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A New MOS Imager Using Photodiode
as Current Source

Mikio Kyomasu, Member, IEEE

Abstract —We have developed a MOS linear image sensor
having a high-voltage-gain amplifier in photodiode pixels. The
only difference between the amplified MOS imager (AMID) and
our new device is the transfer gate added between the photodi-
ode pixel and the source follower. In this structure, the photo-
induced charge loss in video-line parasitic capacitance is
compensated to improve the sensitivity. The realization of a
high-voltage-gain amplifier is implemented to control the input
voltage of the transfer gate so as to maintain an unchanged bias
voltage of the photodiode and by operating the photodiode cell
as a current source. In our device, the photoinduced charge is
not divided by the photodiode capacitance C, or the capacitive
load C,. Therefore, it is possible to enlarge the photodiode size,
and the sensor has a large saturation exposure as well as a large
photocurrent /dark-current ratio of about 30:1. The device op-
erates on a single 5-V power supply. These features make the
device suitable for applications in low light levels.

1. INTRODUCTION

YNAMIC ranges in CCD [1]-[4] or MOS image

sensors [5] are limited by various noises arising from
their operation. In CCD’s, these noises are mainly caused
by reset noise, while in the MOS image sensor, they are
caused by switching noise or random noise due to high
output impedance.

Recently, in order to reduce these noise levels, several
new image devices in which signal charges generated by
light are stored in a control electrode region of photodi-
ode cells used to amplify the output signal are investi-
gated.

Tanaka et al. demonstrated a BiCMOS linear image
sensor called the base stored image sensor (BASIS) {61, [7]
and Yamashita et al. [8] and Hynecek [9] advanced the
amplified MOS imager (AMI). In these devices, since the
output signals are amplified without the additional video-
line noise included during readout operation, it is possible
to obtain fundamentally high sensitivity and high perfor-
mance of the S /N ratio.

Therefore, these devices cannot easily affect the gener-
ation current and are good for operation in low light
levels.

However, in an AMI, as a result of amplifying signal
charges individually, a new type of noise called fixed-pat-
tern noise, caused by the variation of offset voltage in a
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source-follower amplifier, arose. In BASIS, a similar
fixed-pattern noise, which originated from dimensional
and impurity fluctuation, appeared.

Furthermore, the sensitivity obtained by the above de-
vices is poor compared to the sensitivity obtained with
CCD’s. In a CCD, as signal charges are transferred to a
low-capacitance collection diode, it is possible to raise the
sensitivity above unity voltage gain.

In an AMI, the sensitivity cannot exceed unity voltage
gain because of the limitation by its parasitics. In BASIS,
although it has higher charge gain, the output voltage is
forcibly divided with video-line capacitance.

This paper describes an advanced AMI with high sensi-
tivity equivalent to CCD’s and noise reduction capability
equivalent to conventional AMI’s, which is realized by
maintaining a constant photodiode bias voltage by apply-
ing the constant gate-source voltage to the transfer gate
between the photodiode and the capacitive load and by
transferring charges with no charge loss.

As this capacitive load is smaller than that of parasitics
in the photodiode cell, a high-voltage amplification was
obtained from this signal charge. It is also possible to
control the output gain automatically and nondestruc-
tively by using the source-follower output.

The only disadvantage with this sensor is the discharge
time lag. However, this feature is not a problem in the
case of slow-charging illumination and can be applied to
many systems.

This paper describes the operating principle, fixed-pat-
tern noise characteristics, and the influence of dark-cur-
rent generation in the second and third sections. Section
1V describes the design description. Section V describes
the experimental results. Finally, we will discuss the sig-
nificance of this device.

11. Basic CircuiT CONFIGURATION AND
OPERATIONAL PRINCIPAL

A. Circuit Configuration

The conventional unit cell of an amplified MOS imager
is shown in Fig. 1(a), which is constructed with an n*-p
photodiode with the parasitic capacitance C,, reset gate
Q4, and the source-follower circuit.

This unit cell operates fundamentally as follows. The
photodiode is reversely biased, and after resetting the
bias voltage to the initial value V, , the charges stored in
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(a) the conventional device and (b) the new device.

