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Abstract—A new pixel structure for still CMOS imager ap-
plication called the psedoactive pixel sensor (PAPS) is proposed
and analyzed in this paper. It has the advantages of a low dark
current, high signal-to-noise ratio, and a high fill factor over the
conventional passive pixel sensor imager or active pixel sensor
imager. The readout circuit called the zero-bias column buffer-di-
rect-injection structure is also proposed to suppress both the
dark current of the photodiode and the leakage current of row
switches by keeping both biases of photodiode and the parasitic
p-n junction in the column bus at or near zero voltage. The
improved double delta sampling circuits are also used to suppress
fixed pattern noise, clock feedthrough noise, and channel charge
injection. An experimental chip of the proposed PAPS CMOS
imager with the format of 352 x 288 (CIF) has been fabricated by
using a (0.25-pm single-poly-five-level-metal (1P5SM) n-well CMOS
process. The pixel size is 5.8 um X 5.8 pm. The pixel readout
speed is from 100 kHz to 10 MHz, corresponding to the maximum
frame rate above 30 frames/s. The proposed still CMOS imager
has a fill factor of 58%, chip size of 3660 pym x 3500 pm, and
power dissipation of 24 mW under the power supply of 3.3 V. The
experimental chip has successfully demonstrated the function of
the proposed new PAPS structure. It can be applied in the design
of large-array-size still CMOS imager systems with a low dark
current and high resolution.

Index Terms—CMOS images, dark current, pseudoactive pixel
sensor (PAPS), readout circuit.

1. INTRODUCTION

ECENTLY, CMOS imagers, which integrate photosen-

sors, optics, analog readout circuits [1]-[4], digital control
systems, and intelligent signal processing circuits [5], [6] on
a single chip have become increasingly attractive due to their
low cost [1], low voltage [7], [8], and low power consumption
[9]. Such CMOS imager chips have great potential in various
applications, including cameras, medical examination, military
systems, and other strategic or security equipments. With the
rapid scaling down of CMOS technology, the design of multi-
million-pixel and high-quality CMOS imagers [10], [11] with
performance approaching that of charge couple device (CCD)
imagers has become more and more challenging. Generally,
small pixel size, low dark current, and high fill factor are re-
quired in the design of high-resolution and high-quality CMOS
imagers.
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Temporal noise sets the fundamental limit on image sensor per-
formance at room temperature [12]. The dominant source of tem-
poralnoiseinhighilluminationistheshotnoisethatis proportional
tothe sum of photocurrentand dark currentinaphotodiode [12]. A
largedark currentinthe photodiode array ofaCMOS imagercould
leadtohighnoise,lowsignal-to-noiseratio(SNR),nonuniformity,
low scalability, and reduced dynamic range. Therefore, reducing
the dark current in the photodiode also eliminates the temporal
noise in CMOS imager at room temperature.

The dark current is dominantly generated from the reverse-bi-
ased photodiode and parasitic pn junctions in the pixel. Gener-
ally, higher (lower)reverse-biased voltageleadstolarger (smaller)
dark current. In the conventional active pixel sensor (APS) [1],
[10], [11], the dark current is dominantly generated from the pho-
todiode, which is different in every pixel due to the different re-
verse-biased voltages of photodiodes when the incident light on
every pixel is not the same. Thus, the effect of the dark current
cannotbe reduced even under the use of dummy photodiode in the
pixel. Inthe passive pixel sensor (PPS) [1], the dark currentis gen-
erated from both the photodiode and the parasitic p-n junction in
the column bus. The two effects are also different in every pixel
during the signal readout operation.

Several techniques have been proposed to cancel the dark cur-
rent such as the differential passive pixel imager with fixed pat-
tern noise (FPN) reduction [13] and the phototransistor pixel
sensor with dark current cancellation [14]. The differential pas-
sive pixel imager still cannot effectively reduce the dark current
due to the mismatch between the photodiode in the photodiode
array and that in the dummy shielded pixel. The structure of pho-
totransistor pixel sensor with dark current cancellation contains
one dummy shielded photodiode in each pixel [14]. The total
dark current still cannot be effectively cancelled because the re-
verse-biased voltage of the photodiode differs from that of the
dummy shielded photodiode. In addition, the large pixel size in
this structure degrades the image resolution and increases cost.

The fill factor is another parameter considered in the design of
the high-resolution and large-array-size CMOS imager. A high
fill factor could lead to a high spectral sensitivity under the same
pixel size. In other words, the pixel must be composed of de-
vices as few as possible. Among the APS CMOS imagers, the
pixel structure composed of one photodiode and three MOS-
FETs cannot be effectively shrunk to satisfy the requirements
of small pixels with the advancement of CMOS technology be-
cause most of the pixel area is filled by the three MOSFETs and
the contacts for connections. In the conventional PPS CMOS
imager, there is one MOSFET and one photodiode. Although
the fill factor is high, the noise from the capacitive column bus
is large [1]. In addition, the passive pixel cannot be shrunk too
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small and the array size cannot be too large because the small
capacitance of photodiode and the large capacitance of column
bus will result in high readout noise [1].

