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Abstract—-The development of a high-sensitivity 320 X 244 element
MOS area sensor and a novel fixed pattern noise (FPN) suppressing cir-
cuit are reported in this paper. The new device incorporates p*-n*
high-C photodiodes and double-diffused sense lines.

The p*n* high-C photodiodes provide a large dynamic range and a
large saturation signal of 1.4 pA with 6-x W-lamp illumination. The
double-diffused sense lines are introduced to vastly i improve blooming
characteristics, making use of a built-in potential barrier,

FPN is proved to stem mainly from inversion charge variations
through horizontal switching MOS gate capacitances, A simple high-
performance FPN suppressing circuit is proposed which realizes high
signal- -to-noise (S/N) ratios of mote than 68 dB at saturation.” The new
sensor is tested in a high-sensitivity black-and-white VTR hand held
camera and will find broad applications.

I. INTRODUCTION

APID and consecutive developments in Si VLSI tech-
nologies have generated interest in utilizing Si area image

sensors in the VIR and ITV camera fields. To date, various
types of sensors [1]-[3], [7], [8], [12], [13] have been
reported. ' |

Some CCD black and white (B/W) sensors [4], [5] have
been placed on the market. These devices, however, are not
practical because they are very expensive. In addition, they
have poor blooming chziracteristicé. Furthermore, dark cur-
rents reduce picture quality and increase fixed pattern noise
(FPN), especially during high-temperature operation. On the
other hand, MOS sensors [6]_, [11], [14], [15] have suffered
from poor signal-to-noise ratios (S/N), although they offer
high sensitivity, small chip size, and potentially low costs.

Consequently, more advanced area sensors with high sensi-
tivity, high S/N, and good blooming characteristics have been
eagerly sought. This paper presents a new MOS area sensor
with an antiblooming photodiode structure and a novel FPN
suppressing circuit. In Section II, design considerations on the
new B/W image sensor are presented. After the description on
device fabrication in Section II, the measured performance
and FPN suppressing circuitry are reported in Section IV. A
single-chip color imager was described in Part T of this series.
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» Fig. 1. Circuit configuration of MOS area sensor.

II. DEsIGN CONSIDERATIONS
A. High-Density Array Configuration

A conventional MOS area sensor confains p-n junction
photodiodes, vertical sw1tch1ng transistors (V MOS) horizontal
switching transistors (HMOS), and a vettical and horizontal
scanner as shown in Fig. 1. Based on this configuration, a new
MOS sensor was designed whlch realizes a hlgh-sensmvuy, 5-in
lens format B/W VTR camera. 320 X 244 photodiodes were
arranged in a scan area of 8.8 mm X 6.6 mm with the unit cell
size in the array being 27 um X 27 um. This new sensor was
demgned to operate with two-phase clock pulses and a single
dc power supply. All of the scanning Shlft registers on the chip
are two-phase dynamic circuits.

B. Sensitivity

One feature of the new sensor is its unique photodiode
structure with a p*-n* high-C photodlode and a double-diffused
sense line, as shown in Fig. 2. The p*n* high-C photod1odes
were introduced to achieve a large storage capacitance, a large
dynamic range; and a large saturation signal.

With these photodiodes, sens1t1v1ty S (uA/uW) can be calcu-
lated ds

q- 5 (1 Qx)'(l_

he
{n) - )~ 1, (V) - @) (1)

Here, q is electron charge, & is Planck’s constant, ¢ is the ve-
locity of light, X is wavelength, and B is the aperture efﬁc1ency

RSi) A

S =

0018-9200/80/0800-0747$00.75 © 1980 IEEE

Alidouble Inc. v. TSMC

Alidouble Ex. 2011, p. 1

Authorized licensed use limited to: Purdue University. Downloaded on April 19,2023 at 14:24:52 UTC from IEEE Xplore. Restrictions apply.



748

SENSE LinE .

