
138 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 63, NO. 1, JANUARY 2016

A Fast-Gated CMOS Image Sensor With a Vertical
Overflow Drain Shutter Mechanism

Erez Tadmor, Assaf Lahav, Giora Yahav, Alexander Fish, Member, IEEE, and David Cohen

Abstract— This paper presents a fast-gated CMOS image
sensor (CIS) with a vertical overflow drain (VOD) shutter
mechanism. The prototype imager includes two novel features:
1) the adaptation of the VOD shutter structure into a 0.18-µm
CIS process and 2) the application of the VOD shutter for the
purposes of time-resolved imaging with down to 5-ns pulsewidth.
A 360-pixel × 180-pixel array with several 5.4-µm × 5.4-µm
pixel types was implemented and tested, demonstrating 2-ns
shutter rise/fall times and the 1:20 shutter contrast ratio for
850-nm pulsed illumination. These parameters, together with
the uniformity of the shutter and the large full-well capacity
of the pixel, are on par with the state-of-the-art of indirect
time-of-flight and time-resolved imagers. The device structure
and the special mode of operation that enables a fast gating are
studied through the TCAD simulations and experimental results.
Important design features that affect the pixel performance are
illustrated in detail.

Index Terms— CMOS image sensor (CIS), time resolved,
time-of-flight (TOF) imaging.

I. INTRODUCTION

RECENTLY, there has been an increasing interest in
image sensors that allow a fast modulation of the

pixel response. The applications of such imagers include
indirect time-of-flight (TOF) imaging [1]–[3], transient
imaging [4], [5], fluorescence lifetime microscopy imag-
ing (FLIM) [6], as well as recent works that aim to capture
light pulses in a flight [7]. In these applications, an illumination
pulse train is sent by the camera in synchronization with
the pixel modulation. The modulation creates a correlation
between the elapsed time and the pixel response that is
used in order to calculate the distance to the target, to
measure a fluorescence lifetime, or to reduce the unwanted
signal, such as ambient illumination, depending on the specific
application. In TOF imaging, specifically, the quality of depth
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inference depends on the quality of the pixel modulation.
The main required properties are high frequency, good
uniformity, and high contrast [8]. Modulation frequency is
important in order to provide a strong correlation between
time and target distance. Uniformity is important, so different
pixels will have the same transient response. Modulation
contrast (MC) is defined as the difference between the open
shutter and the closed shutter responses divided by their sum:
MC = (Ropen − Rclosed/Ropen + Rclosed). It affects perfor-
mance by defining the ability to modulate the incoming light.
It affects both the depth resolution and the ambient light
rejection ratio.

As TOF imaging technologies mature, they are expected
to follow the common trends that dominate the general
image sensor industry: 1) pixel miniaturization; 2) increase
in resolution; 3) reduction in power consumption; 4) better
optical responsivity; and 5) better SNR. However, the need for
nanosecond-scale modulation times often dictates a nonstan-
dard pixel design that is not always in agreement with those
trends. Almost all standard modern image sensors are based
on the pinned photodiode (PPD) structure, where the charge
collection region is buried and depleted by an additional p-type
layer. The PPD structure features low noise, high quantum
efficiency (QE), and low dark current compared with other
photodetector structures [9]. However, many TOF imagers
are using photogates [3], [8] or in-pixel currents [10], [11],
in order to achieve the required modulation characteristics.
Some TOF imagers do use the PPD structure, but require
either a specialized transfer gate (TG) [12] design or a special
PD layout [13].

Recently, we have shown that it is possible to exploit
the vertical overflow drain (VOD) mechanism, implemented
in many Interline-Transfer CCD (IT-CCD) image sensors, in
order to produce a fast (nanosecond-scale) and uniform global
shutter [14]. The VOD shutter modulates the pixel response
by draining the diode to the chip substrate. It is operated by
biasing the backside of the chip, and therefore it does not pose
significant constraints on the pixel layout, and is compatible
with a standard PPD and TG designs. It does require using an
n-type starting material as is the case in most IT-CCDs,
in order to create the VOD structure under the PD.

