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Abstract—The charge handling capacity or the full well of the
photodiodes used in CMOS image sensors is a very important
characteristic because it affects the saturation level and the dynamic range of the image sensor. The scaling of the pixel size
to increase the spatial resolution is also reducing the barrier
separating the photon detection and the collection node in a
standard pinned photodiode (PPD). The barrier reduction and the
thermionic emission of the electrons allow some of the charges
from the photodiode well to feed into the collection node, resulting
in a feedforward voltage. In conventional readout of the pixels,
this feedforward voltage is neglected and lost when the collection
node is reset. The barrier height of the transfer gate (TG) determines the quantity of electrons held back in the photodiode well.
Thus, the knowledge of this barrier height is very important in
determining the true charge handling capacity of the photodiode
potential well. Experiments with standard PPDs showed that a
barrier height of around 0.5 V is needed to hold the electrons in
the photodiode potential well. This is analogous to the barrier
potential for charge-coupled devices reported in the literature.
Furthermore, the barrier height dependence on the charge storing
time in the photodiode well and the structural dimensions of the
TG and photodiode length are also explored in this paper.
Index Terms—Barrier height, charge transfer, CMOS image
sensor, feedforward voltage, pinned photodiode (PPD).

I. I NTRODUCTION

C

MOS IMAGE sensors have become very popular in
all fields of electronic imaging, particularly in low-cost
imaging devices, for example, consumer applications. The sensors are always tried to be optimized further for delivering
high-quality images. The quality of an image is particularly
characterized by the maximization of the following parameters: pixel resolution, signal-to-noise ratio (SNR), and dynamic
range. All these parameters are strongly related to the full well,
which is the maximum number of electrons that can be stored
in a pixel without any loss.
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Spatial resolution: Larger numbers of pixels enable the imaging
of finer spatial details of the scene. The increase in the pixel
number without increasing the total die area of CMOS
image sensors has led to a continuous process of scaling
down the pixel size. The smallest pixels today measure
1 μm or less, and the trend is going further to even
smaller structures. Regarding the full well of the pixel,
this downscaling trend is reducing the photodiode’s well
capacity [1] and the potential barrier separating the charge
generation centers from collection and readout, which, in
turn, negatively affects both the maximum achievable SNR
and the dynamic range.
SNR: A high SNR is important in order to obtain images of uniform segments and in order to individually perceive them
as a realistic scene. Assuming photon shot noise limited
signal detection, the maximum achievable SNR benefits
from the full well capacity in the sense that the SNR proportionally increases to the square root of the signal itself.
Dynamic Range: The dynamic range of a sensor expresses
the ability to capture dark and bright sections within an
image while maintaining the highest fidelity. Technically
expressed, the dynamic range is the ratio of the largest
possible signal divided by the smallest possible signal that
is still detectable. A low dynamic range would mean a
loss of perceived intensity information, which, however, is
tried to be avoided by an appropriate pixel design for high
dynamic range coverage. An increased dynamic range can
be achieved by either lowering the noise floor or increasing
the full well capacity.
A. Full Well in a Four-Transistor Pixel
In a standard four-transistor pixel, as shown in Fig. 1, the
pinned photodiode (PPD) collects the charges generated by the
photons, and a transistor with a transfer gate (TG) is used for
transferring the collected charges from the photodiode to the
floating diffusion (FD) node. The pixel also includes a transistor
SRST for resetting the FD to a predetermined voltage level
VRST prior to the charge transfer. The other two transistors
are the source follower and row select transistor SRS . The row
select transistor loads the column bus with the pixel output for
readout. The PPD forms a fully depleted n-region, which is
“pinned to a voltage” Vpinned . In this region, the photogenerated
charges are collected and stored until the readout starts by
transferring the charges to the FD. In such a pixel configuration,
the potential well in the PPD forms the storage well, whereas a
low voltage on the TG forms the barrier region preventing the
electrons from exiting the PPD region.
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Fig. 1.

Four-transistor pixel.