"’S‘I& PHOTO‘D.IO?? <‘ R
LT

Lt

R

P-TypE Si SUBSTRATE
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Fig. 3. Blooming mechanism in MOS sensor.

a,, is the ratio of high-C photodiode area to the photo element
area, and R,y and Rg; are the reflection coefficients at the air-
SiO, and SiO,-Si interfaces, respectively. n(A) and 1, (A) are
quantum efficiencies in the p-n* normal and p*-n* high-C re-
gioris. These quantum efficiencies can be approximately ex-
pressed with the following equations, using absorption coeffi-
cient a(), diffusion length L4, and diffusion depth x;:

n(W)=1~exp e Lg)
Mp (W) =1-exp Ca(d) - x)).

In (3), a depletion layer is neglected.

Since there is no poly-Si photogate in the new sensor, high
sensitivity can be expected.

Saturation signal charge J, i obtained as follows:

Oy =Apd '(I‘O‘p) VZ"Z'eSiNa
. N ,
-<1+1°‘I; —£>\/I‘/_+_V7
~%p

N,
Here, 4,4 is photodiode area, €g; is Si dielectric constant, ¥, is
output video bias voltage, V}; is built-in potential, and NV, and
Nb are impurity concentrations of the p-type substrate and of
the p* layer, respectively. In this equation, the saturation po-
tential of a photodiode is assumed to be 0 V.

Saturation signal charge O was originally designed to be
0.25 pC for 7-x faceplate illumination with a W lamp. Sensi-
tivity can then be estimated to be 0.22 uA/uW at 550 nm,
using (1) when B=0.67, Rox =0.02, Rg; =0.23, and @, =
0.25 [16].

€))
3)

4)

C. Antiblooming Photodiodes

Another important characteristic in a sensor is blooming.

The blooming phenomena in sensors are very similar to a-

particle problems in VLSI digital memories. The blooming
mechanism in an MOS ared sensor without any countermea-
sures is illustrated in Fig. 3, in which three dominant com-
ponents for blooming currents are shown schematically.
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1) Tailing current from a photodiode to a vertical sense
line through a VMOS is very severe.

2) Another component is lateral bipolar transistor current
under VMOS gate and isolation regions.

3) The other current is due to excess charges diffusing di-
tectly from the bulk in the substrate to the output drain.

The new photodiodes, as shown in Fig. 2, have p* layers
under the gate and around the output n* drain. The p* layer
under the gate raises the threshold voltage Viy of the VMOS.

" The blooming charge Oy from one photodiode to the out-
put drain for a horizontal period #;, (63.5 us) must satisfy the
following equation. Here, it is assumed that /; is the tailing
current from one pixel, Oy is the saturation charge given in
(4), and S,, is the allowable S/N for blooming.

Qs

L — 5
Qpl\q'sn'[t'fh ()
Tailing current I, in (5) is given in the following form:
v -V
I,=Iy - IO(VGL‘*VPD"‘K VpD th/OlT)‘ 6)

Here, I}y, is the threshold current in the VMOS, a7 is the tail-
ing coefficient, Vg is the gate low level, and Vpp is the
photodiode forward bias when blooming occurs.

Equations. (5) and (6) indicate that the VMOS threshold
voltage Vi, must satisfy the next equation, in order to sup-
press the tailing current through the VMOS

Vin= Vgr +Vep + KN/ Vpp - ar

.bg(,_Qs_ . _L>
Sn Qo1 It " In

The p* layer under the VMOS gate is also effective for re-
ducing charge injection from the photodiode to the p-type
substrate through n-p-n lateral bipolar transistors. In addition,

the p* layer around the output drain makes a potential barrier
A¢ which is approximately expressed as

kT (N
= ln<N>

a

™

()

where & is Boltzmann’s constant and 7 is temperature.

A part of excess charges generated in the bulk of the sub-
strate are blocked by this potential barrier. In order to get
excellent blooming characteristics, the impurity concentration
in the p* layer was made as high as possible for acceptable
resolution to be obtained, although stray capacitance of the
output line increases as impurity density increases.