Fig. 1.

parasitic capacitance C, are discharged by the photocur-
rent during the discharge time. Next, its voltage drop is
read out by the source-follower circuit.

The voltage gain in this unit cell is determined by
I,t/C,, where I, is the photocurrent and ¢ is the
discharge time, and cannot exceed unity voltage gain.

In order to increase the above gain, we insert addi-
tional transfer gates Q5 and Q6, and capacitive load C,
between the photodiode and the source follower, which
are shown in Fig. 1(b). The role of Q6 is to maintain a
constant bias voltage during the whole time except during
the discharge period and to protect the photodiode from
overflowing charges. The role of Q5 is to separate the
capacitive load from parasitic capacitance. These transis-
tors are controlled by DATA and DATA signals.

B. Discharge Operation

Discharge operation was performed by turning on Q5.
We assume that the photocurrent does not fluctuate
during discharge time and the gate voltage of Q3 is
controlled to be constant and always below the capacitive
load voltage. The drain current of Q5 equals the pho-
tocurrent and is constant during the discharge time.
Therefore, the bias voltage of the photodiode is deter-
mined by V, -V, , where V, is the gate voltage of Q5 and
V,s 1s the gate—source voltage. As the gate-source voltage
is modulated by the drain voltage shown in Fig. 2(a), the
bias voltage of the photodiode changes slightly from the
initial value, the relation of which is shown in Fig. 2(b).

According to the discharge operation, the drain voltage
of (J5 is changed from the initial value V, to the final
value V_, the gate—source voltage from Vs toV,,, and, at
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Fig. 2. Relation between drain voltage of QS and the bias voltage in
photodiode. (a) The V-1 characteristics of the transistor. V,; and V,,
show the drain voltage when the gate—source voltage shifts from V, to
V.- (b) The bias voltage shift when the drain voltage shifts from V,
to V...

the same time, the bias voltage shift AV, of the photodi-
ode is induced.

Therefore, the capacitive load voltage shift per unit
time and unit photocurrent from reset voltage, AV,(=V,,
—V.,), is given by

AV, =(1,t—C4-AV,)/C, (1)
because the product C,-AV,; does not contribute to the
capacitive load voltage shift.

The bias voltage shift AV, depends on the effective
channel-length modulation. The drain current in the satu-
ration region is given by [10]

1([=(L/(L_LI))‘1115'AL (2)

where L is the channel length, I, the drain saturation
current, and L; the depletion length of the drain side.
Therefore, AV, is given by

M= (21, /B 1) {(L = 1)" "~ (L~ L'J')l/z} ()

where 3 is the transconductance and L; and L are the
depletion lengths when the drain voltage equals V, and
V., respectively.

In practical devices, the concentration of the substrate
is about 1x 10" /cm, the channel length of Q5 is 15 um,
the width is 8 wm, and the transconductance is 30 A /V2.
The parasitic capacitance of the photodiode is 2 pF
because its area is 8400 wm?, and the capacitive load is
0.11 pF.

Under the illumination range from 20 mix to 1000 Ix,
the photocurrent falls into the range from 20 fA to
1.0 nA. Therefore, the bias voltage shift Al is calcu-
lated as less than 0.1 mV, which corresponds to the 2-mV
capacitive load voltage shift.
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Fig. 3. The source follower and its bias circuit.

It is very important to note that in (1), we assumed that
the capacitive load C, does not include nonlinear charac-
teristics, although it is constructed from gate cap-
acitance, junction capacitance, and other parasitics and
includes certain nonlinearity. This portion of the total
capacitive load is about 20% in the case of this study. In
such a case, the practical characteristics deviated slightly
from (1) and about 2% nonlinearity in capacitive load
voltage shift appeared.

C. Readout Operation

After discharge operation, Q5 is turned off and Q6 is
turned on so as to supply the photocurrent and to main-
tain an unchanged bias voltage.

At the same time, the charge stored in the capacitive
load is conserved and its voltage is read out through the
source-follower circuit shown in Fig. 1(b).

Therefore, in the new device, it is possible to read out
each pixel nondestructively and repeatedly.