The full well capacity of the PPD region is determined by the
number of electrons that the potential well can store. Since the
potential barrier generated by the TG’s channel potential prevents the overflow of the collected electrons, the size of the gate
and the channel doping must have a strong influence on the well
capacity. In addition to that, the temperature affects the well
capacity value, too. Electrons contained within a well possess
thermal energy kT , where k is the Boltzmann’s constant, and
T is the absolute temperature, and thus, the electrons acquire
random thermal velocities. Consequently, the potential barrier
needs to be large enough in order to suppress any electron
overflow due to thermal agitation when the PPD region is full
of electrons [2]. The charge handling capacity and the charge
transfer (in)efficiency of the charge-coupled device (CCD) are
published in literature, whereas the charge handling capacity
of the CMOS PPD has not yet been well documented. A barrier
height of 0.5 V for typical vertical-CCD structures was reported
in [3], whereas [2] reported a barrier voltage of 0.6 V at a full
well of 500 ke− and at room temperature for buried-channel
CCDs. The barrier voltage for thermionic emission in fullframe CCDs is also reported to be around 0.5 V [4].
B. Outline
In this paper, we investigate the feedforward effect in a fourtransistor CMOS pixel. Feedforward results due to the overflow
of electrons from the photodiode to the FD when the barrier
potential is too low. The theory of feedforward is explained in
Section II. Experiments have been performed in Section III, and
results are presented in Section IV. Finally, Section V concludes
this paper.
II. T HEORY ON F EEDFORWARD IN A
F OUR -T RANSISTOR P IXEL
The operation of a PPD pixel is described in Fig. 2 by considering the potential setups during different operation phases. The
PPD is completely empty after reset; newly generated charges
are collected, assuming the pixel is exposed to light. This is
shown in Fig. 2(a). After the integration of the charges in the
photodiode well, the TG is opened, allowing the accumulated
charges to flow into the FD and to be read out. Ideally, when
the TG is closed (acting as a barrier), no electrons from the
photodiode potential well will flow to the FD node. However,

1155

Fig. 2. PPD operation. (a) Before charge integration. (b) During and after
charge integration. (c) Photodiode filled to full well. (d) Feedforward charge
transfer to FD.

from literature, it is known that, even when the TG is closed,
some of the electrons will cross the potential barrier and reach
the FD node. In order to investigate the charge leakage to the FD
node, the pixel accumulates as long as needed so that the PPD
potential well is totally filled. Fig. 2(b) shows that, if the PPD
maximum storage value is exceeded, electrons will start to
overflow to the FD node. If the light exposure is stopped in this
phase of the operation, electrons will continue to overflow to the
FD node until the flat-voltage situation in Fig. 2(c) is reached.
Both diffusion and self-induced drift of electrons due to gradients in the charge concentration contribute to the movement
of electrons from the photodiode well toward the FD node
during this phase. The initial overflow is also helped by the
charge arrangement in the photodiode potential well. According
to Carnes et al. [5], the charges placed in a square well with
no externally induced electric fields in the interior will tend to
crowd at the edges of the well due to the mutually repulsive
properties of like charges similar to the arrangement of charge
on a conducting disk in free space. The photodiode wells are
not perfectly square; however, they still result in higher charge
concentration near the edges.
After reaching the flat-voltage condition, the electrons continue to flow to the FD node due to thermionic emission. This
process is very slow as the electrons need to overcome the
barrier height of VB presented by the TG to reach the FD
node, as indicated in Fig. 2(d). The process of charge flow
due to thermionic emission is investigated more deeply in the
succeeding discussion.
The number of electrons that are able to escape the photodiode well will be proportional to the exp(qVB /kT ), where
q is the electron charge, k is the Boltzmann’s constant, VB is
the barrier potential presented by the TG, and T is the absolute
temperature. The overflow current dQ/dt can be expressed as a
function of the barrier potential VB as [6]
 −qV 
B
dQ
(1)
= I0 e kT
dt
where I0 is the current coefficient, which is a function of the
semiconductor device’s structure and its impurity concentration. The overflow current defined in (1) causes the charges Q
in the potential well to decrease with time. If these changes in
the charge levels are not very large, then it can be reasonably
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assumed that the photodiode well capacitance is constant, and
thus, Q can be expressed as
Q = C(Vpinned − VB )

