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Abstract: The Image Transceiver Device (ITD) design is basadcombining LCOS
micro-display, image processing tools and backrilhated APS imager in single CMOS
chip [1]. The device is under development for H&&mlinted Display applications in
augmented and virtual reality systems. The mainmesavith the present design are a high
crosstalk of the backside imager and the needitddsthe pixel circuitry from the photo-
charges generated in the silicon substrate. Inpthidication we present a modified, “deep
p-well” ITD pixel design, which provides a signifiotly reduced crosstalk level, as well as
an effective shielding of photo-charges for theepigircuitry. The simulation performed
using Silvaco software [ATLAS Silicon Device Simidg Ray Trace and Light
Absorption programs, Silvaco International, 1998dws that the new approach provides
high photo response and allows increasing the @ptilickness of the die over and above
the 10-15 micrometers commonly used for back ilheteéd imaging devices, thereby
improving its mechanical ruggedness following thiming process and also providing a
more efficient absorption of the long wavelengtiofoims. The proposed deep p-well pixel
structure is also a technology solution for therittion of high performance back
illuminated CMOS image sensors.

Keywords: head-mounted display, CMOS imager, back illunedaAPS, crosstalk, photo-
activation, Smart-Goggle.
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1. Introduction

In several important Head Mounted Display (HMD) laggiions, there is a need to combine the
Head Mounted Display capability with that of an gea This stems from the need of superposing
auxiliary information in real time, onto the fietd view under observation. In order to accomplisis t
functionality, the scene must be imaged, proceasedsuperposed self-aligned, and in real time, onto
the observed field of view. Furthermore, from ttendpoint of the imaging function we note that an
Imager always requires a pointing or, an aimingfiom. Thus, an effective method of providing dll o
these functions is to have a device combining fmtlstions of Imaging and Display, self-aligned with
the observer’'s gaze. Adding to these requireméiméscommon HMD system needs for compactness
and low-power consumption, it becomes clear thateths a significant advantage in combining both
imaging and display functions, in a single chip. Wave previously reported on the development of
such a CMOS-based, integrated LCD/APS, Image Temwesc Device (ITD) chip for HMD
applications [1].

The ITD design is based on combining LCOS micrgidig and back illuminated APS imager
structures on a common silicon substrate (fig.The fabrication of this device using modern, high
resolution CMOS process will result in the realigatof a compact, head-mounted video system,
comprising an imager, a micro-display and image@ssing tools [1, 2]. This ITD device is expected
to find applications in head-mounted systems faynaented and virtual reality, as well as in Low —
Vision Goggle serving as an aid for the visuallypaired[3].

Figure 1. Basic ITD design.
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The realization of the imager and display pixekeitry on a common silicon substrate while
featuring a compact, efficiently combined Imagesfiday structure, involves several issues, which
cannot simply be overcome by common processing adsthThe main issues are those of crosstalk
and the need to shield the pixel circuitry from fghoharges generated in the silicon substrate.

One effective approach to suppress the pixel tatks;m commonly used front side CMOS imager,
is to prevent obliquely incident light from reactitihe periphery of the photodiode. This is achidwed
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using one or more metal layers acting as photddgshiAnother way to reduce the crosstalk is to
prevent the lateral diffusion of electrons to tldgaaent pixel. In Particular, a deep p+ layer iscus

[4], in order to block the diffusion of electrongrgrated below this layer towards the photodiode
array. In [5], the low crosstalk level is achievay double metal photo-shield as well as deep p-well
imager structure. The photodiode array is formea liow —doped p-well layer which provides a deeper
photo conversion region

However in a back- illuminated imager, neitherrapgh is applicable. The crosstalk effect in back-
illuminated photodiode array can be reduced by medma guard-ring pixel electrode [6]. In that case
the array is realized on thin substrate chipl2 um), which is connected with a signal -prog&ssi
chip, using flip-chip indium bonding technology.

