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The Hole Role in Solid-State Imagers

Albert J. P. Theuwissen, Fellow, IEEE

Abstract—The importance of holes present in the pixels of
solid-state image sensors is described by Theuwissen et al. IEDM
Tech. Dig. 2005, p. 817). Today’s success of digital imaging is
based on the positive effect of an accumulation layer that reduces
the interface-related dark current and dark current fixed-pattern
noise. This superb imaging feature is applied in charge-coupled
devices as well as in complementary metal-oxide-semiconductor
devices, in consumer as well as in professional equipment. Holes
are not only used to improve the dark performance of imagers;
other examples of efficient use of holes are fixing electrostatic
potentials, creating gate structures, draining photon-generated
charges, and constructing antiblooming means.

Index Terms—Charge-coupled device (CCD) image sensors,
CMOS image sensors, pinned photodiodes (PPDs).

I. INTRODUCTION

OLES PLAY a very important role in determining the

quality of images obtained by solid-state image sensors.
First, holes can be used to fix the electrostatic potential in
the charge-coupled device (CCD) and CMOS pixels. Second,
holes can be seen as a kind of by-product in the generation
process of the video signal: Absorbed photons in the silicon
result in the generation of electron-hole pairs. It seems to be
quite straightforward, but one needs to get rid of these holes in a
proper way; otherwise, they can drastically hamper the intended
functionality of the imager.

Once the excess holes are drained, the next step can be taken,
and that is to make use of the holes to improve the quality
of the imager. The pinned photodiode (PPD) [2] is probably
the best example of the latter statement and is a well-known
and popular element used in CCD and CMOS image sensors.
Through the presence of the holes at the Si—SiOs interface,
the surface contribution to dark current is drastically reduced.
However, holes do play a much broader role in improving the
imaging function than just reducing the dark current. They are
key in the functionality of clocked antiblooming [3], in noise
reduction, and in the definition of clock phases. Examples of
the latter are the open-phase pinning [4], multiphase pinning
(MPP) [5], and the virtual phase clocking [6].

This paper will give an overview of the role that holes
can play in today’s pixels of imaging systems. It will show a
historical overview as well as state-of-the-art work in the field
of CCDs as well as CMOS imagers.
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Fig. 1. Top view and cross sections of a four-phase CCD with polysilicon
gates fabricated on a p-type Si substrate.

II. HOLES USED TO F1X POTENTIALS IN THE PIXELS

A crucial part of a properly functioning pixel of an image
sensor is well-defined electrostatic potential at any point or
region within and between pixels. If there exists an area or
region (n-type or p-type) within a pixel without an appropriately
defined voltage, the pixel might lose part of its functionality.
The simplest example is the separation of pixels by means
of pT-channel stopper implants in CCDs or p* isolation re-
gions between CMOS pixels. The CCD channel separation is
illustrated with an example shown in Fig. 1: A top view and
cross sections are shown of an n-type CCD channel sandwiched
between two pT-channel stopper regions [7]. From the top
view and the cross section A—A’, it can be seen that the pixel
is defined by means of four polysilicon CCD gates. In the
cross section B—B’, the n-type CCD channel can be recognized
as being built between two p*-channel stopper regions on a
p_-type substrate. The channel stoppers and the nondepleted
p~-substrate form a huge and rigid structure in which the
n-channels are imbedded. The p~-substrate acts as a backplane
to which all the individual channel stopper regions are electri-
cally connected. By definition, the channel stopper has the same
electrostatic potential as the substrate.

Notice that impinging photons will generate electron—hole
pairs in the silicon. The electrons will get collected in the
CCD channel. The holes will flow to the lowest potential in
the structure, the p-type substrate, and the channel stopper
regions. The latter acts as a low-resistivity interconnect toward
the electrical contact of the p-type substrate.
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Fig. 2. Top view and cross sections of a four-phase CCD with polysilicon
gates fabricated in a p-well on an n-type Si substrate.

The situation changes when the imager is built on a depleted
p-well in a nondepleted n-substrate as shown in Fig. 2. This
illustration again shows cross sections and a top view. This
architecture is very popular for devices that make use of ver-
tical antiblooming. The vertical n (CCD channel) —p (well) —
n~ (substrate) acts as a bipolar transistor in punchthrough at
the moment the CCD channel is filled with electrons [7]. This
is made possible through an appropriate biasing of the structure
with a low voltage on the fully depleted p-well and a high
voltage on the n-substrate. With respect to the hole role, the
concentration of holes in the channel stoppers now becomes
very important, because the channel stopper regions are no
longer backed up by means of the large nondepleted p-well!
Photon-generated holes have to find their way out of the pixel
through the channel stopper finger structure. This aspect will be
further highlighted in Section IV.