III. DisADVANTAGE CHARACTERISTICS AND
THEIR IMPROVEMENT

A. Fixed-Pattern Noise

As already reported by many authors, the AMI, also
including this device, has the undesirable characteristic of
fixed-pattern noise. This characteristic is mainly due to
the threshold voltage mismatch in the MOS transistor.
These mismatches are caused by the nonuniformity in the
impurity density of a substrate, in doped impurity density,
in contamination, in surface mobility, and in oxide thick-
ness. In order to compensate for the above nonuniformi-
ties, two effective methods are employed in our device.

Fig. 3 shows the details of a source-follower circuit. Q1,
Q2, and Q3 are nondoped transistors operated in a
saturation region.

From Kirchhoff’s law, the following relations are intro-
duced:

(1/2)'18'(Vg1
= (1/2)-B-(1+ AB2) - (V,, V= V)’

=(1/2)-B-(1+ABL)(V,, —

2
- [/Ih)

2
V(J—Vzhl)
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Fig. 4. Cross section of photodiode cell.

and
12 12
Vit = Vino (1+4V,,10) +K'{(V()+2¢F) 7~ (2¢F) /}

Vine = Voo (1+AV,50) +K- {(Vl +2¢F)1/2*(2¢F'/2)}
(4

where B is the transconductance, V,, is the threshold
voltage, AB1 and AB2 are the transconductance devia-
tions of Q1 and Q2 from Q3, AV,,,, and AV,,, are the
threshold voltage deviations, respectively, and K is the
body-effect constant.

From (4), V|, is obtained:

Vo=((Vy = V) (1+AB1/2)) +(1+ AB1/2) AV,

—K-{(V,+2¢F"?) = (26F'?)}. (5)

In this equation, V, —V,, is constant. Therefore, the
first term represents the transconductance mismatch. The
second term is the threshold voltage mismatch and the
third term is known as the body effect.

The first method is to minimize AB1 and AV,,, by
employing closely placed nondoped transistors because, in
nondoped transistors, the error tolerance induced by the
ion implantation is eliminated. Employing this method,
fixed-pattern noise can be improved to within 5-10 mV.

The variations of the third term depend on the distribu-
tion of impurity density.

The second method is to compensate for the above
nonuniformities by employing a substrate with an epitax-
ial layer.

B. Influence of Dark-Current Generation

In order to increase the sensitivity under low light
levels, it is necessary to increase the discharge time. By
increasing this time, the sensitivity is affected by the
photocurrent /dark-current ratio.

The dark-current generation is produced by several
factors, given by the following equation [11]:

Id:(anNp()A/Lll)+(qnlWA/Tg)

+q-ni-vir'A ‘W S (6)
where W and W, are the bulk and surface space-charge
layer widths, respectively, A is the photodiode area, L, is
the diffusion length, and 7 is the effective lifetime. The
first term is the diffusion current, the second term the
generation current, and the third term the surface leak-

age current. The structure shown in Fig. 4 is effective in
reducing the surface space-charge layer width and also in
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Fig. 5. Block diagram of amplified MOS imager.

controlling the diffusion current. In this structure, the N
diffusion is enclosed by a P-implanted isolation diffusion.
The impurity concentration in the P layer is controlled to
minimize the diffusion current in the overlapping area.

IV. DEesSIGN DESCRIPTION
A. Overview

A block diagram of the sensor is shown in Fig. 5. The
four blocks on the lower side of the figure—integration
circuit, internal signal generator, shift-register control,
and clock control—are of a digital circuit design. The
four blocks on the upper side of the figure—bias circuit,
reference circuit, comparator, and monitor level control
—are of an analog circuit design.

The center blocks (photodiode array, sense-amplifier
array, and shift register) are image sensor blocks. We can
understand the operation of this chip by observing three
sequential steps: initial reset, discharge, and readout.
These steps are controlled automatically by a DATA
control signal. In the initial step, an individual voltage
reference is supplied sequentially and the comparator-out
terminal becomes “L.” In the next step, each pixel stores
the charge until one of the output voltages in the pixels
reaches the setup level in the comparator. Then, the
comparator-out terminal voltage becomes “H.” After that,
the start pulse is entered in the shift register and video
signals are output sequentially.