Several other pixel structures for the design of large-array-
size CMOS imager such as the differential passive pixel im-
ager [13] and the imager with pixel-level analog—digital con-
verter (ADC) [15] have been proposed to reduce pixel area and
maintain high performance. However, the effect of dark current
is still the problem to be solved.

It is the aim of this paper to propose a new pixel structure
called the psedoactive pixel sensor (PAPS) for the large-array-
size still CMOS imagers with low dark current and high fill
factor [4]. A new readout circuit is also proposed to readout the
sensor current to the column bus and performs the outside-pixel
integration using the APS-like structure. The new readout cir-
cuit keeps the biases of both photodiode and parasitic pn junc-
tions in the column bus at or near zero bias to achieve low dark
current, low column leakage current, and high linearity. The im-
proved double delta sampling (DDS) circuit is used to reduce
FPN, clock feedthrough noise, and the noise from the effect of
channel charge injection. From the experimental results, it has
been shown that the proposed new pixel structure and readout
circuit can be applied to the design of low-dark-current and
large-array-size still CMOS imagers.

The rest of this paper is organized as follows. In Section II, the
new structure of the proposed PAPS is described and the princi-
ples to reduce dark current and increase fill factor are presented.
The operation of improved DDS circuits is also described. In
Section III, the chip architecture is described. In Section IV, the
simulation results, chip layout, and experimental results are pre-
sented, analyzed, and compared to verify the advantageous per-
formance of the proposed new pixel structure and readout cir-
cuit. Finally, the conclusion is given.

II. PIXEL STRUCTURE AND READOUT CIRCUITS
A. PAPS Structure

The proposed PAPS structureis showninFig. 1. The pixel struc-
tureis composed of one photodiode and onerow select switch. The
integration capacitor and source follower in the APS structure are
movedoutofthe pixel. The cathode of the photodiode isconnected
tothepixelbias voltage V},;x, whereas the anodeis connected to the
column bus through the select switch. The column bus biased at
Veom Whichis nearly the same as V. Thus, the effective voltage
drop across the pixel is zero or nearly zero. This structure is the
same as that of the PPS, but the pixel voltage drop is kept at zero.
Moreover, the readout operation is different from that of the con-
ventional PPS structure, as will be described later.

In order to achieve a small pixel size, only a single type of
MOSFET is used as the select switch within the pixel. As shown
in Fig. 1, the pMOSFET is selected as the row switch in the pixel
because the voltage at the n-well of the pMOSFET can be con-
nected to the positive voltage V}ix to keep both source and drain
junctions at the bias voltage of 0 V. Furthermore, to achieve the
antiblooming effect, the p+-diffusion/n-well junction is used as
the photodiode to ensure that the excess charges generated by
strong incident light can be drained away by the vertical sub-
strate p-n-p bipolar-junction transistor (BJT)[2]. This prevents

2205

Voi
light ke

photocurrent J{
A

Rsel -I >—

Mrsel

column bus (Vcom)

Fig. 1. Circuit of PAPS.
the excess charges from leaking to the neighboring pixels or di-
rectly to the column bus. The p+-diffusion of the photodiode
can be connected to the source of M to increase the fill factor.

In the n-well CMOS technology, the p+/n-well p-n junction
is used as the photodiode. In a test chip, 10000 photodiodes
are connected in parallel to form a photodiode array. The cur-
rent-to-voltage (I-V) characteristics of a single photodiode can
be obtained by dividing the measured total current by 10 000.
The measured dark current I; of the photodiode shielded from
light and the measured photocurrent I, of the photodiode gen-
erated under the light of 20-mW bulb are shown in Fig. 2(a) and
(b), respectively. As shown in Fig. 2(a), the dark current is in-
creased with the reverse-biased voltage Vg because higher elec-
tric field is generated in the pn junction depletion region when
the reverse-biased voltage is higher. For the same reasons, the
photocurrent is also increased with the reverse-biased voltage.

In Fig. 2(a), the dark current /; of the photodiode approaches
zero whenthereverse-biased voltage Vi isdecreased toward zero.
However, the photocurrent of I,,; at the reverse-biased voltage
of 0 V is not much smaller than that of I at the reverse-biased
voltage of 3 V as shown in Fig. 2(b). The measured values of
1{11, 1,12, Ipl s ng, IpllLil , and ng/IdQ are listed in Table I. From
the measurement results, it is found that the ratio of the photocur-
rent [,; to the dark current I4; at the reverse bias of 0 V is much
larger than Ip,»/14> at the reverse bias of 3 V. Generally, the p-n
junction photodiode has the characteristic as

1,

4

Iy

I
o> 2
|[VRr|=0 I,

ey

|[Vr|>0

Thus, biasing the photodiode at or near zero voltage can achieve
lower dark current, lower shot noise [12], and higher SNR as
compared with that at higher reverse-biased voltage.