(2)

where Vpinned is the pinning voltage, C is the well capacitance,
and VB is the barrier potential. Using (1) and (2) and integrating
over time the charges held in the photodiode potential well, the
barrier potential can be then expressed as

kT  q
ln
I0 thold + 1
VB =
(3)
q
kT C
where thold is called the holding time during which the charges
are held in the photodiode. This corresponds to the integration
time of any overflowing electrons to the FD node.
From (2) and (3), it is evident that, for a PPD, the probability
of an electron in the photodiode well crossing the barrier to
reach the FD node is depending on the following factors:
• the number of electrons (since Q = qN , where N is the
total number of electrons in the photodiode well);
• the operating temperature;
• the holding time thold the charges are stored in the photodiode well;
• the structural dimensions and geometry of the TG length
and the photodiode length, because the photodiode length
affects the well capacitance C, and the geometrical parameters and doping concentration influence the current
coefficient I0 ;
• the surface potential in the channel of the TG (directly
related to the barrier height with respect to the pinning
potential of the photodiode, thus influencing the total
number of electrons N that can be accumulated in the
photodiode well).
The overflow of electrons has profound effects on the design
and operation of CMOS photodiodes. One immediate effect of
the decrease in the barrier potential is the overall reduction in
the full well capacity of the photodiode. Two distinct states of
the full well, namely, static and dynamic full well, for the CCDs
were mentioned in [2], which is also found to be true for CMOS
PPDs.
The overflow current on the FD node due to the movement
of free charges, even in the presence of a TG barrier between
the photodiode and the FD node, results in a “feedforward
voltage” [7]. The feedforward voltage on the FD node is shown
in Fig. 2(d). In this paper, we focus on the feedforward voltage
variations due to the barrier height modulation at a constant
temperature by varying the total number of electrons in the
photodiode well at the start time and by varying the TG channel
voltage. The variation of the barrier height with changes in
temperature will be published as a different paper.
III. E XPERIMENTS
Here, the test sensor is described first, and second, the
experimental setup is presented with special focus on the timing diagram of the controlling signals used for extracting the
information on the pixel full well.

Fig. 3.

Microphotograph of the test chip.

A. Sensor Description
The microphotograph of the designed test image sensor is
shown in Fig. 3.
The image sensor was designed in a Taiwan Semiconductor
Manufacturing Company 0.18-μm CMOS image sensor process with a pixel pitch of 15 μm and a maximum fill factor
of 44% depending on the different pixel geometries. The area
of the FD node is 25.5 μm2 , which corresponds to a conversion
gain of 8.96 μV/e− for the chosen technology. Each variation
in the pixel geometry is represented by an array of 6 × 4 pixels.
The TG length was designed for sizes of 0.7, 1.0, 1.5, and 2.0
μm; whereas the photodiode lengths selected were 1.2, 3.2, 5.2,
7.2, and 9.2 μm; all photodiodes have the same width. The rest
of the pixel circuitry is the same as in standard CMOS fourtransistor pixels with a PPD.
B. Experimental Setup
In conventional PPD readout, the potential on the TG of the
four-transistor pixel is made more positive than the photodiode
well but less positive than the FD node potential during the
phase of shifting charge from the diode to the readout node.
The abrupt step in potential distribution generates high electric
fields, and thus, the charges are efficiently swept in terms of
speed from the photodiode well to the FD node, lowering the
FD potential.
The following measurements apply a special timing control
scheme to the four-transistor test pixels, aiming for determining
the minimum potential barrier height between the photodiode
well and the TG barrier. A minimum barrier is needed to hold
the electrons in the photodiode area without significant electron
loss due to leakage to the FD node. Particularly, leakage due to
thermionic agitation of electrons is considered herein.
The dedicated timing diagram for the operation of the pixels
is shown in Fig. 4. Since the measurement of the overflow
current due to thermionic emission requires the avoidance of
light incident, the measurement itself is accomplished in a
dark environment. The initial filling up of the photodiode by
electrons is accomplished electrically instead of optically. This
is achieved by activating both the reset and TG signals and
setting the reset voltage to low level VRST_low . While the reset
voltage low level is configurable off-chip, VRST_high is fixed to
the 3.3-V power supply. The variability of VRST_low enables an
accurate control of injecting a certain number of electrons into
the photodiode. VRST_high is used in a second phase to reset the
FD node to a high potential.
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Fig. 4.

