT/US2014/044493

such thet the valugs obtained from parasttic photodiode 43 are complumentary to
fhose obtained fron main photodinde 220 I parasitic photodiode 42 has too low a
light detection efficiency, the intensity values obtained from parasitic photodiode 42
when main photodiode 22 has become satorated will be too low oy too noisy 1o be
uaetul. Shmtlarty, iF the light detection efficiency of parasitic photodiode 42 18 too

high, a usell extension of the dyrnamic range of the pixel sensor will not be achioved.

[0022) Refer now to Figure 3, which is a cross-sectional view through a
poriion of a typical prior art pinel sensor, To simplity the drawing, a nomber of
irnplants that are not central 1o the present invention have been omitted, Pixel sensor
60 ia fabricated i a ptype substrate 61, Main photediode 62 15 a pinned photodiods
and ¢ constructed from a p-implant 63 at the surface of p-type substrate 61 and an n-
implant 64, The p-tmplant reduces the dark current. The photodiode junction is the
Junction between a-imoplant 64 and p-type substrate 61, The gate electrodes
corresponding to gates 25 and 27 are shown &t 65 and 67, respectively. Floating
diffusion node 6% includes an o+ implant 66 that s surronnded by a polraplanted
region. The difference in doping botween petyvpe subsirate 61 and region 6R provides
a potential barrsr that reduces the Hght collection efficiency of the parasitic
photodiods formed by inplant 66 and p-type sabstrate 61, This difference inhibits
oleetrons and holes gonerated in ptype subsirate 51 from being eollectad by the
parasitic photodiode. Prior an pikel sensors ave designed to reduce or eliminate the
parasitic photodiode action, The present iInvention provides ils advantages by
increasing this parasitic photodinde effect so a3 to provide g usable second photodiode

i each pixel sensor without substantially fncreasing the size of the pixel sensors,

{00231 Refer now to Figure 4, which is 4 cross-sectional view of a portion of g
pixel sensor aecording to one smbodiment of the present invention, To simplify the
following discussion, those clements of pixel sensor 70 that serve functions analogous
te those served by elemeats i Figure 3 have boen given the same numeric
destgnations and will not be discussed in detail again. In pixel sensor 70, the p-

unplant 78 assoctated with implant region 76 that forms the Hoating dilfusion nade
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has been remnoved from at least a portion of implant reglon 76, Henge, the parasitic

photodiode {ormed by taplant region 76 in ptvpe substrate 61 has a depletion region
that extonds into p-type substrate 61, Accordingly, the photoglectron collection
ettiviency of the parasttic photodiode 15 substantially increased. It showld be noted
that this inereasse in efficiency 1s obtained without substantially aliering the size of
implant region 76, and hence, the second main photodiode is provided without

substantially increasing the sive of the pixel sensor.

{0024] The light conversion efficiency of the parasitic photodiode can be
adjusted by adjusting the area of the interface between ot hmplant region 76 and p-
type substrate 61, The light conversion efficiency can be reduced by leaving a p-
implant that partially covers the bottom surface of implant reglon 76, The light
conpversion efficiency can be incressed by tnoreasing the size of tmplant region 78 or

by increasing the reset vollage on o implant region 76 during the exposurs.

(G023 Increasing the stre of the it bnplant region is not, however, preferred,
The charge-to-voltage conversion gam of the soorce pixel sepsor depends on the
capacitance assoctated with the floating diffusion node. 1 the capacitance is
jucreased, the charge-to-voltage conversion gain is reduved. In genersl, a high charge-
to-voltage converston gain s desired! henee, increasing the size of the foating
diffusion node is vot preforred. The size of the depletion region associated with the
parasitic photodiode con be increased by increasing the voltage on implant region 76
during the exposure. However, thore is a maximum voltage that is sef by the
sexmiennductor process and the complexities of providing different reset voltages for

the main phiotodiode and the parasitic photodiode.