From the above results, it is shown that both photodiode and
all the parasitic pn junctions in the row select switches must be
operated at the reverse bias of 0 V to effectively reduce the dark
current. Thus, the voltage difference between the cathode of the
photodiode and the column bus is operated at 0 V in the pro-
posed PAPS structure in order to maintain the zero bias of both
photodiode and parasitic pn junctions as shown in Fig. 1. When
the row select switch of M, is on, the voltage at the source of
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Fig.2. Measured (a) dark current I,; and (b) photocurrent I,, of the fabricated
p+/n-well photodiode.

TABLE 1
VALUES OF I g1, Iq2, Ip1, Ipo, Ipi /g1, AND 1o/ g0

Ld1 0.13 fA
1a2 18.10 fA
Ipl 570 fA
Ip2 880 fA

Ip1/Id1 4384.61

Tp2/1d2 48.62

M, se1 is the same as that of the column bus which is V}ix. The
photodiode, the parasitic pn junction between the source and
the substrate of M .1, and the parasitic p-n junction between
the drain and the substrate of M, are all operated at the re-
verse-biased voltage of 0 V. The photocurrent is then delivered
to the column bus for charge integration while both dark current
of the photodiode and leakage current of the parasitic pn junc-
tions are decreased to near 0 A.

When the row select switch of M, is turned off by setting
the signal of Rge at Vyq, the circuit diagram of PAPS is shown
in Fig. 3. In Fig. 3, the source of M|, n-well, and the drain of
M1 form the parasitic lateral p-n-p BJT device Q1 with base
and collector connected to V}ix and Vom, respectively, and the
emitter connected to node A. The source of M, 4.1, n-well, and
p-substrate form the parasitic vertical p-n-p BJT device Q2 with
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Fig. 3. Circuit diagram of PAPS when the row select switch of M, is off.

the p-substrate collector connected to ground. Under incident
light, the photodiode is forward-biased with the voltage drop
equal to VF and operated as a solar cell. Thus the current of I
is expressed as [16]

Ve
IF:IPU—ISP <€VT —1) (2)

where Isp is the reverse saturation current of photodiode, 1,0
is the photocurrent when the photodiode is biased at 0 V, and
Vr is the voltage equivalent of temperature. With Vp as the
forward substrate bias between source and body of M., the
threshold voltage V;, of M. is decreased due to the body ef-
fect. But the row select switch device M is still kept off be-
cause the voltage at the node A, which is Vi + Vi, is smaller
than Vyq + V4. However, the collector current I of Q1 flows
into the column bus as the dark current. As shown in Fig. 3,
the current of I in the photodiode is equal to the sum of the
emitter current I.; of Q1 and I.o of Q2. Furthermore, both of
the parasitic laternal p-n-p BJT device Q1 and parasitic vertical
p-n-p BJT device Q2 are operated in the forward-active region
because their emitter-base junctions are forward-biased and col-
lector-base junctions are reverse-biased. From the simplification
of Ebers-Moll current equation, we have

Vi
IF = ng —Isp (6VT — 1)
= lel +IeZ

Ve e
—ts (F o) 4t (o) o

where Ig; and Ig- are the reverse saturation current of parasitic
lateral BJT device Q1 and parasitic vertical BJT device Q2, re-
spectively. From (3), the total equivalent dark current ITgp from
the parasitic BJT device Q1 flowing into the column bus can be
expressed as

Isp + Is1 + Iso
=2.107 x 107° x (N, — 1)1 4)
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TABLE 1I
VALUES OF I, Is1, I52, oo, AND WIDTH/LENGTH OF MRSEL
Isp 1.97x10™"7 A
Isi 420x10%2 A
Is2 3.02x10%° A
o 0.99
width/length of Mrsel 0.5 um/0.35 um
vdd
Vb1 Mp2
Other 1 =P
off pixels  Pixel circuit

. ¢— To column sampling circuit

Fig. 4. ZCBDI readout circuit with the P+ /N -well photodiode.

where IV, is the number of pixels connected to the same column
and « is the common-base current gain of Q1.

The values of Isp,Is1,ls2, and « in the proposed PAPS
CMOS imager with 0.25-ym CMOS technology and channel
width (length) of M, are given in Table II. From (4), the ratio
of I0/Itgp is larger than that of APS CMOS imager if IV,
is smaller than 2000. Thus, the dark current contributed by the
current ITgp in the proposed PAPS CMOS imager is smaller
than the dark current of APS CMOS imager if IV, is smaller
than 2000 which is equivalent to a 4M-pixel imager if a square
pixel array is used. Thus, the proposed PAPS CMOS imager can
be applied to the large-array-size imager with the dark current
contributed by ITgp in (4) smaller than the dark current of APS
CMOS imager.