In this paper, we present, for the first time, a prototype
CMOS image sensor (CIS) with a fast global VOD shutter
mechanism. The prototype pixel array was embedded into a
sensor with an array resolution of 360 × 180, designed by
Forza Silicon, and was fabricated in the Tower-Jazz 0.18-um
CIS process, with some special modules that were introduced,
in order to allow for a fast substrate gating. A 4-T pixel with
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5.4-um pitch was used as a benchmark for the development
and was adapted to operate on the n-type starting material, and
new design rules were created, in order to support the design
of the periphery circuits. Special p-wells were added in order
to form the VOD barrier as well as to protect the floating dif-
fusion (FD) and standard CMOS transistors from the substrate
bias. After adding the required process steps, i.e., additional
p-wells that restore the doping near the surface to those of
a standard p-type material, standard logic components can be
implemented without any effect to their performance.

The rest of this paper is organized as follows. Section II
describes the VOD shutter mechanism, its structure, and its
adaptation into the CIS technology. Section III describes the
utilization of the VOD shutter mechanism for fast gating
purposes. Section IV provides some insights and results
obtained from the TCAD process and device simulations.
Section V provides the experimental results of the fast shutter
and pixel characterization, and a summary of the prototype
imager parameters. This paper ends with a brief conclusion
brought at Section VI.

II. VOD SHUTTER MECHANISM

The VOD structure was originally designed as a blooming
suppression mechanism for IT-CCDs [15], [16]. In these
devices, the PD is formed in a lightly doped p-well on the
top of an n-substrate [17]. When the PD saturates, excess
electrons cross the barrier formed by the p-type region and
drain to the substrate instead of diffusing to adjacent PD. It was
later recognized that this mechanism can also be used as an
electronic global shutter in PPD pixels [18], [19]. The shutter
is activated by increasing the substrate voltage, so that the
barrier formed by the p-well is depleted, and a punch-through
current drains the electrons from the PD to the substrate. The
standard operation of a pixel with a VOD shutter starts with
a substrate pulse to apply a global PD reset. Lowering the
substrate bias starts the integration, which ends with a global
transfer pulse.

In order to implement this mechanism in a CIS, several
steps had to be added to the fabrication process. A schematic
of the differences between a standard CMOS PPD pixel and
one with a VOD shutter mechanism is shown in Fig. 1. First,
the starting material was replaced from a p-type material to an
n-type material, so that the lower p-n junction that forms the
VOD structure would be created. The selected material was
composed of a thick high resistivity epitaxial layer to allow
the deep PD depletion region and high sensitivity on the top of
a low resistivity substrate. The latter has two roles: 1) to allow
good conductivity of the substrate signal throughout the device
and 2) to stop the expansion of the depletion region when the
substrate voltage is increased, in order to reduce the VOD
shutter power consumption. Since the pixel is designed to
work in a p-doped environment, an additional process step
has to be added in order to restore these conditions. This
is done by a relatively low dose and a high energy boron
implantation, followed by a long thermal cycle that uniformly
spreads the doping and recreates the conditions of a p-type
starting material. At this stage, the p-type barrier between the
n-type PD and the n-type substrate is created. The barrier is

Fig. 1. (a) Essential structure of a standard CMOS PPD pixel. (b) Essential
structure of a CMOS PPD pixel with a fast VOD shutter. (c) Electrostatic
potential cross sections (A–A′) in a standard CMOS pixel (dashed–dotted)
and in a pixel with VOD shutter, at different substrate bias voltages (solid).

carefully optimized to be high enough to allow the electrons
to accumulate in the PD, but on the other hand, to reduce the
shutter voltage required to drain the PD.