In a reflective LCOS micro-display, the light-shielg problem of the LCD pixel switch transistor
is solved by adding photo-shield metal layers ® éisting light shielding mirror electrode matrix
[7,8]. However, in the ITD structure the LCD switthnsistor is also subject to the light flux iremnd
on the backside imager. Consequently, the lightldinig problem requires a completely different
solution.

In this work we present an ITD pixel structure igeswith a significantly reduced crosstalk level
for the backside-configured imager, as well asféattve photo charge shielding for the pixel dngi
circuitry. In section 2 we present the crosstaldl amcuitry shielding problems for the ITD strucur
fabricated in a standard CMOS processes. In se8tive introduce and analyze the “Deep p-well *
ITD pixel structure as a potential solution , paing low crosstalk level for the backside-configlire
imager, as well as an effective photo charge sinigléor the pixel driving circuitry. Studies of the
behavior of the spectral response versus pixektieiss as well as the effect of surface recombinatio
at the backside of the die on the ITD imager's spkesponse, are also included in this section.

The analysis of the ITD pixel structures was penied using the Silvaco's ATLAS device simulator
[9] with the Luminous module for simulating photbacge generation. The S-Pisces module was used
for simulating charge transport and generation+rdzoation mechanisms by computing the Boltzman
transport equations coupled with Shockley-Hall-Reaayer and the optical generation-recombination
models.

2. Basic Circuitry and Integrated Structures for the ITD Pixel

The ITD pixel circuitry consists of an APS (Actirixel Sensor) imager [10] and an LCD data
switch circuitry [7, 8] The APS circuitry (fig. 2, a) is a photodiode-basetisor with a reset switch
(transistor T1), a select switch (transistor T2saaurce follower (transistor T3) and an n-well / p-
substrate diode.

The use of an APS in a front-illuminated imagingagrconfiguration constitutes the basic circuitry
of the commercially available CMOS imaging devicése backside illuminated CMOS APS imager
design provides an increased fill-factor, since ¢hére silicon substrate pixel area takes pathe
light absorption process. However, backside illiation has worse spectral response and crosstalk
properties.
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The LCD circuitry (fig. 2, b) consists of a NMOSamsistor switch (T4) and a storage capacitor

connected to the LCD pixel electrode. It is aldgpcal data switch circuit of a LCOS (Liquid Crgbt
on Silicon) micro display.

Figure 2. ITD pixel circuitry: a) — APS imager, b) LCD dasavitch. CE — common
LCD electrode, LC — liquid crystal cell,sG storage capacitor, PD - photodiode.
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The basic ITD pixel structures realizing APS andDL@riving circuitry in the common silicon
substrate are shown in fig. 3. These structuresbeafabricated using standard, n-well and twin well
CMOS processes. The sensor part of the structursiste of n-well/substrate photodiode and APS
circuitry transistors (fig. 3, transistors T1, TE3). The transistor T4 (LCD switch) and the storage
capacitor on the left-hand side of the structuesthe components of the LCOS display circuitry,akihi
is connected to the pixel display electrode. Tlamdistors are formed in the p-substrate for n-well
process based pixel and in the p-well region, @iglotted line) for the twin-well-based pixel.

Figure 3. ITD structures: n-well and twin well (dotted linp)xels. The dotted line
indicates the p-well boundary.
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The imager part of the ITD operates in the back-didminated configuration. Thus, the entire
pixel area takes part in the absorption of thetlighpinging on the back surface of the die. The
generated electrons spread in the substrate antlecaollected by any p-n junction in the structure
This process degrades the performance of the imagerms of crosstalk, photo response and leakage
current, as well as the functioning of the LCD drigircuitry. The latter is due to the photocurrent
generated at the switch transistor, by the strag;aollected photoelectrons, which causes a digehar
of the storage capacitor.

Thus, realization of these widely used circuitsthe common pixel area of the silicon substrate
requires the resolution of two problems: (a) mamig a reasonable performance of the back
illuminated imager; (b) light shielding of the LGfircuitry.