The value of Is; can be decreased by increasing the channel
length of M;c1. A lower Isq leads to a larger ratio of I,,0/IrEp
in (4) and thus larger of IV,,. However, the fill factor is decreased
to about 54% if the channel length of M4 is 0.7-um. This fill
factor is still larger than that of the APS CMOS imager.

B. ZCBDI Structure

Fig. 4 shows the PAPS pixel and the column readout circuit
called the zero-bias column buffer-direct-injection (ZCBDI)
structure with the p+/n-well photodiode. The bias voltage
Vpix in the pixel is maintained at 1.8 V. On the left-hand side
of the pixel circuit, all the deselected pMOSFETs as the row
select switches in the same column are added to include their
leakage currents to the column bus. For a 352 x 288 (CIF)
imager, the total number of deselected pMOSFETs is 287.
The common n-well of all selected and deselected pMOS row
switches is connected to 1.8 V to maintain zero reverse bias in
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the source/drain p-n junctions. Thus the total column leakage
current due to the deselected pMOS switches can be reduced
to a very low level.

The column readout circuit is composed of the BDI [17], [18]
readout structure, the nMOS transistor M, as the reset switch,
the APS-like structure with the pMOS source follower M,,; and
M,,», and an optional integration capacitor Cint with a switch. In
the BDI readout structure, the inverting input of a gain stage with
gain A is connected to the column bus and the noninverting input
is connected to the bias voltage Von,. The output of the gain
stage is connected to the gate of Mj,, as a common-gate input
stage. The gain stage is implemented by a CMOS differential
pair to reduce the chip area. Through the BDI circuit, the bias
of column bus is controlled by the input voltage V., of the
differential pair. The value of V.., is set to be 1.8 V by a low-
noise constant voltage source to maintain the voltage of column
bus at or near 1.8 V. The additional power consumption of the
differential pair in each column readout circuit can be reduced
by proper design of gain stage with low bias current. The ZCBDI
readout structure is similar to the readout circuit used in infrared
focal plane array to obtain stable zero detector bias [19].

In addition, to maintain the stable bias at the column bus, the
input impedance in the BDI readout structure is decreased by a
factor of A due to the negative-feedback structure. The injection
current from the pixel is mainly drained toward the column bus
due to the low input impedance. The current injection efficiency
of the BDI readout structure which is the current ratio between
I, and I, in Fig. 4 is expressed as [19], [20]

_ [+ AgnR, 1
) = T Aygm Ry \ 15 /27 Foy )
14 (1+ A)guR,
o 27TROCT (6)

where A is the gain of the buffer, g,, is the transconductance
of M;,, Cr is the capacitance at the column bus, and R, is
the output resistance of M. From (5), the current injection
efficiency is increased by the gain of the buffer. In this design,
the gain of A is about 100, which makes the injection efficiency
close to 1.

Both the photocurrent from the selected pixel and the leakage
current from the deselected pixels are injected into the integra-
tion capacitance through the BDI readout structure. However,
from (4), the ratio between the photocurrent I,q from the se-
lected pixel and the total equivalent dark current ITgp from the
deselected pixels is large if the number of pixels connected to
the same column is small. Thus, the current from the deselected
pixels is negligibly small as compared with the photocurrent
from the selected pixel due to the zero or near zero bias in para-
sitic p-n junctions. The integration capacitance is composed of
the gate capacitance of Mp,; and the optional capacitance of Cin¢
with a switch. The optional capacitor of Cj, is used to prevent
saturation when the incident light is strong and the integration
time is long such as the application of still imager in the environ-
ment of strong light. This leads to increase the dynamic range
of the incident light. In this design, the value of C; is designed
as 0.2 pF, which only occupies small area of the total chip.

The photocurrent generated from the selected pixel is inte-
grated on the integration capacitor after the reset operation when

Fpw
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M, is open. After the integration, the integrated voltage is
transferred through the source follower composed of M,,; and
M. The reset switch and the source-follower form an APS-like
structure to integrate the photocurrent outside the pixel. At the
end of the integration, the reset switch M,y is turned on and the
voltage at the integrating capacitor is also transferred through
the source follower to perform the operation of DDS.

The source follower is composed of the two pMOSFETs of
M,1 and M,> with their n-well substrates connected to the
sources as shown in Fig. 4. Thus, the gain of the source follower
can be designed to be nearly 1 without the gain loss due to the
body effect. The output of the source follower is connected to
column sampling circuits in the next stage of DDS operation
circuit.