After the final readout step, the END signal is output.
Diagrams illustrating the timing of these operations are
shown in Fig. 6.

B. Autoresponse Control Circuit

In order to obtain an appropriate response, it is neces-
sary to monitor the outputs of every pixel simultaneously
and nondestructively. This operation is possible in our
sensor. Fig. 7 shows the autoresponse control circuit. The
method of monitoring the source-follower output is estab-
lished by monitoring the levels of Q8.
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The total bias current of Q8 is set to a smaller value
than that of the source-follower circuit. When one of the
output voltages in the source-follower circuit decreases,
the level of the monitor line also decreases through Q8§,,
(the subscript means the mth number of photodiode
cells), and the other transistors begin to turn off sponta-
neously.

Therefore, the monitor-line voltage ¥V, is given by

w=(1/m)- 2 [Im+ Vo(m)] +Vy

m=1

and

Z IIH (7)
m=1

where Vj,,,,, is the source-follower output of the mth cell,
I is the drain current of Q8,,, and n is the cell number.

When the monitor-line voltage is close to the reference
voltage, the discharge operation is then turned off.

C. Fixed-Pattern Reduction Circuit

In the previous section, scveral methods of improving
the device parameters concerning the reduction of the
fixed-pattern noise were discussed. Although these meth-
ods were effective for normal application, in the case of
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Fig. 9. Chip layout of amplified MOS imager.

low light levels, the signal-to-fixed-pattern-noise ratio
cannot be ignored.

In our sensor, this ratio is reduced by controlling the
initial voltage V,, of the capacitive load of every pixel
which is supplied until the source-follower output is equal
to the reference voltage V., as shown in Fig. 8.

The comparator output is then inverted and the trans-
mission circuit is turned off. Then the reset voltage is
stored until the next operation.

The reference voltage of every pixel is set up in this
manner. This circuit reduces the fixed-pattern noise from
5-10 mV to 1-3 mV.

D. Layout Consideration

Since the devices in the analog section of this chip
suffer from the influence of the digital section, the device
design, layout, and arrangement are especially critical to
obtaining a successful design. In addition, since the re-
combination of the excess photocarriers produced in the
photodiode pixels is not stimulated, these carriers flow to
other circuits and alter the operation. Therefore, factors
such as common impedance, digital noise, and protection
of overflow carriers had to be carefully considered in the
overall layout.

Fig. 9 shows a photomicrograph of the extended ampli-
fied MOS image sensor with a 5.89x 1.91-cm? die size.
The digital section can be clearly seen in the upper side,
and an analog section can be scen in the lower side. The
digital ground and analog ground are separated. The N*
diffusions of about 50 wm width around each pixel and
also the reset gates of the photodiode are prepared as the
overflow drains.

The final item of interest concerning the layout is that
it is necessary to minimize the capacitive load C, to
maximize the sensitivity.

In this design, the capacitance associated with the gate
in the source follower and the N* diffusion in the reset
transistor dominates the layout parasitics. Therefore, the
physical layout of pixels is the main consideration. The
photodiode cell size is determined as 35 X240 um by the
sensitivity, saturation exposure, and optical limitations. In
order to enhance the sensitivity under low light levels, the
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Fig. 10. Sensitivity and uniformity characteristics of amplified MOS
imager.

photodiode is made as large as possible. Consequently,
the parasitic photodiode capacitance C, becomes 2.0 pF.
The capacitive load C, is made as small as possible, which
results in 0.11 pF.

V. EXPERIMENTAL RESULTS

A 128-b linear MOS image sensor was fabricated and
operated with a 5-V single power supply. The sensitivity is
expected to be 60 V/Ix-s for a fluorecent light with IR
cut filter (CM500) and 180 V/Ix-s for a halogen lamp.
The characteristics of this sensor were measured under
the low light levels of about 0.02 Ix.

In order to measure the dynamic characteristics, the
relevant voltage is subtracted from the output, and the
remainder is converted to digital values by an 8-b A/D
converter. These values are stored in the CPU memory.
The measured accuracy is derived with the A/D con-
verter’s resolution and accuracy, which corresponds to
about 3 mV. The discharge time was varied from 5 to 50
ms and the readout time was 10 us.