2.1. Smulation Aanalysis of the Sandard CMOS Process Based I TD

The simulated pixel structure for n-well processdashlTD is shown in fig. 4. The n-well area on the
left hand side of the structure is the photodiofithe illuminated pixel. The n-well area on thehtig
hand side of the structure is the photodiode ofljacent (non-illuminated) pixel. The n+ diffusi@n
the drain of the LCD pixel switch transistor (ttdrdin” region, in fig. 4).

Figure 4. Simulated pixel structures: n-well (solid lines)in well and deep p-well.
The dotted line indicates the p-well boundary & tivin-well processed pixel. The
dashed line indicates the boundary of the deeplpragion (See Section 3).
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In a twin-well process-based ITD structure, thespoircuitry is placed inside the p-well arelmped
at a level of 18 /cc (fig. 4, the region enclosed by the dotted/ejr

The 2-D steady-state analysis of these structgreenformed under the following conditions: The
n-wells and drain contact bias is 3V; the substcatatact (p-well contact for twin-well structure) i
grounded, and the incident optical power densify@d W/cn.
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Figure 5. Crosstalk vs. optical wavelength (0.4 -0.7 ) esrfor various substrate
thicknesses: solid curves — n-well pixel, dottedves - twin well pixel.
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The simulated results for the n-well process pstaicture shows that the crosstalk is 48% and 3%
respectively, for the 20 um and 5um substrate ti@skes, at a wavelength of 0.55um (fig.5, solid
curves). The crosstalk is calculated as the rdtib@photo current of the adjacent, non-illumirlate
well diode, to the photo current of the exposedeafl-wiode. For the practically used thickness of
10um, the crosstalk level is 15%, which is unacaalgthigh.

Figure 6. Electron current distribution for the n-well pixel
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These high crosstalk values are due to two prosedde first one is the lateral diffusion of the
photoelectrons generated in the substrate intocedjapixel, a process, which is typical in back



Sensors 2008 8 4356

illuminated imager [11]. The simulated results floe spreading photoelectrons current are shown in
fig.6. The second, ITD-specific effect is the captof photoelectrons by the n+/p-substrate “drain”
diode, which is located in the exposed area ofpgixel structure (n+ in fig.6). This diversion of
photoelectrons away from the sensor photodiodettagid capture by an LCD driving element, results
in the following detrimental effects: (a) reductiohthe effective quantum efficiency of the imagg);

An effective increase in the crosstalk due to tbduction in the photocurrent of the exposed
photodiode, and (c) Photo-activation of the drielstry which degrades its performance.

In particular, for a wavelength of 0.55um and attiekness of 10 ppthe photocurrent levelare
as follows: Exposed pixel current = 0.55 pA; Adjaicpixel current = 0.075 pA; Drain diode current =
0.13 pA. It is seen, that the photoelectrons ctéleédy the drain diode constitute a significant [dr
the exposed pixel photocurrent. These resultspadgal up above, in the reduction of the photo-diod
current and therefore in the increase of the catisstalculated as the ratio of the photo currdrthe
adjacent n-well diode to the photo current of theased n-well diode.

The “drain”/substrate photocurrent grows with iragieg wavelength and reaches levels as high as
10" A in the red part of the visible spectrum. Thisrent discharges the LCD storage capacitor. The
analysis of the equivalent lumped circuit of theD @ixel circuitry shows that for a frame period3tf
ms, the storage capacitor voltage will drop by astmas three volts.