{00261 However, using one or more of the above desoribed factors, o usefud
range for the ratio of the hight conversion efficiencies of the mun photodinde and
pargsitic photodiode can be obtained. In general, there is 3 lght intensity-exposur

time at which the main photodiode saturates. For exposurss that are groater than this

exposureg, the addifional photoglectrons are ramoved trom the photodiode, and henee,

for o)
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the sutput of the main photodiode doss not change with additional exposure. This
exposure will be reforred 0 as the main photodiode swturation exposure i the
following discussion. The light collection efficiency of the parasitic photodiode 18
preferably set such that cufficient photociectrons are generated 1o the parasitic
photodiode af the main photodiods saturation exposurs to provide a good
measwrement of the Heht intensisy for exposures at or greater than the main
photodiode satoralion exposure up 1o some upper exposure Hmdt, and henee, the
resulting pisel sensor will have s improved dynamic range compared to a pixel

aensor that does not utilize such a parasitic photodiode.

(0271 The optimum ratio between the Hght conversion efficlencies of the
main photodiode and the parasitic photodiode will depend on the notse levels in the
pagasitic photodinde. In general, the noise level in the parasiiic phs‘mdi@de will be
greater than that in the main photodiode, since the parasitic photodicde 1s not a pinned
photodiode. Hence, & greater exposwre will be needed o provide a pixel intensity
messurement with some predetermined signal-to-noise ratin. In addition, the hight

conversion efficiency of the parasitic photodiode must be less thap that at which the

3

capacity of the parasitic photodiods to hold the charge is exceeded to prevent fimage
artifacts such as blooming when a fow pixels have very high exposures. I one gspect
of the invention, the Hght conversion effiviency of the parasitic photediode is less than

1/30th of the Hght conversion effictency of the mam photodiode,

(0281 A pixel sersor scconding to the present invention can be wtilized in a
number of different camers or Heht sensing operations. Refer now o Figure 3, which
Hlustrates 8 two-sHmenstonal Imaging array constracted from pixed sensors aceording
to the present nvention, laging sray 80 includes & teo dimensional array of pixel
sensors 81, Hach pixel sensor has a main photodiode 86 and a parasitic photodiode 81
and operates in @ manner analogous to that discossed shove, The reset cireuitry and

amplification civeuitry it each pixel ia shown ot 87, The pirel sensors are arvanged as
a pluratity of rows and eolumns. Fach pixel sensor ina coluam s comected to 8

teadout Hine 83 that is shared by all of the pixel sensors in that columu. The readout
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fines are analogous to readowt Hne 31 shown in Figare 2. Bach pixel sensor in a row
ts connected to g row select Hue 82 which determines which pixel sensor in that row is
connected to the corresponding readout Bae. For example, the row select line can be

connonted to Hne 28 show in Figure 2,

{00291 The operation of imaging amay 80 15 controlied by g controller 92 tha
roceives a pixel address to be readont. Controller 92 generates a row select address
that used by row decoder 83 to enable the readout of the pixel sensors on a

corresponding row in imaging array 80, The colwmn amplifiers are included i an
array of cohuur amplifiers 34 whick execute the readowt algorithm discussed above,
it should be noted that if readout Hime (3 not oritical, a single readout amplifier conld
be shared between the various readont Hnes, the currently active readont Hne being

determined by a colommn decoder or multiplexer,

FO0301 The maging arvay shown in Figure § s an cxomplary imaging arvay, I
ts to be understood, that other maging array configurations that utilize the pixel
sensors of the present invention could also be constructed.  For example, a one-
dimensional anaging array that includes a single column of pixels could be
constracted for use in 3 scanner in which the image is swopt past the column of pixel

sensors in a direction perpensticular to that of the columus of pixel sensors.