Pixel timing diagram for minimum barrier height determination.

A special situation is reached when VRST_low is set to a
voltage higher than the pinning voltage of the photodiode. In
this case, no charges will flow into the photodiode during the
injection phase. The pinning voltage for the pinned photodiodes
is experimentally found to be around 1 V [8].
After the initial phases of filling up the photodiode well by
electrons and resetting the FD to a high potential, a first image
is captured, representing the reset levels. After a holding time
thold , which can be externally chosen, a second image is captured, representing the signal levels. The signal levels constitute
the electrons collected during the holding time, meaning any
dark current contribution. By subtracting the two images of
signal and reset levels, a correlated double sampling process
in the digital domain is accomplished, enabling the elimination
of any pixel-inherent offsets and kT C noise components.
One restriction of the measurement setup, and worth mentioning, is the fact that the first few microseconds of the electron
overflow process cannot be resolved. The reason is a minimally
required time duration of 25 μs between the falling edges of the
TG and reset signals and some delay until the readout of the
pixels starts. A faster control sequencer would have to be set up
in order to improve the resolution at the beginning of the charge
flow process.
For each condition of different levels of charges injected into
the photodiode region, a total of 50 frames is continuously
recorded. Temporal averaging is performed on a per-pixel basis
in order to reduce random pixel noise and to improve the
confidence of the observed data.
IV. R ESULTS AND D ISCUSSION
In Section II, it was shown that the full well and thus the
feedforward voltage due to the overflow of electrons from the
photodiode potential well to the FD node is a function of
time, temperature, barrier potential, and the TG and photodiode geometrical cross sections. Here, the relationship between
the barrier potential of the TG and the amount of charges
in the photodiode well is experimentally explored according
to the afore-described measurement procedure.
A. Feedforward Voltage Changes Due to Variations in the
Stored Charge Quantity
Here, the relationship between the barrier height and the stored
charge quantity Q in the photodiode well is evaluated. The num-
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ber of electrons in the full well is varied by adjusting the lower
level of the reset voltage VRST_low, as explained in Section III-B.
Fig. 5 shows the measured feedforward voltage on the FD
node for varying VRST_low levels and TG lengths at a temperature of 293 K. The low voltage applied on the TG is always
0 V, thus preventing the creation of any direct channel between
the FD node and the photodiode well. Fig. 5(a) and (b) is for
a short charge holding time of thold = 20 ms with photodiode
lengths of 1.2 and 7.2 μm, respectively. Fig. 5(c) and (d) is for a
longer charge holding time of thold = 4.12 s and for photodiode
lengths of 1.2 and 7.2 μm, respectively. As stated in Section II,
VRST_low = 0 V corresponds to the maximal possible full well
of the PPD, whereas other values of VRST_low correspond to
those lower than that.
Fig. 5 shows two distinct trends.
1) The feedforward voltage at the FD node is high when
the photodiode well is completely filled by electrons by
setting VRST_low = 0 V, and the feedforward voltage is
getting lower when the photodiode is below its full well
capacity. Furthermore, the feedforward voltage for the
longer photodiodes is higher compared with the smaller
photodiodes. Thus, it can be inferred that the feedforward
voltage is proportional to the number of electrons in the
photodiode well.
2) If VRST_low is higher than 0.1 V, the voltage on the FD is
nearly constant. Thus, the photodiode can be considered
to be not full. No electrons due to thermionic emission are
flowing to the FD node. The offset in the curves is only
the result of the integration of the dark electrons on the
FD node directly.
Table I summarizes the dark voltage and the feedforward
voltage on the FD node for different TG and PPD dimensions
and charge holding times. The FD node output for VRST_low =
0.2 V is denoted as dark voltage, whereas the FD node output
for VRST_low = 0 V is referred as feedforward voltage.
A first observation from this table is that the feedforward
effect is getting less important with a longer TG length if short
charge holding times are considered. If, however, the charge
holding time is large, the feedforward dependence on the TG
disappears. This is pointed out in more detail in the following:
At 20-ms charge holding time, the increase in the TG length
from 1.0 to 2.0 μm causes about 17% less electrons flowing
from the photodiode to the FD node. However, it should be
noted that, for the small holding time, the voltage levels on the
FD node are only in the range of a couple of millivolts. This is
close to the noise limit of the setup, and thus, the corresponding
lower data confidence compared with the one achieved with
the long charge holding time must be reminded at this point.
Considering a longer charge holding time (thold = 4.12 s),
there is no clear trend visible anymore for the feedforward
voltage dependence on the TG length.
The decrease of feedforward effect with an increase in TG
length, which is particularly visible at short charge holding
times, is the result of a smaller current coefficient in (3),
because the longer barrier more efficiently restricts the overflow
of electrons. The reason for the less visible dependence of
the feedforward voltage on the TG length in the case of long
charge holding times is given by the fact that, in any case, the
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Fig. 5. FD node variation for varying VRST_low and TG lengths. (a) thold of 20 ms and PPD length of 1.2 μm. (b) thold of 20 ms and PPD length of 7.2 μm.
(c) thold of 4.12 s and PPD length of 1.2 μm. (d) thold of 4.12 s and PPD length of 7.2 μm.
TABLE I
DARK VOLTAGE AND F EEDFORWARD (FF) VOLTAGE AT 293 K FOR VARYING TG AND PPD G EOMETRY