The ZCBDI readout circuit can be modified for the applica-
tions to the n+/p-substrate photodiode which has lower dark
current and higher quantum efficiency. The modified ZCBDI
readout circuit for the n4/p-substrate photodiode is shown in
Fig. 5 where an extra nMOS device M;,, is added. In Fig. 5, the
modified ZCBDI readout circuit is composed of the BDI [17],
[18] readout structure, the pMOS transistor M, as the reset
switch, the APS-like structure with the nMOS source follower
M,,; and M,,, and an optional integration capacitor C;,,; with
a switch. The value of V,,, is set to be slightly larger than the
threshold voltage V;,, of Mj,. Thus the bias at the column bus
of node CB is equal to near zero voltage. The photodiode is bi-
ased at zero or near zero voltage when the row select switch of
M1 is on. The impedance seen from the node of CB to Vyq
is increased by (1/gmin) Where g, is the transconductance
of M;i,. To avoid the degraded injection efficiency, the channel
geometric ratio W/ L of M, should be large enough to increase

Jmin-

C. Improved DDS Operation Circuit

The improved DDS operation circuit is shown in Fig. 6. The
column sampling circuit is used in each column whereas the
output correlated double sampling (CDS) circuit is shared by all
the columns. In the column sampling circuit as shown in Fig. 6,
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the nMOS devices of M.S and M R controlled by the signals
of SHS and SHR, respectively, are sampling switches whereas
M. controlled by V.. is the equalization switch. The signals
generated by the integration of photocurrent and the reset signal
transferred through the source follower M,,; /M,,2 are sampled
by the two nMOS devices of M .S and M R, respectively. Both
the effects of clock feedthrough and channel charge injection
resulted from the sampling operation of MS and M R in the
original DDS circuit [21] will degrade the performance of signal
readout. In the improved DDS circuit of Fig. 6, the effect of
signal-dependent channel charge injection caused by M.S and
M R during the falling edges of SHS and SHR is reduced by
the two added dummy nMOS devices Ma and Mb with their
drain and source connected together and their gates connected
to the outputs of the two inverters invA and invB, respectively.
The size of Ma and Mb is designed to be about one half of the
size of M'S and M R, respectively, because only the channel
charges injected to the source regions of M S and M R are to be
compensated by those to both drain and source regions of M S
and M R, respectively.

The signals after the sampling are held at the nodes of A
and B until they are readout to the output CDS circuit when
the column switches M,,; and M,,3 are on. Since the column
readout sampling is performed simultaneously in each column
and the sampled column signals are readout to the output CDS
circuit successively, the signal from the last column is held for
the longest time that is almost equal to the integration time of the
photocurrent. The held signal voltages at the last column will be
decreased by the leakage currents at the nodes of A and B. An
extra capacitor of 0.12 pF is added to the nodes of A and B to
avoid the held voltage level from decreasing lower than 1 LSB
of the output analog-to-digital converter. The extra capacitor of
0.12 pF is determined by the leakage current Ileak at the nodes
of A and B, the gain Gpg of the programmable gain amplifier
(PGA) before the ADC, the node capacitances at the nodes of A
and B Ch14, and the integration time of photocurrent 7;,,;. The
equation can be represented as

(Chota + 0.12 pF)Virss = Gpga (lieak X Ting).  (7)

The values of Cho1q and Ije,y are determined from the process
parameter. All the values of Clo14, ViLsB, GPGA , Lieak, and Ting
are summarized in Table III.

The photosignal (reset) voltage is sampled to the gate
of Mya(Mp4) of the second source follower composed of
My, Mp1, and M, 5(M,4, M3, and M,¢) and sent out to
the output CDS circuit through the column select switches
M,1(M,3), Csela, and Cqepn,. The second source follower is
composed of nMOS devices because pMOS devices are used in
the first source follower. Thus, the voltage dynamic range at the
output of the second source follower is not reduced by the level
shifting of threshold voltage. In the conventional n-well CMOS
process, the substrates of all nMOS devices must be connected
to the ground together due to the use of a single p-well. Under
this circumstance, the source follower composed of nMOS
devices suffers from the gain attenuation due to the body effect.
However, the 0.25-pm 1P5SM CMOS technology used in the
design of the imager chip has the mask of deep n-well beneath
the p-well. In other words, the potential of the p-well at the top
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Fig. 6. PAPS structure with ZCBDI readout circuit and the improved DDS circuit.

TABLE 1III
VALUES OF CroLp, Vinss, Graa, lieaks AND Ting
Chold 0.24 pF
ViLsB 0.3 mV
Grga 8
Tleak 0.45 fA
Tint 30 ms
Todr
Rsel#1
se "
Rsel#2 %
Reset SR Iy % ﬂ———l
SHR 1 % — i
i Integration time >
SHS %
Csel#1 % 1
Vee#1 % 1
Csel#2 - % M
Vce#2 x I % I
Clamp JUEMIU U UMUUU U U L MMUMMMUU UM LUt

Fig. 7. Major timing diagram of the column readout circuit and the output
driver circuit.

of deep n-well can be set to any value. Thus, the substrates of
M,,> and M,,4 can be connected to their source and the gain in
the nMOS source follower is not attenuated by the body effect.
The dynamic range of the output voltage is almost equal to that
of the voltage at the integrating capacitor although two types of
the source follower are used in the design of column readout
circuit. The equalization of both photosignal path and reset
signal path controlled by V., is performed after the readout of

the held voltage. The equalized voltage at the two nodes of A
and B is then readout to the output CDS circuit.

