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The high dynamic range (HDR) CMOS image sensor has
been widely used in many fields, such as autonomous driving
and security guarding [1]. The dual conversion gain (DCQG)
structure, which adjusts the conversion gain (CG) by chang-
ing the capacitors connected to the floating diffusion (FD)
nodes in the pixel, is an effective and prevalent method for
realizing HDR imaging [2]. While the DCG structure can ex-
tend the dynamic range, in the practical HDR imaging pro-
cess, the substantial number of photo-generated electrons
in bright areas can cause significant voltage variations in
the pixel output. These variations affect the gray values in
darker areas of the same image, leading to the streak ef-
fect [3]. This study primarily investigates the streak effect
caused by forward conduction current of the PN junction in
DCG pixels, and proposes a circuit to suppress this effect.

HDR pixzel structure. The HDR pixel structure and tim-
ing diagram are shown in Figure 1(a). The photodiode (PD)
collects the photons and then generates the photoelectrons.
The transistor Mgt empties the photoelectrons accumu-
lated in Cpp before a new exposure period. The transistor
Mrx transfers the photoelectrons from PD to Cgp when
the signal Vipx is high. The transistor Mcap is a MOS ca-
pacitor in a pixel that the gate connected to the source of
MRgg is the top plate and the source and drain connected to
the ground are the bottom plates. The transistor Mgp is a
source-follower that is used to buffer the voltage on Crp and
the transistor Mggy, is a switch that decides whether Vel
is connected to the column bus. The transistor Mypg is
used to change the Cpp. Through switching the Mypg,
the Crp can be adjusted to realize HDR imaging:

{CSF, when Vygpgr is low,

Crp = o 1)
Csr + Cupr, when Vhgpgr is high,
where Cgsp is the gate parasitic capacitor of Mgr and Cypgr
is the gate parasitic capacitor of Mcap.

Streak effect. During the HDR imaging process, the tran-
sistor Mypr is switched on to allow Cpp to collect more
electrons. After Vpx becomes high, the photoelectrons gen-
erated in PD are transferred to Crp and the voltage of FD
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decreases by

Qpp
CsF + Cupr,’
where Qpp is the number of photoelectrons. And the volt-
age at the top plate of Mcap decreases the same voltage

AVep = (2)

AVyos = AVep. (3)

Because the influence of Cqg and Cap of Mcap, a transient
voltage drop appears at the bottom plate of Mcap and it
can be derived as

Cas, Maap

AVvdrop = AVVMOS . (4)

Cas,Mcap + CSB,Mcap

AVgrop will make Vp and Vg drop below Vg instantaneously.
The PN junction in Mcap between the source/drain and
the substrate transitions from reverse biased to forward bi-
ased. Therefore, the heavily doped N-type source/drain,
the P-type substrate, and the lightly doped N-type PD
form a structure similar to an N-P-N bipolar transistor
in the amplification state, as shown in Figure 1(c). The
forward-biased PN junction between the substrate and the
source/drain will generate a drift current g, causing a
large number of electrons flowing from the source/drain to
the substrate. After recombining with holes in the low-
doped substrate, the remaining electrons will be influenced
by the diffusion electric field between the substrate and the
PD, forming a diffusion current Ig_p and thus entering the
PD. Is_p can be derived from the collector current of bipolar
junction transistor as follows:

[Vbs,Bs(t)] )

Is.p =is -exp( v
t

(5)
where V; is the thermal voltage and is is the reverse sat-
uration current of the PN junction. Due to Vp and Vg of
Mgap recovering from AVg,qp, to 0 V over time, the number
of electrons entering the PD can be derived as

Foo Vbs/Bs(t)]
QPD.leak = / is - exp (7/
0

7 )-trec~dt, (6)

info.scichina.com  link.springer.com


http://crossmark.crossref.org/dialog/?doi=10.1007/s11432-024-4198-8&domain=pdf&date_stamp=2024-12-17
https://doi.org/10.1007/s11432-024-4198-8
info.scichina.com
link.springer.com
https://doi.org/10.1007/s11432-024-4198-8
https://doi.org/10.1007/s11432-024-4198-8

Zha W B, et al.