thermal equilibrium state tends to generate the same potential
distribution for diodes with a short and with a large TG. A
long charge holding time of several seconds approximates to
the equilibrium situation, and differences due to thermionic
emission of electrons become less visible in the voltage domain.
A second observation from Table I is the increase in the
feedforward voltage when larger photodiodes are used. The
explanation for this tendency is the following: The photodiode
length, which is defined as the length of the diode’s n-layer
implant length, affects the electron concentration and thus the
well capacitance but not the barrier height [3]. A larger PPD
means that more electrons can be stored. At the same time,
more electrons experience thermal agitation so that the likely
number of electrons crossing the TG barrier due to thermionic
emission increases, too.

In Fig. 5, it is observed that, for a short charge holding time
and a TG length of 1.0 μm, the increase in the photodiode
length from 1.2 to 7.2 μm causes a 14.3% increase in the FD
node output, whereas for a TG length of 2.0 μm, the increase is
18%. The percentage increase is calculated as
% increase in FD node output
[VFF − VDark ]PPD=7.2 μm − [VFF − VDark ]PPD=1.2 μm
=
[VFF − VDark ]PPD=1.2 μm
(4)
where VFF is the feedforward voltage. Considering the measurements with a long charge holding time of 4.12 s, the FD
node increases by 96% for a TG length of 1.0 μm, whereas for
the TG length of 2.0 μm, the increase is only 81%.
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Fig. 6. FD node variation for varying VTX_low and TG lengths. (a) thold of 20 ms and PPD length of 1.2 μm. (b) thold of 20 ms and PPD length of 7.2 μm.
(c) thold of 4.12 s and PPD length of 1.2 μm. (d) thold of 4.12 s and PPD length of 7.2 μm.

B. Feedforward Voltage Changes Due to Variations in the
Channel Potential of the TG
In classical CCDs, it was found that the minimum barrier
needed to hold the electrons in the photodiode well is around
0.4–0.6 V [2]. In CMOS four-transistor pixels with PPDs, the
effective barrier within the charge transport channel, which is
needed to hold the electrons inside the photodiode well, is
determined by the voltage applied on the TG. The TG voltage
is converted into an effective channel potential by a function
that depends on the doping of the gate, the channel, and the
substrate. As a result, an inherent voltage beneath the TG, even
when the TG is held at 0 V, is generated.
To understand the behavior and experimentally determine the
barrier potential, the TG potential is varied with respect to the
photodiode well potential. The lower voltage level of the TG
pulse is adjusted between 0 and 1 V, whereas the higher level is
fixed to 3.3 V.
As stated in Section III-B, as long as VRST_low is below
the pinning voltage of the photodiode, some charges will
be injected into the photodiode. However, when VRST_low is
higher than the pinning voltage, no charges will be injected
into the photodiode well; thus, the voltage change on the FD
node would only be due to the dark current generation in the
FD node. Thus, when VRST_low is maintained lower than the
pinning voltage of the photodiode and the TG channel potential
is increased, the feedforward voltage would be expected to