Toreduce the load of the column sampling circuits to the output
CDS circuit in the high-resolution CMOS imager and increase
the readout speed, every eight column switches are connected
together to one switch Cg.l, Whereas eight Ci.j, switches are
further connected to one switch Cgep, [21]. In the output CDS
circuit, the nMOS devices M,,7(M,s) controlled by the signal
Clamp is to clamp the voltage at the gate of M,,3(M,5) in the
output source follower M,,3 and M4 (M5 and M,,6) to V33. The
capacitor of 2.3 pF are used to perform the operation of CDS.

The major operational timing diagram is shown in Fig. 7.
First, the row select signal Ry #1 is low and the reset control
signal is high to reset the voltage at the integrating capacitor to
0 V. After the reset operation, the photocurrents of all pixels in
Row#1 are integrated at the gate of M,,; of Fig. 6 during the inte-
gration time. Then, the control signal of SHS is on to sample the
photo-signal in the output of the first source follower My /M2
to the node A of Fig. 6 as V'S. After that, the reset control signal
is on again and then the control signal of SHR is on to sample
the reset signal in the output of the first source follower to the
node B of Fig. 6 as V R when the reset control signal is off. As in
the APS structure, the duration of reset time is kept long enough
to eliminate the amount of residual charges due to incomplete
reset. That is, the amount of (KTC noise generated by the trap-
ping of the switch thermal noise in the integration-reset function
at the node D of Fig. 6 is the same in V.S and V R if the settling
time of the voltage at the node D of Fig. 6 during the reset op-
eration is shorter than the reset time [12]. Thus the KTC noise
due to the reset operation can be reduced by the CDS operation.
The reset signal must be sampled after the reset control signal
is off because the effect of clock feedthrough on V.S and VR
from the reset control signal is the same which can be reduced
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Fig. 8. Block diagram of the proposed PAPS CMOS imager.

by the CDS operation. The integration time 7, and frame rate
are expressed as

Tint = NToar (8)
Frame rate = 1/[M (N + 3)Toar] )

where M, N, and T4, are the row number of imager, column
number of imager, and the reciprocal of output data rate, respec-
tively. The registration time of one image is equal to the recip-
rocal of frame rate.

In the still imager application, the integration time can be ad-
justed according to the background light intensity. The photo-
generated charges in the PAPS CMOS imager can be the same
as that in the conventional APS CMOS imager by increasing
the integration time. Under this circumstance, the value of SNR
is increased due to the lower dark current which leads to lower
shot noise. But the frame rate is smaller than that of APS CMOS
imager. If a high frame rate is required, the background light in-
tensity should be increased to decrease the required integration
time. Under these circumstances, the optional capacitor Cjy is
not used because the voltage saturation at the node D of Fig. 4
will not be occurred.

The clamp signal in the output CDS circuit is then turned
on to clamp the gate voltages of Mp3 and Mp5 to V3. Then,
Csel, Csela, and Cgg)p, are on to transfer the signal from the
column sampling circuit to the output CDS circuit. Finally,
Clamp is off and V¢, is on, the voltage at both nodes of A and B
of Fig. 6 becomes (VS+ VR)/2. If no loss in the stored charges
of the capacitor, then the voltage change at the capacitor of
2.3 pF is transferred to the output node of the output source
follower composed of M3 and M,4(M,s and Mpe) as shown
in Fig. 6. Thus, we have [21]

_VR-VS

‘/out_s = 2 + Vb3
+ ‘/r,f7 Mvce + VSG: Mp3 (10)
VS — VR

Vout_r = T + Vb3

+chf-/Mvco+ VSG-/MpB (11)

where V¢, M. is the effect of clock feedthrough on the node
of A and B of Fig. 6 when the MOSFET of M. is on and
Vsa, Mp3(Vsa, M,5) is the voltage drop between source and
gate of M,3(Mps). As may be seen from (10) and (11), the CDS
operation is realized in the output CDS circuit. The FPN in the
nMOS source follower of column sampling circuit can be re-
duced by this CDS operation. The two output signals are sent
out and subtracted each other by the subtraction circuit in the
off-chip data acquisition (DAQ) card. Thus, the complete opera-
tion of the DDS circuit is realized. The FPN caused in the pMOS
source follower of ZCBDI circuit in Fig. 6 can be reduced by
the subtraction in DAQ card. The effect of clock feedthrough by
switching the signal of V. to equalize the voltages at the two
nodes of A and B can also be reduced from the subtraction. The
final result after the subtraction of the DAQ card can be written
as [21]

Vout_r - Vout_s ~VS-VR + VSG: Mp5 - VSG> Mp3~ (12)