The general, wavelength-dependence trend of thelaied crosstalk and the photocurrents for the
twin-well pixel structure do not significantly déf from those of the n-well structure, for short
wavelengths ¥<0.7 pm). However, a dramatic reduction in the L@Bnsistor photocurrent is
observed. The LCD transistor photocurrent of thantwell pixel structure is almost two orders of
magnitude lower than that of n-well pixel (table I)

Table 1.LCD transistor photocurreng,Ifor n-well and twin-well pixel structures
vs. optical wavelenath (substrate thickness = 2D u

Wavelengthpm 0.4 0.5 0.6 0.7

n-well structure gy, pA 77 97 120 141

Twin-well structure py, pA

0.071 0.089 0.144 1.84

This can be explained by the fact that the potefizarier at the p-well boundary blocks the
diffusion of the generated photoelectrons into gh&ell region thereby reducing the n+/p-well, drain
diode photocurrent.

The simulated results also show that the photontimeboth structures grows approximately
linearly with increasing wavelength between 0.4 @r&dum. In addition, the twin-well pixel
photocurrent rises sharply at 0.7 um. The linegeddence of the photo current in both structures is
due to the increase in the number of generatetretecfor the fixed incident optical power density
(0.01 W/cnf) used. This dependence is of course quite univarshapplies to all 3 structures studied.
Now as previously explained, the effect of the phwnegion is to divert the electrons generated idets
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the p-well region by short-wavelength photons (hg\wsufficiently high absorption length), around the
p-well area and into the n-well diode photo detemgions. However, for electrons generated within
the p-well region there is no such blocking or dsven action of the p-well. Thus, these electrons,
generated by long-wavelength photons, reach deephe substrate and into the p-well region, due to
their low absorption coefficient. These photo-gaitedl electrons, with their long diffusion length46¥
micrometer, can now easily reach the transistandtaucture located within the p-well region (iine
structure in fig. 3 above). The result is therefam@ramatic increase in the LCD transistor curvatit
wavelength exceeding 0.6 micron, as is evidencddbie 1. This effect is also clearly seen in the
deep p-well case (see fig. 13 below).

As a consequence of decreasing of the n+/substiade photocurrent, a reduction of the crosstalk
levels for relatively large values of die thickn€$5-20um) is observed (fig.5). At the same time the
n-well pixel shows a low crosstalk level for a tHium die compared to that of a twin-well structure.
This is due to the sinking action of the substratetact, which in the case of a thin n-well stroefu
captures a certain fraction of the photo-generatadiers thus reducing the adjacent pixel current.
Thus, in the thin n-well die, the substrate contacts as a “guard ring electrode” to reduce the
crosstalk. This action of the contact is weakengl increased die thickness, where the photoelestro
are able to flow “over” the contact area and rethehadjacent pixel, thereby increasing the crols-ta
[6]. Now, in the case of the p-well structure, the pbtactrons generated outside the p-well region are
diverted around the p-well region, as explainedvaband are able to reach the adjacent pixels, with
increasingly high cross-talk for thicker dice. Shile the increase in the cross talk with increasliey
thickness is common for both structures, the n-\vaf somewhat better performance (reduced cross
talk) for very thin ~10-um dice.

However, the crosstalk level still remains unacablyt high. This agrees with previously reported
results for a CMOS imager with a similar imageusture [12].

3. Deep P-well Pixel Structure

The Deep p-well structure is our proposed solufamthe ITD pixel. This structure refers to the
twin-well structure in which the p-well depth isuad to the substrate thickness (fig. 7 and fig.ithw
the region enclosed by the dash line).

Figure 7. Physical structure of the “deep p-wdllD pixel.
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The action of the deep p-well is based on the encst of a potential gradient from the p-well region
to the other areas of the pixel. Thus, the elestggnerated in the substrate and in the p-welbmegi
are diverted to the photodiode region of the piwdiere they are collected. This is shown in fig. 8,
which should be compared with the electron curdéstributions in the n-well structure case (fig.6).

Figure 8. Electron current distribution for the deep p-weXel.
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The simulated results show that the crosstalk lefehis structure is much lower in comparison
with that of the n-well and twin-well ITD and iswaeduced to a few percent (fig. 9).