{00311 The sbove-described gmbodiments of the present invention have been
provided to Hustrate varioos aspects of the mvention. However, it 18 to be understood
that difforomt aspects of the prosent invention that are shown in different specific

mibodinents can be combined o provide other embodinents of the present
ipvention. In addion, vartous modifications to the present tnvention will become
apparent from the foregoing description and accompanying drawings. Accordingly,

the present invention is 1o be limited solely by the scope of the following claimas,

16
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WHAT IS CLAIMEDR I3

i, A method for reading out 8 pixed sensor having 2 photodiode, said

method comprising

veading a Hrst potential on a Hoating diffusion aode in 3aid pizel senser while

said Hoating diffusion node is iselated from satd photodiode;

exposing ssid pixel sensor to hght such that said Soating diffusion node is also

exposed to said light

reading a second potential on said Hoating diffusion node while saild floating

diffusion node is isolated from sald photodiode; and

determining a firat exposure from sald first and second potentials,

The method of Claim | further comprising

repding a third potential on said floating diffusion nods;

connecting said photediade (o said floating diffusion node;

ading a fourth potential on sud floating diffuston noder and

determining a second exposure from said third and fourth potentiala.

3. The method of Claim | wherein said flosting Affhsion node is connseted to

~

a reset bus having a first reset potential and then disconpectsd From said reset bus

prior to reading said first potential,
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4, The wethad of Clatm 2 wherein said foating diffision node s connected o
said reset bos and then disconnected from said resst bus prior o reading said third

potential.

3, The method of Claim | wherein photoelectrons are shunied from satd

phatediode to ground if a potential on 3aid photodiode exceads an overflow potential.

G, A pixed sensor comprising

a photodinde characterized by a first Hght vonversion efficiency;

a floating diffusion node;

a pate that selectively connects said phatodiede to satd floating diffusion node;

a readont aniplifier that generates a signal ndicative of & potential on said

floating diffosion node, 3aid signal being coupled fo 2 first conductor in response to a

3

select signal being received by sald pixel sensor; and

areset gate that selectively connects said floating diffusion node 1o a reset bus

at & veset potential, whereln

saxd Hoating diffusion node comprises 3 parasitic photodiode characterized by
a second light conversion efficiency, said first light conversion efficiency heing

0%

greater than or egual to 30 times said spcond Hght conversion efficiency.

7. The pixel sevsor of Clatm & further comprising an pverflow gate connected
to said photodiode, said overflow gats removing churge from said photodinde if a

potential on said photodiode excecds an overflow potential,
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B, The pixel sensor of Claim 6 wherein said floating diffusion node comprises

an s-type implanted region in & p-ype semicondocior substrate.

¥

gt

The pixed sensor of Claim 6 whercin satd photodiode comprises an n-type

implanted ropion in a p-iype substrate,

16, The pixel seosor of Claim 6 wherein said photodiode i3 a pinned

photodiode,

L Animaging array comprising a plurahity of pixel sensors connected 8

readont Hne, said pixel sensors comprising:
a photodiode charasterized by a first ight conversion effiviency:
a floating diffusion node;
1 gate that sclectively connects said photodiode to said Hoating diffusion node;
& readout amplifier that geverates a signal indicative of a potential on said
floating diffusion node, said signal being coupled to a first conductor in response to a

sefect signal being received by said pinel sensor;

# veset gate that selectively comnmects said floating diffusion nede to a reset bus

at a reset potential; and
a readout gate that comnects that pixel aensor 1o 3aid regdont line, whersin
sard floating diffusion node comprises a parasitic photodinde charactenized by

a second lght conversion efficiency, said first Hght conversion efficloncy betug

greater than or egual 3 fimes said spcond Hght conversion efficioney.

13
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12, The imaging arvay of Claim 11 further comprising an overflow gate
connected to said photodinde, said overflow gate removing charge from said

photodiode if a potential on said photodinde exceeds an overflow potential,

13, The imaging arvay of Claim 11 wherein said floating diffuston node
coanprises an n-{ype implanted region o a p-type semiconducior subsirate,

N

14, The buaging arrav of Clan 11 wherein said photodiode comprises an ne

type implanted region in & p-type substrate,

15, The tmaping grray of Claim 11 wherein said photodiode {5 2 pinned

photediode,

i4
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