III. CHIP ARCHITECTURE

The block diagram of the proposed PAPS CMOS imager is
shown in Fig. 8. The 352 x 288 (CIF) format of CMOS im-
ager is taken as an example to realize the new PAPS structure.
As shown in Fig. 8, the proposed PAPS pixel is composed of
one photodiode and one select switch. The integration capac-
itor is put in the column readout circuit to perform off-pixel
integration. The row decoder and the row counter on the left
side of pixel array are used to generate the control signals for
the row switches. The column decoder and the column counter
on the top side of pixel array are used to generate the control
signals for the column reset operation, the column switches,
the improved DDS circuit of Fig. 6, and the row counter. Each
column of the pixel array has a column readout circuit including
the ZCBDI circuit to lower the leakage current in the column
bus and the column sampling circuits to reduce the FPN. The
column readout circuit generates two analog output voltages.
One is the signal proportional to the gray scale intensity of the
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Fig. 9.

image whereas the other is the signal proportional to the reset
voltage at the integration capacitor. The output CDS circuit is
used to drive the external loads and perform the CDS operation.

The image information is transformed as the photocurrent in
the pixel array by using the photodiode. The photocurrent is de-
livered to the column bus and converted into a voltage signal
proportional to the intensity of image after the current integra-
tion outside the pixel. The current-mode readout from pixel to
column readout circuit avoids the voltage swing in the highly ca-
pacitive column bus. The photosignal and reset signal are used
for the operation of the improved DDS. The two signals gener-
ated in the output CDS circuit are delivered to the PGA, ADC,
and display system outside the chip to generate the raw image.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The simulation results of the voltage difference between
Vout_r and Vot _s of the output CDS circuit in Fig. 6 are shown
in Fig. 9, where the input photocurrent is from 20 to 80 pA
under the readout frame rate of 30 frames/s. As may be seen
from these figures, the linearity of the readout circuit is greater
than 90% and the maximum output swing is greater than 1.2 V.
The readout speed is from 100 kHz to 10 MHz, corresponding
to the maximum frame rate above 30 frames/s.

In the experimental chip, a CIF CMOS imager using the
proposed PAPS structure is designed and fabricated by using
0.25-pm 1P5M n-well CMOS process. The depth of n+ dif-
fusion, p+ diffusion, n-well, and deep n-well of this CMOS
process are summarized in Table IV. The pixel size is 5.8
pm X 5.8 um and can be further shrunk. The layout diagram
of a single pixel is shown in Fig. 10 where the source of row
select transistor is connected directly to the p+ diffusion of
the photodiode without contacts to increase sensor area and
fill factor. The corner of the photodiode is clipped at 135° to
reduce the effect of leakage current at the right angle. The fill
factor in the PAPS pixel is 58% that is larger than that of APS
pixel reported so far. The fill factor can be designed larger by
moving the n-well contact outside the pixel. Thus, the pixel
size in the proposed PAPS structure can be designed smaller
than that of APS pixel if their fill factor is the same.

Simulation results of the voltage difference between Vo,¢_ and Vo,¢_s of Fig. 6 for the input photocurrent from 20 to 80 pA.

TABLE IV
DEPTH OF n+ DIFFUSION, p+ DIFFUSION, n-WELL, AND DEEP n-WELL IN
0.25-pm 1P5SM n-WELL CMOS PROCESS

N+ diffusion 0.1 um
P+ diffusion 0.1 pm

N-well 1.2 um
Deep N-well 2.5 um

To column readout circuit

N-well contact

Metal 5 shielding
5.8 um

Rsel

Fig. 10.
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Fig. 11.

Die photograph of the test chip.

To obtain the uniform characteristics of the sensor array, two
layers of dummy photodiodes are added around the active sensor
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(a)

Fig. 12.

(e) (®

Fig. 13.
() 1.50 V, and (h) 1.45 V.

array. The p+4 regions of the dummy photodiodes are connected
to n-well to maintain zero bias such as the photodiodes in the
active sensor array. The dummy photodiodes are completely
shielded by metal 5. In addition, double guard rings are inserted
around the sensor cell array to reduce substrate coupling of the
digital switching noise. The analog-to-digital converter is not
implemented to simplify the design of the test chip. The final
chip photograph is shown in Fig. 11 where the area except the
regions of sensor and capacitor are covered by metal 5 from light
shielding. The total chip size is 3660 pm X 3500 pm.

To test the fabricated CIF PAPS CMOS imager chip, a DAQ
card with the function of ADC is utilized to capture the image.
The original image and the measured grayscale image captured
by the fabricated 352 x 288 (CIF) PAPS CMOS imager chip
under the light intensity of 0.57 mW/cm? and Veop, of 1.79 V are
shown in Fig. 12(a) and (b), respectively. The blurs produced in
Fig. 12(b) is due to light bulb and can be avoided by using more
uniform light sources. The measured images under the light in-
tensity of 0.57 mW/cm? and different values of V., are shown
in Fig. 13(a)—(h). When the value of V., is 1.79 V, the image
quality in Fig. 13(a) is good and no observable FPN is presented.
With the decrease of V..., from 1.79 V to 1.45 V as shown in
Fig. 13(b)—(h), the image quality is degraded by the effect of
leakage current in the parasitic pn junctions of deselected row
switches. The image cannot be clearly seen when the value of
Veom 18 smaller than 1.45 V because the leakage current from
the parasitic pn junctions of deselected pixels is larger than the
photocurrent from the selected pixel. Thus, the function of the
proposed new PAPS CMOS imager is successfully verified.
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(b)

(a) Original image and (b) grayscale image captured by the test chip under the light intensity of 0.57 mW/cm? and V.o, of 1.79 V.