Figure 9. Cross-talk vs. optical wavelength (0.4 -0.7 p)vesrfor deep p-well, n-well
and twin-well structures; Die thickness =20 um.
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The simulated photocurrents vs. p-well thickness, & 20 um die thickness, &t0.55 um, are
shown in fig.10. It is seen, that maximum shieldaifgct takes place when the depth of the p-well is
equal to the substrate thickness. In such a steithe p-well provides a potential gradient frome th
edges of pixel to its center, throughout the salstthickness, up to the backside of the die. As
previously explained, this potential gradient chelarthe photo generated electrons into the photiedio
region. The simulated results show that even anfésvometer gap between the edge of the p-well and
the backside edge of the die, is sufficient to gateea significant photoelectron leakage to thaaat)t
pixel, thereby increasing the crosstalk. This pointan important technology requirement namebt th
the die should be thinned down to the edge of thelbregion.

Figure 10.Photocurrents vs. p-well depth for die thicknels8bpm,at 2=0.55 pm 11 —
exposed pixel current, 12 — adjacent pixel current.
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It is also important to note, that this structullevas increasing the thickness of the die overife
15 micrometers commonly used, thereby improvingrieschanical ruggedness following the thinning
process .It also provides a more efficient absorpaif the long wavelength photons. The considematio
of the ITD die thickness is addressed in the follmxsection.

3.1 Trade-offsin the ITD Performance Parameters

There are three ITD performance parameters, whiglenld on the die thickness: The LCD switch
transistor photocurrent, the crosstalk and phospoase. The general trends of these dependendes wit
the increase in the die thickness are obviousth@)LCD photocurrent is expected to decrease to a
level closer to the dark current; (b) the photgpoese of the imager is expected to drop and, ) th
crosstalk is expected to increase. The questienwdat is the maximum die thickness for acceptable
levels of response and crosstalk?

The Silvaco s/w allows two options for simulatitg imager response. The first one yields the ratio
of the photodiode current to the equivalent cur@nthe incident light (the source photo-current in
Silvaco's terminology), a quantity which correspenal the external quantum efficiency. The second is
the ratio of the photodiode current to the equinalarrent representing the highest possible rate o
photons absorbed (The "Available current” in Sitvacs/w terminology). This simulation option
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corresponds to simulating the internal quantunciefficy (IQE) of the device. The second option & th
one we chose since we cannot take into accoumefleetion at the SiO2/Si interface.

Figure 11.Imager IQE vs. optical wavelength for the deepgihpwixel.
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The simulated IQE’s spectral response (fig.11) shthe expected reduction in the imager quantum
efficiency with the die thickness, where a thiclksx@$§ 40 micrometer is comparable to the carrier
diffusion length. Note, that the recombination modsed, does not take into account the surface
recombination on the backside of the substrateil&imesults for Quantum Efficiency were reported
for a thinned, back illuminated CCD with backsidewmulation and AR coating [17].

The simulated crosstalk vs. the optical wavelengith the die thickness as the variable parameter,
is shown in fig.12. It is seen, that the crossiathkeases by almost two-fold, as the die thickiess

increased from 30 to 4@m.

Figure 12.Crosstalk vs. optical wavelength for the deep {i-pigel.
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At a thickness of 3@m the LCD photocurrent (fig. 13) reaches a leved df pA for the red part of the
visible spectrum. Note that this value of the LGibfocurrent is an order of magnitude lower than tha
of twin-well-based pixel (table 1). This level diiggtocurrent corresponds to a voltage drop of ardund
mV, obtained by approximating the LCD pixel voltadyep by:AV = 1-T / C, where:

| - LCD photocurrent, T - frame period and C - L@iXel capacitor, using typical values of: T = 20
msec and C = 1 pF, for the 0.1pA photocurrent lelieis low level of voltage drop allows a 7-bit gra
scale resolution, for +2.5 volt data drive rangeb¢ attained.