An additional p-well has to be added, in order to protect
the charge stored in the FD from being drained when the
substrate voltage is raised. This implant has to be carefully
optimized as well, since if its doping will be too high, it might
create a potential pocket that will prevent complete draining of
the PD, and reduce the MC. Finally, an additional deep p-well
has to be added underneath the standard CMOS transistors
outside the array area. This deep p-well must have a good
connection to the chip ground potential, in order to mask
the effect of substrate bias and prevent it from impacting the
circuit performance. The electrostatic potential cross section of
the PPD device and the VOD device under different substrate
voltages is also shown in Fig. 1. It is apparent from Fig. 1
that in pixels with a VOD structure, the maximal collection
depth of the photodiode and, therefore, its internal QE in
long wavelengths are determined by the VOD barrier depth.
However, using high energy implants and other fabrication
methods, it is possible to achieve a very large barrier depth
and a high QE.

III. FAST SHUTTER OPERATION

As discussed in Section I, a fast modulation of the pixel
response using the TG is a difficult task that usually requires
a specialized TG or PPD design. The reason is the strong drift
fields that must develop very quickly in the diode in order to
quickly sweep the electrons into the storage area. However,
we have shown [14] that by the nonstandard operation of
an IT-CCD, we are able to achieve a nanosecond-scale global
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Fig. 2. (a) Schematic of a 4-T PPD pixel with a VOD shutter mechanism,
represented by an NPN transistor in a punch-through mode. (b) Essential
timing diagram of the pixel in a fast-shutter exposure and a readout.

shutter in completely regular pixels that were not optimized for
this purpose. We will demonstrate that a very similar exposure
scheme can work in CMOS imagers as well.

Unlike the standard 4-T operation, in order to achieve a
fast shuttering, the TG voltage is kept high during the entire
duration of the exposure. While the TG is high, the substrate
voltage is rapidly toggled between high and low voltage, so
every electron generated in the PD is immediately swept either
to the substrate or to the TG. Once an electron arrives under
the TG, it cannot drift to the substrate, so charge can be
accumulated over several illumination/shutter cycles. After the
exposure period ends, the TG voltage is lowered, and the
readout can be carried out like in any CIS. The essential timing
diagram of a 4-T transistor with a fast VOD shutter is shown
in Fig. 2.

Pixel modulation using the VOD shutter has several
important advantages over other methods. There is no need
to add special electrodes or photogates, so the pixel size
can remain small, and the fill factor remains identical to a
standard 4-T pixel. The modulation signal is transmitted from
the chip bottom side, so it is very uniform, and pixel-to-pixel
variation is kept low, as shown in Section V. The capacitance
of the VOD shutter is also relatively low: it originates mainly
from the reversed-biased p-n junction that forms the lower
part of the VOD barrier. Since the doping of the n-type
epitaxial layer (Fig. 1) is usually low, the area capacitance
of down to 0.01 fF/μm2 can be expected. The substrate can
be relatively heavily doped in order to reduce resistance, so
a very fast propagation of the signal can be achieved. The
only caveat is the operation voltage, which is pretty high
and can exceed 20 V in some CCDs. This voltage, however,
can be sharply reduced by lowering the VOD barrier height.
In normal operation, this would reduce the PPD full-well
capacity and impact the imager performance, but in fast
shutter operation, the electrons do not accumulate in the PD.

Fig. 3. Results of TCAD device simulations showing the electrostatic
potential map with (a) low substrate bias—shutter open and (b) high substrate
bias—shutter closed. White arrow: saddle point that reduces the shutter CR.
(c) 1-D electrostatic potential cross section from the pixel center for substrate
biases from VsubL 2 V to beyond VsubH 10 V (further explanation is provided
in the text).

The VOD barrier can be significantly reduced, and therefore
its operation voltage can be reduced as well.