Fig. 10 shows the experimental results under the above
conditions. The measured sensitivity was 58 V /Ix-s. The
saturation exposure was 0.14 C, linearity was within 95%,
and the uniformity was within 3%. The output saturation
voltage was 1.3 V and the power consumption was 70
mW. The influence of dark current on the sensitivity was
almost unrecognizable in this figure. The photoelectric
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conversion characteristics are shown in Fig. 11. A pho-
tocurrent /dark-current ratio of 30:1 was obtained at a
discharge time of 100 ms.

Fig. 12 shows the output voltage swing during actual
operation. The autoresponse control circuit was operated
and the minimum output voltage was controlled in spite
of changing exposure light intensity.

V1. CONSIDERATIONS

Our sensor has several advantages such as high sensitiv-
ity, relatively weak influence by dark current, large satu-
ration exposure, and autoresponse control. The reason
for the high sensitivity was mentioned in Section II. The
operating principle of the sensor circuit is similar to that
of the CCD in that it transfers charges from the photodi-
ode to the collecting capacitance. Therefore, the sensitiv-
ity is equivalent to the CCD.

The difference in the dark current’s influence in the
CCD and this sensor is based on its operation. In the
CCD, according to Saks, Q,. is given by [12]

Qoss=Aq k-T-D;*In(t,/T)) (8)

where A is the total CCD area, D,, is the density of the
interface state, 7, is the CCD transfer time, and ¢, is the
time between bursts. The relation between the dark cur-
rent and D,, is given by [4]

Ji=q-n;Vy(o, o)m k-T-D; /2 %)
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where n, is the intrinsic carrier density, V,,, is the thermal
velocity of free carriers, and o, and o, are the interface-
state capture cross sections for electron and holes, respec-
tively. This equation indicates that in the CCD the dark-
current generation area spreads not only over the photo-
diode cells. Therefore, in the case of low light levels, this
sensor has better photocurrent/dark-current ratio char-
acteristics than the CCD.

Another advantageous characteristic is the saturation
exposure. This characteristic depends on the photodiode
area and its bias voltage. In a CCD, this area is restricted
by the size of the CCD shift register and its bias voltage.

On the other hand, in our sensor, this factor is re-
stricted by only the photodiode area and the switching
noise. Thus, it is possible to employ larger photodiode
cells.

With respect to the autoresponse control, the details
are mentioned in Section I11. The autoresponse control is
accomplished by having a multisensor amplifier circuit.
The disadvantage of this sensor is the response time lag in
the case of sudden illumination change. This phe-
nomenon is caused by the voltage change in capacitance
C, in Fig. 1 with a sudden change in the illumination. In
the case of a slow illumination change, this phenomenon
is not a problem. Therefore, this device is suitable for the
application of a slow illumination change.

VII. CoNCLUSIONS

We have developed a sensitive amplified MOS image
sensor. The advantage of this sensor is achieved by the
charge transfer technique using the transmission gate to
maintain a constant photodiode bias voltage and to re-
duce the voltage in capacitive load. This performance
results in the operation of a MOS transmission gate with
a constantly controlled gate voltage so as to bias the
photodiode voltage. As a result, the photocurrent is trans-
ferred to reduce the voltage in the capacitive load C, and
high sensitivity was obtained. The advantage of this sen-
sor is not only the high sensitivity, but also the relatively
weak influence of the dark current, large saturation expo-
sure, and autoresponse control.

These advantages resulted in the operation of an ampli-
fied MOS image sensor. Although the response time lag
is a disadvantage, in the case of a slow illumination
change, this phenomenon is not a problem and thus this
device is suitable for application in low light levels.

In the experiments, the obtained sensitivity is 58 V /Ix-s
for a fluorescent light with IR cut filter, CM500, and 180
V/Ix-s for a halogen lamp. The saturation exposure is
0.14 C, the linearity is within 95%, the nonuniformity is
within 3%, and the output saturation voltage is 1.3 V.
These characteristics are equal to or greater than those of
the CCD.

Although our demonstration was restricted to only a
linear image sensor, this technology can be applied to an
area sensor, and the charge transfer technology is also
useful for several types of low-current MOS ampilifiers.
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