Figure 13.LCD transistor photocurrent for the deep p-weligbi
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Thus, the corresponding die thickness of 30 um aqgp® be the best trade-off, as further redudtion
the LCD photocurrent level, will necessitate furthcrease in the die thickness, which will resnlt
the deterioration of the critical imaging parametef photo-response and crosstalk, beyond the
acceptable level. Table 2 summarizes the performahthe deep p-well pixel structure in comparison
to standard -processed pixels, for a 30 um dikmnless.

Table 2. Simulation results for the three ITD pixel stiurets.

Sub. Thickness. 30 pm

Wavelength: 0.55um Cross Talk, %  LCD photocurrent, pA Quantum Efficiency
4 0.009 0.87
Deep p-well
Twin-well 60 0.089 0.4
n-well 69 97 0.33

Finally, it is interesting to note that the dramahcrease in the LCD transistor photocurrent &gl
wavelength (>0.7 pm) photons, discussed in se@i@nabove, is also clearly seen in this case of a
deep p-well structure. Here, similar to the twinHvwease, the p-well structure fails to divert theopo-
electrons generated by the long wavelength phoionghe vicinity of the n+/p-well junction, within
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the p-well region. These electrons are therefoptutad by the p-n junctions (n+/p-well) of the LCD
transistor.

3.2 Surface Recombination at the Backside of the Die

Surface recombination in semiconductor device®mmonly described by a surface recombination
velocity & [12]. Silvaco s/w models the surface recombimatising the bulk recombination model
with effective carrier lifetime for the illuminatedurface regions in the simulated structure. The
effective carriers' lifetime calculation takes irocount the surface recombination process [9].

The value of § at the backside of a silicon chip depends on #raqular surface treatment. Surface
recombination velocity can reache€ 2010 cm/sec for non-processed SiCBi interfaces. A backside
surface treatment after thinning and before AR d#jm allows a significant reduction in the sudac
recombination and provides a high photo response.

Thus, as an example, the backside processing dbabk illuminated CCDs required in order to
attain high quantum efficiencies of 80-90% overehére visible spectrum , involves backside swefac
passivation by charging, ion implantation or molaclbeam epitaxy (MBE) growth of the thinned
substrate, and the deposition of an anti-reflectoating [14,15] . Similar techniques for surface
passivation are used for CMOS back illuminated iensgnsor [18].

Figure 14. IQE response of the ITD imager with surface recioaiion: S; - surface
recombination velocity.
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The simulated wavelength dependence of the IQEtHer deep p-well ITD pixel, with a die
thickness of 3Qum, in the presence of surface recombination ab#uk surface, is shown in fig. 14.
The upper curve corresponds to a zero value ohserfecombination velocity. In the case of low
recombination velocities (S< 10° cm/sec) the response of the ITD does not sigmifigaliffer from
that of & = 0 (cm/s) . Significant deterioration of the I@Sponse is observed for larger values of the
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recombination velocity ($> 10° cm/sec). Similar dependences were reported in [l conclusion
is that the backside surface treatment commonlyd usethe back illuminated silicon devices
technology will support the high quantum efficiemeguired for the ITD imager.

4. Conclusions

An improved design of a novel, CMOS based Imagendceiver Device is described .The device
combines a front-side LCOS micro display with albdluminated APS imager formed in a single-
processed chip designed for Head Mounted Gogglicagipn.

The main issues with the previous n-well-basedjogetiesign were a high imager crosstalk and a
significant LCD transistor photocurrent (imagerkage current) level, resulting in an unacceptade f
discharge of the LCD storage capacitor. A solubbhese issues by means of a “deep p-well” pixel
structure is proposed. The proposed device desiga studied using Silvaco's ATLAS device
simulator. The simulation results show that theefd@-well" configuration provides low crosstalk
level, high photo response and a significantly oeduleakage photocurrent, required for a normal
operation of the LCD part of the ITD. This configtion may therefore serve as the basis for the
development of a high performance CMOS Image Teiasc Device. The proposed deep p-well pixel
structure also constitutes a technology solution tfee fabrication of high performance, back-
illuminated CMOS image sensors.
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