IV. TCAD SIMULATION

Process and device simulations were used in order to
develop the VOD mechanism and in order to optimize the
pixel performance before silicon prototyping. The simulation
was run using the actual process steps and the layout that
were later used for the silicon fabrication, with some minor
adaptations to correct for 3-D effects. Among the device
parameters extracted from the simulations were the expected
shutter operation voltages, which we will refer to as VsubL
(low substrate voltage), and VsubH (high substrate voltage).
We define VsubL as the voltage required to fully deplete the
VOD p-well, and VsubH as the voltage required to create
a monotonic electrostatic field from the center of the PD
to the substrate. It is possible to control those voltages by
implanting different p-well doses into different depths and
by choosing different doping doses and the thicknesses of
the epitaxial layer. Results from different simulated processes
varied greatly, yielding VsubL of <0 V (i.e., the p-well
is always fully depleted) to well >20 V (i.e., the shutter
cannot be operated). An electrostatic potential map and a
1-D cross section from one of the simulated processes are
shown in Fig. 3. The potential map is also useful for determin-
ing the effective PD depth that, as explained earlier, defines the
QE for long wavelengths. In the presented case, the effective
PD depth is ∼2 μm, which corresponds to an internal QE of
60% for wavelength of 600 nm, and ∼9% for 850 nm [20].

Another important parameter that was predicted using the
TCAD simulation is the contrast ratio (CR), which is the
response ratio between the open shutter and the closed shutter.
It is apparent from Fig. 3(b) that the VOD structure creates a
very strong field that effectively drains electrons from the PD
to the substrate when the substrate voltage is high. It would be
much harder to generate such a strong field using a TG on the
surface, due to the higher doping levels, and the shallow field
effect produced by the gate. In fast shutter operation, when the
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Fig. 4. Schematic of the experimental setup developed for the characterization
of fast—shuttered image sensors.

shutter is in the closed state, the TG and substrate voltages are
simultaneously high. This results in the formation of a saddle
point that is created in the potential map, as shown in Fig. 3(b).
Any electron that is generated between the saddle point and
the TG is integrated, even though the shutter is supposed to
be closed, thus contributing to the parasitic signal and to the
reduction of the CR.

The explicit derivation of the CR from simulation was
not performed, since it requires a complicated 3-D optical
finite-difference time-domain simulation that includes the pixel
metal stack and microlens. However, by observing the poten-
tial maps similar to Fig. 3(b), and specifically the saddle point
location, we could learn and optimize the TG length and
voltage effects on the CR. The CR results for different designs
and voltages will be presented in Section V.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

A special characterization system was developed in order
to study the prototype imager. This system can sync to the
camera’s shutter driver and produce an illumination pulse
train with a 100-ps pulsewidth and an arbitrary delay with a
250-ps step resolution. The exact pulse time stamp is sampled
by a fast PD and stored in pair with the image sensor reading.
The schematic of the system is shown in Fig. 4. Using this
system, it is possible to scan and reproduce the accurate per-
pixel shutter shape and to extract important parameters, such as
the optical response. Among these parameters are the shutter
rise and fall times, the CR (the ratio between responses of
the open shutter and the closed shutter), and timing variations
between pixels. By adding a calibrated and motorized neutral
density (ND) filter to the system, it is also possible to perform
linearity and photon transfer curve (PTC) measurements by
setting the illumination pulse delay, so it hits the sensor when
the shutter is fully open. Performing those tests with a standard
illumination source will not give correct results, since some
of the light will be integrated during the rising/falling of
the shutter, or when it is completely closed, and produce an
incorrect response curve.

B. VOD Shutter Performance
The first experiment that was performed in order to study

the prototype CMOS chip was a dc sweep of the substrate

Fig. 5. Pixel response versus substrate voltage bias.