D. FEPN in MOS Area Sensor

In an MOS area sensor, there are many kinds of noises such
as FPN random noise, and spike noise. Among these, FPN has
proved to be the most severe problem and limits sensor S/N.

There are three primary sources of FPN in an array like the
one in Fig. 1. During array scanning, each horizontal switching
transistor (HMOS) goes on and off. When the HMOS goes on,
it induces inversion charges under the gate through a nonlinear
gate capacitance C; and a gate-to-drain capacitance Cp. The
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HMOS pushes the charges to the output line, when going off.
As a result, FPN stems mainly from the induced charge
fluctuations. '

The FPN charge Q,, through gate capacitance Cg can be
represented as :

Qng = ACg “Ve-Vig-Vy)+ C’g “AWVg-Vin - Vo)
)

Here, Vg is the output pulse amplitude of the horizontal shift
register, Vyyy is the threshold voltage in the HMQOS, ¥, is out-
put video bias, and A denotes variation. The FPN charge Q,,
through the gate-to-drain capacitance C, is expressed in the
same form as follows:

Oup =AC, - Vg +Cp - AV, (10)

Another major source of FPN is due to variations in thermal
leakage current, which strongly depends on the process tech-
nology. Other sources of FPN may be:

a) Waveform variations in output pulses from the horizontal
shift register, that is, variations in rise and fall times, and
phase and width of pulses;

b) displacement current fluctuations in the shift register,
leading to spike noise fluctuations through the substrate;

¢) charge pumping current;

d) diffusion of charges from the chip periphery due to
undershoots of external pulses;

e) vertical switching noise related to (9) and (10) which is
like the horizontal stripe or dot noise in a monitor.

Among these sources, the variations in displacement charges
during HMOS switching operations, expressed in (9) and (10),
seem to be most significant for FPN. This leads to several de-
vice design guidelines to suppress FPN, They include:

1) low noise shift register free of pulse amplitude variation
and operation at low voltages;

2) small gate capacitance Cg and small gate-to-drain capaci-
tance Cp;

3) small dimension fluctuations of AC, and AC,, and small
threshold voltage variations AV .

In addition, the sources of noise in (9) and (10) may be also
greatly suppressed by appropriate signal processing, as dis-
cussed in Section IV.

E. High-Density Horizontal Shift Register

In the new sensor,a new low-noise shift register was designed
to make FPN low. This register has eight transistors and two
bootstrap capacitances per stage. The shift register provides
the HMOS gates with uniform pulses by using bootstrap cir-
cuitry. This means that the original charge variations Qppy
can be made small, since AVg = 0in (9) and (10).

Another key point in this register is the fact that there is no
overlapping of adjacent two output pulses from the register.
Thus spike noises from adjacent HMOS’s are separated to per-
mit signal processing in the idling time and to get the desired
signals without FPN.
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Fig. 4. Photograph of sensor mounted in 20-pin DILC package.
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Fig. 5. Spectral response. Solid line shows measured response and the

broken line shows the calculated value for (1).

Actual power dissipation was about 30 mW, when the device
operates with a 6-MHz two-phase clock pulse. This is in close
agreement with the original design considerations.

III. FABRICATION

The new sensor was fabricated using n-channel Si-gate tech-
nology with repeated annealing processes to decrease thermal
leakage current. As a result, a dark current of less than 0.3
nA/em? was obtained at room temperature with this con-
figuration. The photo cell measures 27 um X 27 pm and the
chip size is 9.8 mm X 8.4 mm. The new sensor was mounted
in a 20-pin DILC package as demonstrated in Fig. 4.

IV. EXPERIMENTAL RESULTS
A. Light-Transfer Characteristics

The new sensor operates successfully, with only a single 9-V
power supply, to provide excellent quality pictures. The spec-
tral response of this sensor is represented by the solid line in
Fig. 5. This device shows high sensitivity when compared with
a frame-transfer CCD sensor [17]. This is because the MOS
sensor does not have any poly-Si photogates. The broken line
shows the calculated characteristics using (1) with Ry, = 0.02,
Rg; =0.23,8=0.67, and a,, = 0.25. Good agreement between
(1) and the experimental results is indicated in the figure.