increase, as the increase in the TG channel potential would
lower the barrier potential.
Fig. 6 shows the measurements of the feedforward voltage
for varying the lower voltage level of the TG pulse when
VRST_low is 0 V, which is the full well condition of the PPD.
Fig. 6(a) and (b) is for a short charge holding time with photodiode lengths of 1.2 and 7.2 μm, respectively, whereas Fig. 6(c)
and (d) is for a large charge holding time with photodiode
lengths of 1.2 and 7.2 μm, respectively.
Some of the trends already shown in Fig. 5 are observed by
this measurement as well. However, Fig. 6 shows two further
distinct behaviors.
1) For small photodiodes, the FD node voltage increases
with increasing voltage of the low level of the TG signal.
However, for voltages higher than 0.5 V, the FD node
voltage is nearly constant for both short and long charge
holding times.
2) For large photodiodes, the FD node voltage is much
higher due to the increased charge handling capacity of
the photodiode itself. Furthermore, the FD node voltage
behavior is similar to the smaller photodiode, wherein the
FD node output is nearly constant when the TG voltage is
higher than 0.5 V.
When the lower voltage level on the TG pulse is 0.5 V, a
maximum electron flow from the photodiode to the FD node
is reached. This trend confirms the fact that a minimum zero
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TABLE II
F EEDFORWARD VOLTAGE AT THE F OLLOWING C ONDITIONS :
293-K T EMPERATURE , F ULL W ELL FOR VARYING TG AND
PPD S IZES , 0.5 V L OW L EVEL OF THE VTX S IGNAL

Fig. 8.

FD node variation for varying VTX_low and photodiode length.

Fig. 9.

FD node variation for varying VRST_low and photodiode length.

Fig. 7. FD node variation for thold = 4.12 s with VRST_low = 1 V.

barrier is created when the low level of the TG pulse is 0.5 V or
higher.
Table II shows the feedforward voltages measured at the FD
node output for short and long charge holding times and varying
pixel geometrical dimensions. The values are extracted for the
case of a zero barrier between the PPD well and the TG, which
is obtained for a 0.5 V low level of the VTX signal.
Fig. 7 shows the FD node voltage variations for a long
charge holding time when the photodiode well is empty. Since
the pinning voltage of the photodiode used is near 1 V, with
VRST_low = 1.0 V, no charges are injected into the photodiode,
and thus, the FD node should remain constant. For the case of
the low-level TG voltage being higher than 0.5 V, the FD node
voltage is observed to be relatively constant because the zerobarrier condition is always the starting condition of the overflow
process.
C. Feedforward Voltage and Photodiode Length
The feedforward voltage as function of the photodiode length
is shown in Fig. 8. As expected, the FD node voltage increases
with an increase in the photodiode length until the VTX_low is
around 0.5 V, after which the increase in the FD node is only
marginal.
In Fig. 9, VTX_low has been fixed to 0.5 V, which corresponds
to the zero-barrier condition. The number of electrons in the
photodiode well is varied by varying VRST_low . According
to the figure, there is no electron overflow anymore for
VRST_low > 0.5 V. Compared with Fig. 5(c), the difference
is the higher voltage of the VTX low level, which enables a
zero-barrier starting condition and, thus, shifts the point of