Fig. 6. Pixel response versus time for the shutter widths of 5, 10, and 15 ns.

voltage effect on the pixel response. This experiment studies
the basic performance of the VOD shutter mechanism and its
results are shown in Fig. 5. It can be observed that starting at
substrate voltage of 5 V, the pixel response drops slowly until
reaching a knee ∼10 V, where it drops more sharply to ∼15 V.
At this point, the pixel response is ∼20% of its original value,
and continues to drop until reaching a response of 5% at
substrate voltage of 20 V. This results represent a CR of 1:20,
or MC of 90%, which is an excellent figure compared with
the state-of-the-art in TOF image sensors operating in the
NIR spectrum [3]. The substrate voltage required to close
the shutter is a key contributor to the power consumption of
the chip, and therefore we intend to significantly lower it the
next revisions of the pixel by some design modifications.

After testing the operation voltages of the shutter in dc,
they are set as the rail voltages of the shutter driver, and the
shutter shape can be characterized using the system described
above. The results of the shutter shape characterization for
pulsewidths of 5, 10, and 15 ns are shown in Fig. 6. During
the fast shutter experiment, VsubL and VsubH were set,
respectively, to 5 and 20 V. The shutter shape reveals shutter
rise/fall times (20%–80%) of less than 2 ns. The minimal
tested shutter width is equivalent to a modulation frequency
of above 100 MHz. While such a modulation frequency is
achieved by the most advanced TOF sensors in the market,
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Fig. 7. Distribution of the shutter edge variation between adjacent pixels.

none of them simultaneously shows such a high CR/MC for
850-nm illumination. A small deformation in the three shutter
shapes is apparent around the 10-ns timestamp, where the
shutter stabilizes on a low plateau before fully opening. From
our past experience with CCDs, such a deformation is usually
due to nonoptimized packaging causing some ringing in the
substrate signal. Better packaging is expected to both rid of
this artifact and to improve the shutter rise/fall times.

As discussed earlier, it is important that the shutter response
is as uniform as possible, meaning that different pixels in the
imager have similar shutter shape. In particular, we find and
plot the histogram of each pixel’s shutter edge location for a
patch of several hundreds of pixels. The result is shown in
Fig. 7 and resembles a normal distribution with a standard
deviation of 55 ps. We expect this number to be reduced
by almost an order of magnitude as we further optimize the
PD design. We believe that this distribution is due to slight
process variations that cause differences in the electrostatic
potential and as a result in drift times of electrons from the
center of the PD to the storage area. We have shown in [14]
that the distribution width can be associated with the potential
gradient between the PPD center and the TG.

Fig. 8 shows CR value measurements for three different
pixel types under different TG operation voltages. Three dif-
ferent pixel designs were implemented in the prototype sensor:
1) standard pixel; 2) pixel with 50% shorter TG lengths;
and 3) pixel with 50% longer FD-protection p-well. In most
aspects, the pixel performance was very similar, but their CR
performance varied significantly. As explained in the TCAD
simulation section, this variance is due to the electrostatic
potential saddle point extending from the TG toward the PPD,
causing a portion of the electrons to reach the TG even when
the substrate voltage is high. Both the FD-protection p-well
and the shorter TG cause the saddle point to be closer to the
TG and thus improving the CR. Reducing the TG voltage has
similar effect on the potential map—lower TG voltage means
closer saddle point, and indeed it can be seen in the figure that
the CR improves with lower voltage.

C. Pixel Performance

As explained in Section III, in order to achieve a fast gating
with the VOD shutter mechanism, the pixel is operated in a

Fig. 8. CR values for different pixels flavors and different TG voltages.

Fig. 9. Linearity curve.

Fig. 10. PTC.

somewhat nonconservative way. Primarily, the TG is kept open
for the entire duration of the exposure, so the electrons drift
immediately and are accumulated under the TG/FD and not
in the PPD. The results reported in this section are intended
to characterize the pixel performance when operated in a fast
shutter mode.