A relatively old technique to create a two-phase clocking
system [8] and/or to increase the blue sensitivity of the imager
[3] can be found in the so-called light windows cut in the
polysilicon gates. The result is shown in Fig. 3. The open areas
in the CCD gates are clearly visible in the top view as well as
in the cross section C—C’. “Blue” photons can be absorbed in
the polysilicon CCD gates that cover the substrate. However,
in the case of open areas in the CCD gates, considerably more
“blue” photons will reach the substrate of the imager and will
drastically increase the blue sensitivity. On the other hand, the
width of the gate that is covering the silicon in region C—C’
is much smaller than the width of the gate that is covering the
silicon in region B—B’. This results in a lower channel potential
at the cross section C—C’ in comparison to the channel poten-
tial at cross section B—B’, with the same electrostatic potential
applied to the gates. In this way, a two-phase transporting CCD
can be created in which the transport and storage part can be
formed underneath a single poly-Si gate.
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Fig. 3. Top view and cross sections of a four-phase CCD with polysilicon
gates fabricated in a p-well on an n-type Si substrate. The polysilicon CCD
gates are provided with holes to create a two-phase architecture underneath
every single gate and/or to create windows to enhance the light sensitivity.

Despite these advantages, notice that parts of the depleted
n-type CCD channels are not covered by gate material. In
this way, their electrostatic potential is not defined! Such a
structure will suffer from serious charge transport issues dur-
ing its operation, because charge can and will be trapped in
local potential pockets. The effect can simply be solved by
defining the potential in the open areas through an extension
of the p™-channel stopper. A simple self-aligned p-implant of
2-10'3 /cm? B-ions after the gate construction is sufficient to
extend the channel stop area to the gate edge and, consequently,
fix the potential in the open areas. The result after this self-
aligned implant is shown in Fig. 4. The presence of enough
holes plays a crucial role in fixing the potential for the regions
normally “beyond control” of the gates. [Is this structure the
mother of the PPD or buried diode or hole-accumulation device
(HAD)?]

III. HOLES USED TO CREATE GATES

In the examples shown in Figs. 1-4, the holes are used to
fix the potential in the part of the structure where no electrons
are transported. In all these figures, the CCD channel runs
from top to bottom in the top view, and electrons are stored
and transferred underneath the gates. These gates are oriented
perpendicularly to the channel. In classical CCD structures,
this transport of electrons is guided by means of digital pulses
supplied to the CCD gates. In principle, not all the gates of a
pixel need to be clocked, some gates might also be fixed at a
certain potential, and in this way, they create a potential barrier
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Fig. 4. Same structures are given as shown in Fig. 3, but with an additional
self-aligned p-implant to extend the stopper region.

in the silicon. A typical example is, for instance, the output gate
located between the last clocking gate of a CCD and the floating
diffusion. A similar structure exists in CMOS pixels, especially
in the active pixel sensor (APS) photogate structure: The gate
used to separate the floating diffusion from the photogate is also
a dc-biased gate. The latter is set to a well-defined potential
by means of an (adjustable) dc voltage. However, a simple
pT-layer at the Si—SiOs interface above the n-buried CCD
channel can substitute such a nonclocking or dc-biased gate,
resulting in a local potential barrier in the silicon. The limitation
of such a “p*-layer dc gate” is the fact that the p*-layer is
internally biased to the p-substrate or p-well potential and is
no longer separately adjustable.

A structure making use of a p™-layer to construct a potential
barrier in every pixel is known as an open-pinned phase (OPP)
CCD and is illustrated in Fig. 5 [4]. The illustration is based
on Fig. 1, in which two gates are replaced by a shallow
pT-implant. In this way, the interface potential is fixed or
pinned to the potential of the p-substrate and p™-channel stops.
The channel potential underneath these open gates is fully
determined by the doping levels in the fully depleted n-channel
and the nondepleted p-substrate.