constant FD node voltage or the equilibrium state to higher
VRST_low voltages.
V. C ONCLUSION
In this paper, we have shown the effect of feedforward in
standard PPDs. The full well capacity of a photodiode is defined
by the barrier height that is needed to hold the electrons in the
photodiode well. From experiments, it was determined that a
minimum barrier of 0.5 V is necessary to hold the electrons
in the photodiode well. This is consistent with the minimum
barrier measured for CCDs. If the barrier height is insufficient,
the electrons from the photodiode are fed into the FD node,
leading to a loss of charges and lowering the full well capacity
of the photodiode. The full well capacity defines the dynamic
range, SNR, light sensitivity, and charge saturation of the
photodiode and, thus, is an important metric in CMOS imagers.
The magnitude of the barrier is a linear function of temperature and varies as the log of the number of electrons and the
amount of time the electrons are stored in the potential well.
The transfer of electrons from the photodiode to the FD node
in PPDs takes place by a diffusion process. This transfer is
aided by the thermal energy of the electrons. These studies are
important to model the PPDs for increased well capacity, thus
improving the performance of the CMOS image sensors.

SARKAR et al.: FEEDFORWARD EFFECT IN STANDARD CMOS PINNED PHOTODIODES

ACKNOWLEDGMENT
The authors would like to thank the team of MESA Imaging for proving the measurement setup and helping with the
analysis.

1161

Mukul Sarkar (M’11) received the Ph.D. degree
from Delft University of Technology, Delft, The
Netherlands, in 2011.
Since February 2012, he has been an Assistant Professor with the Electrical Engineering Department, Indian Institute of Technology Delhi,
New Delhi, India.

R EFERENCES
[1] K. Mizobuchi, S. Adachi, N. Akahane, H. Sawada, K. Ohta,
H. Oshikubo, and S. Sugawa, “4.5 μm pixel pitch 154 ke− full well
capacity CMOS image sensor,” in Proc. Int. Image Sensor Workshop, 2009,
pp. 101–104.
[2] J. Pinter, J. Bishop, J. Janesick, and T. Elliott, “2D-modeling of chargecoupled devices: Optimum design and operation for maximum charge
handling capability,” in Proc. IEEE Workshop Charge Coupled Dev. Adv.
Image Sens., Dana Point, CA, 1995.
[3] S. Kawai, N. Mutoh, and N. Teranishi, “Thermionic-emission-based barrier
height analysis for precise estimation of charge handling capacity in CCD
registers,” IEEE Trans. Electron Devices, vol. 44, no. 10, pp. 1588–1592,
Oct. 1997.
[4] E. G. Stevens, E. K. Banghart, H. Q. Doan, E. J. Meisenzahl, H. Murata,
D. N. Nichols, and J. P. Shepherd, “8.3 Mp, 4/2 full frame CCD with scaled
LOD and micro optics,” in Proc. IEEE Int. Image Sens. Workshop, 2005,
pp. 250–253.
[5] J. E. Carnes, W. F. Kosonocky, and E. G. Ramberg, “Free charge transfer in
charge coupled devices,” IEEE Trans. Electron Devices, vol. ED-19, no. 6,
pp. 798–808, Jun. 1972.
[6] S. M. Sze, Physics of Semiconductors, 2nd ed. New York: Wiley, 1981,
p. 264.
[7] S. K. Madan, B. Mathur, and J. Vasi, “Feed forward due to barrier modulation in charge-coupled devices,” IEEE Trans. Electron Devices, vol. ED-29,
no. 8, pp. 1269–1276, Aug. 1982.
[8] J. Tan, B. Büttgen, and A. Theuwissen, “Analyzing the radiation degradation of 4-transistor deep submicron technology CMOS image sensors,”
IEEE Sensors J., vol. 12, no. 6, pp. 2278–2286, Jun. 2012.

Bernhard Büttgen (M’11) received the Ph.D. degree from the University of Neuchatel, Neuchatel,
Switzerland, in 2006.
Since 2006, he has been working on 3-D timeof-flight imagers with MESA Imaging, Zürich,
Switzerland.

Albert J.P. Theuwissen (M’82–SM’95–F’02) received the Ph.D. degree in electrical engineering
from the Catholic University of Leuven, Belgium,
in 1983.
He is also a professor at Delft University of
Technology, Delft, The Netherlands. After he left
DALSA, he started “Harvest Imaging,” where he
focuses on consulting, training, and teaching in solidstate imaging technology.