Figs. 9 and 10 show the PTC and linearity curve of the
prototype sensor. Both were measured using the characteri-
zation system described above, using a pulsed laser that is
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Fig. 11. Dark current plots for different temperatures and TG voltages.

synced to the shutter mechanism, so that the entire pulse is
integrated, while the shutter is open. The illumination level
was controlled by a precalibrated, motorized ND filter. The
measurement results show the readout noise level of ∼17 e−,
which is a relatively low-noise figure for a 4-T pixel running
in global-shutter mode without any form of correlated double
sampling [21]. The pixel conversion gain was calculated using
this measurement to be ∼85 μV/e−. The measured saturation
level in the PTC plot equals to 15 000 e−, which is reasonable
though not particularly high for a 5.4-μm pixel. It is important
to note that this measured saturation value is not the saturation
value of the PD. Since the TG voltage is kept high, during the
entire integration period, the electrons are never accumulated
there, and the saturation bottleneck is probably in the potential
well of the FD.

Another aspect of the pixel that is expected to be affected
from the TG being kept high is dark current generation.
The TG is the main contributor to dark current in modern
PPD pixels via surface and interface traps [9]. While the gate
is kept in high voltage, the dark current increases due to
the activation of additional traps. Indeed, our measurement
results show dark current generation of 210 e−/s at room
temperature, which is ∼15 times the expected figure for a
similar pixel in the standard operation [22]. Nevertheless, the
higher dark current is not a fundamental problem for a pulsed
TOF imager, since practical exposure durations are usually
so short that even the highest value of dark current that is
measured in Fig. 11 (for 65° and 5.5 V TG voltage) will
generate insignificant noise and bias compared with other
components in the system, such as the readout chain.

To conclude Section V, the performance of the prototype
CIS chip with a fast VOD shutter is summarized in Table I.

D. Range Resolution Calculation

When discussing possible applications, such as TOF imag-
ing and FLIM, it is interesting to study how the basic pixel
parameters translate into the range or the temporal resolution.
Kawahito et al. [1] have developed a formulation that allows
the prediction of the range resolution and the maximum range
of an indirect TOF depth imager. Their formulas for the range

TABLE I

SUMMARY OF SENSOR PARAMETERS

resolution σL and the maximal range Lmax are, respectively

σL = cT0

4
√

N

⎛
⎝

√
1 + NB + NO + 4N2

R

N

⎞
⎠ (1)

Lmax = 1

2
cT0. (2)

In (1) and (2), N is the effective pixel response, which
translates in our case to FWC(1−CR). T0 is the shutter width,
NB + NO is the sum of background and offset charge, which
in our case equals FWC · CR, and NR is the readout noise.
Performing the calculation for the case of minimal shutter
width (5 ns) yields a range resolution of 3.3 mm and a maximal
range of 75 cm. For the shutter width of 15 ns, we get a range
resolution of 1 cm and a maximal range of 225 cm.

The temporal resolution for the case of the 5-ns shutter
width can be calculated from (1) as well, yielding a 11-ps
resolution. The ability for accurate time-resolved imaging,
alongside the good image quality expected from a PPD pixel,
and the high CR demonstrated show this imager’s potential
for FLIM applications, as discussed in Section I.

VI. CONCLUSION

In this paper, we have presented a prototype CIS chip with
a fast shutter based on the VOD shutter mechanism. Two
major accomplishments of the chip are the successful import
of the VOD shutter structure into a standard CIS process,
and its operation in high shutter speeds, appropriate for the
pulsed TOF and other time-resolved imaging applications.
Shutter CR, rise and fall time, and uniformity have all been
tested, and are in line with the state-of-the-art of fast gated
imagers. The CR in particular is very high, and we believe
that this is due to the capability of the VOD structure to
create strong drift field that drain unwanted photoelectrons to
the chip substrate. Other pixel parameters, such as linearity,
readout noise, and saturation level, were also tested and are
not affected by the special mode of operation required for
a fast gating. Dark current was measured as well and was
low enough to be an insignificant noise and bias source in the
short exposure times expected from a TOF sensor. Finally, this
paper discusses a first generation prototype pixel. A review
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of the second generation featuring major improvements to
the PD depth, QE, shutter operation voltage, and transient
shutter performance will be presented in the international
image sensor workshop (IISW 2015) [23].
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