The open-pinned phase is, in principle, a similar application
of holes as mentioned before: A p™-layer is used to locally fix
the electrostatic potential at the Si—SiOs interface. A further
extension of the idea to create equivalent gate structures by
means of a pinning layer can be found in the virtual phase
CCD (although discussed here after the OPP, the VP-CCD
was invented before the development of the OPP). A top view
and the cross-sections are shown in Fig. 6 [9]. Each pixel
consists of a clocked CCD gate (B—B’) and a fixed virtual
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Fig.5. Top view and cross sections of a three-phase CCD with two polysilicon
gates in combination with one phase pinned at the substrate potential fabricated
on a p-type Si substrate.

gate (C—C’, made by means of the pT top implant). To pro-
vide the CCD with a well-defined transport direction, extra
n~-regions are defined underneath the clocked CCD gate as
well as underneath the virtual phase. The regions underneath
the extra n~-implants act as storage areas for the charge packets,
the regions without the n™-implants are used as potential barri-
ers to define the charge-transport direction. Despite some draw-
backs, the virtual-phase CCD has some interesting advantages,
i.e., the device is characterized by an increased light sensitivity
(especially in the blue), low surface dark-current component,
a relatively simple clocking sequence, and high yield. These
benefits are only applicable due to the presence of holes at the
interface!

IV. HOLES USED TO DRAIN
PHOTON-GENERATED CHARGES

Photons that are absorbed in the silicon create electron—hole
pairs. Many engineers focus on electrons during imager design.
However, one has to keep in mind that generated holes need to
be handled by the imager as well. If this drainage or removal is
not done properly, the holes can drastically hamper the proper
function of the imager. To make sure that this is not the case, the
photon-generated holes need a low-resistivity path to a ground
connection or to another low voltage.

For devices that are built on nondepleted p-type substrates
(see Fig. 1), the drainage of the holes is straightforward. In these
cases, the holes can flow in vertical direction (third dimension)
to the p-type substrate and can be drained through the ground
or low-voltage connection of the p-type substrate. The p-type
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Fig. 6. Top view and cross sections of a virtual-phase CCD with one polysil-
icon gate in combination with one phase pinned at the substrate potential
fabricated on a p-type Si substrate. Both phases have an extra n-type implant to
create a deep potential well under each phase.

substrate is located underneath the complete sensor surface,
is quite large in area, and has a low electrical resistivity. The
situation described is typical for CMOS imagers and CCD
imagers fabricated on standard p-type substrates. However,
it is important to notice that the “connection” between the
sensor surface and the p-type substrate (e.g., photodiodes and
photogates) needs to be made by nondepleted p-regions. In
many cases, the substrate is composed of p™ material with a
p~ epitaxial layer on top. The latter needs to be nondepleted;
otherwise, the holes will not find their way to the p* substrate
material.

This situation is typically the case in front-side illuminated
CCDs that are built in a p-well on top of an n-type substrate. The
holes need to be drained through the p-well. However, in the
case that the p-well is part of a vertical antiblooming structure,
it needs to be completely depleted, and successful drainage of
the holes by means of only the p-well is no longer possible! This
effect is shown in Fig. 4. A similar situation is present in devices
built on silicon-on-insulator (SOI) in which the complete (thin)
backing silicon layer is depleted. In the case of such an SOI
pixel, electron-hole pairs will be generated, and the electrons
will be collected in the pixels. What happens to the holes then?
If not every pixel is provided with a dedicated hole drain, the
pixel will not function.

To maintain a proper functionality of the imager built on
an n-type substrate and in the case that the p-well is fully de-
pleted, the device needs to be provided with p™-channel stopper
regions that have an extra function next to the separation of
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the CCD channels: the drainage of the photon-generated holes.
Notice that:

1) the amount of holes to be drained can be very large (e.g.,
100000 times of overexposure in a 9 ym X 9 pm pixel
that has a saturation level of 100000 e~ results in a total
drainage of 10° holes per pixel), and;

2) the length of the channel stoppers can be very large as
well (e.g., worst case 12 mm in a device of 36 x 24 mm,
1 pm in width, or a total of 12 000 squares).

A significant voltage drop can be generated by means of the
hole drainage through the long channel stopper lines. These
voltage drops can result in local nonuniformities and artifacts
in the center of a highlight (“black smear”) if the doping level
of the channels stoppers is too low. If the proper operation of the
sensor asks for voltage drops less than 1 V, the overall doping
level of the channel stoppers needs to be high enough to allow
the excess hole current to flow, e.g., 5 - 1013/cm2 [10].