Sci China Inf Sci

January 2025, Vol. 68, Iss. 1, 119404:2

HDR pixel structure

Prototype chip Experiments of streak reduction

Streak model

Parasitic parameter model

Test pattern

Pixel<N>  pixel<N-1>

@

Rine Rine Rine  Riine ark
Vau Vines Ve Vs, end|
Al Al ) o
=]

pixel<l>  pixel<0>

high-illuminated

Voma=1.1V

low-illuminated

) ®

Figure 1

(Color online) Principle of the streak effect and reduction method. (a) HDR pixel structure; (b) improved HDR pixel

structure; (c) streak model; (d) parasitic parameter model; (e) prototype chip; (f) test pattern; (g) experiments of streak reduction.

where trec is the recovery time. It depends on the load
capacitance and resistance on source and drain of Mcap.
To figure out trec and [Vpg/ps(t)], the parasitic parameter
model of Mcap is shown in Figure 1(d). There are N pix-
els in a row that share the metal connection of the ground.
The ground is connected from the right side of the pixel
array. Rjine is the parasitic resistance of the metal line in
each pixel. The recovery time of Vp and Vg depends on the
specific position of the pixel. trec of pixel (i) can be derived
as

trec(i) = (1 + 1) - Riine - CHDR- (7)

If M pixels are under high illumination that will cause
large Virop and (N — M) pixels are under low illumination
that Varop &~ 0. |Vps/Bs(t)] of pixel(i) can be derived as

M t
Vi il = AViren - — - _ R
[Vbs,/Bs (1)l drop " 7 exp( trec(i)) (8)

By substituting (7) and (8) into (6), the additional
charges in pixel(i) due to Is_p can be derived as

+oo Vi t);
QPD _teak (%) =/0 is-exp (%Bf()') “trec(i)-dt. (9)

According to (9), in pixels located further away from the
ground port, Vp and Vg require a longer recovery time and
more electrons will enter the PD. Besides, if more pixels are
under high-illuminated condition, the streak effect in dark
areas will become more severe.

Reduction method and experiments. In order to reduce
the streak effect mentioned above, a control signal Vpyrsg
is applied to Vp/Vg of Mcap. The proposed structure and
timing diagram are shown in Figure 1(b). Before the sig-
nal Vprx becomes high, Vpypsg becomes high first to pull
Vb /Vs of Mcap to Vogset- After the Virx becomes high and
Varop appears, Vp and Vg can be calculated as

VS/D = Voffset — AVd!‘Dp' (10)

According to (10), we can ensure Vg,p > 0 V by adjust-
ing Vifset at all times. The PN junction between the sub-
strate and the source/drain of Mcap remains reverse biased,
thereby preventing electrons drifting into the substrate and
suppressing the streak effect.

In order to validate the method proposed in this study
for suppressing the streak effect, a 1280 x 1024 CMOS im-
age sensor is fabricated in a 110 nm 1P4M process as shown
in Figure 1(e). The size of the pixel array is 12927 um x
10636 pm and the size of the chip is 14270 pm x 11960 pm.
The driver circuits are implemented on the right side of the
pixel array. The test pattern is shown in Figure 1(f). In the

constructed HDR scene, the upper-right corner of the frame
is illuminated by high light, while the remaining parts are
kept dark to emphasize the streak effect. The grayscale value
of pixel darkH, located in a low-illuminated area within the
same row as the high-illuminated area, is denoted as GqarkH-
The grayscale value of pixel darkL, in the same column as
darkH but entirely in the low-illuminated area, is denoted
as Gqarkl,- The difference AG between Ggacg and Ggarkl,
represents the magnitude of the streak effect.
ple picture and suppression results of the streak effect are
shown in Figure 1(g). When Vigset = 0 V, the status of
Mcap is the same as that in Figure 1(a) and the typical
streak effect appears in the darkH region. Under this condi-
tion, Ggarka = 172 and Ggarkr, = 44. Their difference AG
is 128 due to the streak effect. When V,geot = 0.7 V, AG
is reduced to 7. The steak effect is suppressed apparently
compared with Vigeet = 0 V. When Vi gget is raised up to
1.1 V, AG is reduced to 4. When Vgt = 1.5 V, AG is the
same as that in Vogget = 1.1 V. The streak effect caused by
the PN junction current of Mcap is suppressed effectively.
The remaining difference in grayscale between darkH and
darkL is caused by other ideal effects in the pixel array and
readout circuits.

Conclusion. The streak effect caused by the forward-
biased PN junction current of MOS capacitors in HDR pixels
is analyzed and a method to suppress it is proposed in this
study. In HDR pixels, the voltage of the MOS capacitor’s
top and bottom plates is affected by the voltage drop at the
FD, causing the PN junction between the substrate and the
source/drain to become forward biased, which leads to elec-
trons flowing from the source/drain regions to the PD and
causes streak effect. In order to suppress the steak effect,
a positive pulse is applied to the bottom plate of the MOS
capacitor to compensate for the voltage drop. According
to the experiment results, the difference of grayscale value
representing the steak effect is reduced from 128 to 4.
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