A 1.4-pA saturation current was obtained with a 6-1x face-
plate illumination.

B. Blooming Characteristics

The threshold voltage Vi of a VMOS was set to be around
3 V from (7). This adjustment reduced tailing current along
the VMOS by more than 3 orders of magnitude.

The p* layer under the VMOS gate and around the output
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Fig. 8. FPN with parameter of output video bias.

n" drain reduced the current gain of lateral n-p-n bipolar tran-
sistors to 15 t0 % of the gain without the p* layer. This gain
with the p* layer is shown in Fig. 6. The potential barrier for
excess charges in the bulk by the p* layer was measured to be
0.1 V. The fact that only a 0.1-V potential barrier around the
drain can greatly suppress blooming current suggests that the
antiblooming photodiode structure with the p* layer will be
very effecfive for realizing a high-sensitivity sensor. This is
because the sensor will not need an overflow drain. This
structure may work well to suppress soft errors by a-particles
in VLSI’s.

C  Fixed-Pattern Noise

FPN was measured using a signal-processing circuit as shown
in Fig. 7. The preamplifier is a low-noise feedback amplifier
and has a closed-loop bandwidth (-3 dB) of more than 10
MHz. The device was operated with 6-MHz clock pulses and
the bandwidth of the low-pass filter was 3 MHz.

The FPN currents {ppy are plotted in Fig. 8 with output
video bias V, as a parameter. In this figure, the solid line
represents the FPN characteristics when the video bias was
changed. Here, FPN decreases as video bias V, increases. An
S/N of 46 dB was obtained with a 5-V video bias and with a
1.4-pA signal current.
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Fig. 9. Relationship between FPN and clock pulsewidth.

On the other hand, the broken line shows the FPN when
Ve - Vi - Vi remained constant. In this case, no change in
FPN was observed. From this figure, it can be concluded that
the FPN charge Qppy in this new sensor can be described
analytically as '

Iren =AC (Vo - Vy - Vi) + G - AWy (11)

Since FPN is caused by variations in the displacement spike
noises of HMOS’s, FPN was found to change as the clock
pulsewidth was varied, as illustrated in Fig. 9. The pulsewidth
is equal to the time between a positive spike and the associated
negative spike in this sensor as mentioned earlier. "When a
clock pulsewidth becomes small, in other words, a pair of
spikes are closer, the integration effect in the low-pass filter
works to reduce FPN.

Using (11), it was calculated that AV,z =60~ 100mV,
ACg/Cg = 2-3 percent, and AC}, =0 in this sensor. The thresh-
old voltage variations are the same sources to sense amplifier
errors in VLSI memories. The MOS sensors will be powerful
tools to monitor process technology level and to analyze
process defect modes.

D. FPN Suppressing Circuit

The experimental results discussed above suggest that it is
possible to make the optical signal immune to FPN if the sig-
nal is read out with an appropriate processing circuit. Conse-
quently, one of the features of the new sensor is a novel FPN
suppressing circuit. This new circuitry and the timing neces-
sary to effect switching noise cancellation are shown in Fig. 10,

This simple circuit contains an emitter-follower amplifier,
an integration capacitance, a reset switch, and a load resister.
The emitter voltage Vg(¥) follows the base bias V(?), that is,
the spike noise Vg(¢), from the sensor. This results in the fol-
owing emitter current /z(#) using the built-in potential V3,

_Ve@_ V(@) - Vi _ Vs (@) - Vi
Rg Rp Rp

1g(9) (12)

After the reset switch goes off, emitter current /() flows as
described in (12) and capacitance C is discharged. The col-
lector bias goes down until the next reset pulse ¢ is applied.
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The total discharging charges Q4. for an integration period
t; can be expressed as

5 Vo(t) ~ Ve
Qac= J S(z —Vbt dt.
o E

(13)
As a result, a pair of spikes are integrated or canceled, leaving
only the output signal generated by incident light.