(d)

(2 (h)

Image captured by the test chip under the light intensity of 0.57 mW/cm? and Vo, of (2) 1.79 V, (b) 1.75V, (¢) 1.70 V, (d) 1.65 V, (¢) 1.60 V, (f) 1.55 V,

The measurement results of the proposed PAPS CMOS im-
ager with the value of V,,,;, equal to 1.79 V are summarized in
Table V, where the corresponding parameters of the APS CMOS
imager are also given for comparisons. The total power dissi-
pation of the fabricated CMOS imager chip is equal to 24 mW
under the power supply of 3.3 V. The dark current was measured
by varying the master clock rate and thus linearly controlling the
integration time in the dark [21]. An output-referred dark-cur-
rent-induced-signal of 5.8 mV/s. was measured at room temper-
ature. Based on the conversion gain, the dark current in PAPS
CMOS imager is equal to 93 pA/cm? which is smaller than that
of APS [22], [23] and PPS CMOS imager. The sensitivity is 0.16
V/lu - s and the optical dynamic range defined as the ratio of
the brightest illuminance without reaching the saturation level
of output voltage to the weakest with the output voltage larger
than noise level is equal to 72 dB. The sensitivity in the PAPS
CMOS imager is smaller than that of APS and PPS CMOS im-
ager due to the low quantum efficiency of P+ /N-well photo-
diode. But the optical dynamic range in PAPS CMOS imager is
larger than that of APS [22], [23] and PPS CMOS imager be-
cause the dark current in PAPS structure is smaller and the use of
the optional capacitor of Cj,¢ in Fig. 4. There are two sources
of FPN, namely, pixel FPN, which is caused by mismatch in
the pixel circuit, and column FPN, caused by mismatch in the
column readout circuit [22]. The FPN is 5.3 mV which is smaller
than that of APS CMOS imager with DDS circuits [22] due to
the larger pixel FPN in APS CMOS imager although the PAPS
CMOS imager has major FPN due to column differences which
is larger than that of APS CMOS imager. Thus the proposed
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TABLE V

MEASUREMENT RESULTS OF THE PROPOSED PAPS CMOS IMAGER WITH THE VALUE OF V_,,,, EQUAL TO 1.79 V AND ITS COMPARISONS
WITH THAT OF APS CMOS IMAGER [23]
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Pixel Structure PAPS APS [23]
Technology 0.25 um 1PSM N-well CMOS  [0.35 um 1P3M N-well CMOS
Power Supply 33V 33V
Integration Capacitor 8.2~208.2 fF -

Output Swing 1.2V 0.8 V (estimate)
Readout Speed 30 frames/sec 30 frames/sec
Linearity 92% 80% (estimate)

Dark Current 93 pA/cm’ (room temperature) |370 pA/cm” (room temperature)
Sensitivity 0.16 V/lu-s 0.52 V/lu-s

Optical Dynamic Range 72 dB 53 dB

Fixed Pattern Noise (FPN) |5.3 mV 8 ~ 24 mV (estimate)
Chip Size 3660 um X 3500 um 5840 um x 5010 um
Pixel Size 5.8 um X 5.8 um 7.4 um X 7.4 um
Array Size 352 x 288 (CIF) 640 x 480

Fill Factor 58% 25% ~47% (estimate)
Operating Temperature 25°C 25°C

Power Dissipation 24 mW 31 mW

PAPS CMOS imager can be used in the low-dark-current and
high-resolution still imager applications by keeping the value
of Veom equal to or slightly smaller than 1.8 V.

V. CONCLUSION

A new pixel structure for still CMOS imager application
called the PAPS structure has been proposed and analyzed. In
the PAPS structure, the PPS-like pixel circuit, the APS-like
column circuit, and the new readout structure called the ZCBDI
are used to reduce column leakage current, decrease pixel area,
and increase fill factor. The gain loss in the source follower of
nMOS devices can be avoided by using the mask of deep n-well
to increase the output voltage dynamic range. The improved
DDS circuits are also used to suppress FPN, clock feedthrough
noise, and channel charge injection. An experimental chip of
CIF PAPS CMOS imager is designed, fabricated, and mea-
sured. The measurement results verify the function of the new
proposed PAPS structure.

With the advantageous characteristics of small pixel area,
high fill factor, and low dark current, it is expected that the pro-
posed new PAPS CMOS imager structure can be applied to the
design of high-quality and large-array-size still CMOS imagers.
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