Here, the noise charges are capacitively coupled and, hence,
can have no steady-state dc value other than 0. Therefore, the
total charges coupled to integration capacitance C may be al-
most zero. This simple circuit works very effectively with
good frequency characteristics to suppress FPN, as shown in
Fig. 11. The ® marks show the experimental values before
FPN suppression and the © marks are for after suppression.
FPN is suppressed to about 0.5 nA with a 5-V video bias and
is eliminated by a factor of 7 to 10, i.e., 17 to 20 dB. The
novel circuitry made the FPN lower ‘than the random-noise
level as demonstrated in Fig. 12. In line with this, a high
signal-to-noise ratio of more than 68 dB was obtained. Per-
formance of the new sensor is limited by random noise of
about 0.6 nA now that FPN has been fundamentaily elimi-
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(a)

®)

Fig. 12. Improvement in picture quality. (a) Before improvement and
(b) after.

Fig. 13. B/W VTR hand-held camera.

nated. This means that the new sensor should provide better
performance than image tubes such as the Vidicon.

Various alternative techniques [6], [9], [10] have been re-
ported for FPN reduction. They, however, involve more com-
plicated circuits. It was found that the simple FPN suppress-
ing circuit described here achieves equal or better performance
than those other techniques.

E. Hand-Held Camera for VIR

The new sensor was used in a B/W VTR camera, that can be
hand-held, as shown in Fig. 13. This camera makes good-
quality pictures, The camera includes a sensor and all the
circuits necessary to successfully generate acceptable NTSC TV
signals. The entire unit weighs only 680 g including a 1:4
zoom-lense and dissipates only 1.6 W.

A 240 TV-line horizontal resolution and a 190 TV-line verti-
cal resolution were obtained. The characteristics of this new
sensor are summarized in Table I. Many features, such as anti-
blooming photodiodes, low-noise shift registers, small dark-
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TABLE 1
CHARACTERISTICS OF THE SENSOR

Number of Elements 320 (H) X 244 (V)

Pitch 27 um X 27 nm
Scan Area 8.8 mm X 6.6 mm
Chip Size 9.8 mm X 8.4 mm
Package 20 pan DILC
Power Supply 9 v + 10 %
Power Dissipation 30 mwW
Horizontal Clock Rate 6 Miz

" Tsaturation Current 1.4 pa

Faceplate Illumination 6.2 1x ( W-lamp )

Sensitivity 0.22 pA/lx ( W-lamp )
Signal-to-noise ratio
For FPN 46 dB (without suppression)

68 dB (with suppression)
66 dB ( p-p/rms )

0.1 nA/cm?

3 to 5 times of Saturation

For Random Noise
Dark Current
Blooming Suppression

240 TV lines
190 TV lines

Horizontal Resolution
vertical Resolution

current process technology, and novel FPN suppressing cir-
cuitry are integrated on the same chip to realize this
high-sensitivity, low-cost, and small B/W VIR hand-held cam-
era. The good low-light level performance suggests a big
potential market in the video camera field, for example, VIR
and ITV cameras, astronomic telescopes, and security-watch
cameras.

V. CoONCLUSIONS

A new high sensitivity 320 X 244 element MOS area sensor
with p*-n* high-C photodiodes and double-diffused sense lines
has been developed. The p*-n* high-C photodiodes were intro-
duced to provide a large storage capacitance, a large dynamic
range, and a large saturation current of 1.4 uA with 6-1x W-
lamp illumination. The double-diffused sense lines successfully
reduce tailing current and provide a potential barrier which
blocks excess charges. Blooming characteristics were improved
vastly.

FPN was proved to be caused mainly by gate capacitance
and threshold-voltage variations in horizontal-switching MOS
transistors. A novel integration circuit was proposed and it
successfully reduces FPN by 20 dB.

Excellent results were obtained using this sensor and related
circuitry to realize a new movie camera. This sensor is ex-
pected to find broad applications especially in the VIR and
ITV camera fields.
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