V. HOLES USED TO SHIELD THE INTERFACE STATES

The most widely used form of applying holes to the benefit of
image quality is the pixels that use holes to fill up the interface
states. It is well known in the industry that the presence of
interface states results in a drastically increased dark current
and dark fixed-pattern noise. In many image sensor applica-
tions, the dark fixed-pattern noise is the limiting factor in sensor
and camera performance. For instance, the longest exposure
time in digital still applications is determined by the amount of
dark fixed-pattern noise. Reducing the effects generated by dark
fixed-pattern noise is of crucial importance. This can be realized
by filling the interface states by means of holes [9]. Interface
states that are filled with charge carriers no longer generate
any dark current [11]. The filling by the holes can be done
temporarily or permanently. Both options will be described in
the following sections.

A. Temporary Fill of the Interface States

Pulsing the gate of a MOS structure into accumulation can
relatively easily fill the interface states by means of holes. For
instance, pulsing the CCD gates of a pixel one after another into
accumulation and back into deep depletion can attract enough
holes to fill up all interface states while the interface is biased
in the accumulation mode. In this way, the surface generation
part of the dark current will be completely eliminated [12].
This effect is known as the reduction of dark current by means
of charge pumping, and it is illustrated in Fig. 7: A similar
structure as already shown in Fig. 1 is used. The third gate is
biased to a voltage, which is low enough to push the structure
into accumulation mode. The interface will attract holes, and
they will fill up the interface states and remain trapped even if
the structure is forced into deep depletion again. This process is
repeated gate after gate.

It looks as though it is a very attractive and simple way of
operating the device; but to apply it successfully, the following
boundary conditions need to be fulfilled [13], [14].
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Fig. 7. Top view and cross sections of a four-phase CCD with polysilicon
gates fabricated on a p-type Si substrate. One of the gates is pulsed to a low
voltage to introduce a hole-accumulation layer at the interface.

1) There needs to be a source of holes available in the
structure to supply the holes that are used to fill up the
interface states. In large area sensors built on depleted p-
wells, this can be an issue. The problem can be solved
by the introduction of low-resistivity channel stopper
regions.

After filling the interface states with holes, the gates of
the MOS structures are rebiased into deep depletion, and
the excess holes underneath the gates need to be able to
escape quickly.

The filling action needs to be repeated frequently! Once
the interface states are filled with holes and once the
MOS structures are pulsed into deep depletion again, the
interface states tend to release the holes, become empty,
and start generating dark current again. This relaxation
process depends very much on temperature as well.

2)

3)

Obeying these design and operating conditions, a spectacular
reduction in dark current and in dark current nonuniformities
can be obtained!

An interesting side effect of having all interface states filled
with holes can be found in clocked antiblooming. After pulsing
the gates negatively, the interface states are filled with holes.
In the case of strong illumination, the charge packet in the
sensor will fill up with electrons, and if the device is correctly
designed, one can allow the collected electrons in the charge
packets that are almost completely filled to reach the Si—SiO9
interface. These electrons will interact and recombine with the
holes in the interface states, and the recombined electrons will
no longer contribute to any video signal. It looks like the holes
have skimmed part of the electrons from the charge packet. In
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Fig. 8. Same structures as shown in Fig. 7, but in this case with a permanent
hole-accumulation layer at the interface. An extra n-type implant is introduced
to create a deep potential in the CCD channel.

this way, the overflow or blooming of excessively generated
electrons can be prevented. This technique is also known as
clocked antiblooming or antiblooming by charge pumping [3].

The technique of clocked antiblooming has the following
disadvantages: First, one needs to have “enough” interface
states to act as an effective antiblooming drain. However, on
the other hand, interface states that are emptied through an
electron—hole recombination can start generating dark current
again.

A major limitation of the charge pumping to reduce dark
current effects is its dependence on time and temperature. As
already mentioned, the interface states release their holes and
start generating dark current again after a short period of time.
An answer to this issue can be found in the MPP [15] and all-
gates pinning (AGP) [16] CCD structures. By means of a clever
design, layout, and processing, a structure can be made that
can be forced into accumulation mode for its full integration
period, without any refreshing cycle needed. As long as the
CCD is operated in the integration or exposure mode, all clocks
remain biased to a low voltage, and all interface states are
filled with holes. Charges are collected in the potential pockets
created by an extra n~-implant within each pixel (see Fig. 8):
During the integration period, all CCD gates are biased low, and
holes are attracted to the Si—SiOs interface and eliminate the
generation of dark current due to the unfilled interface states.
An extra potential pocket is created in the structure to store
the collected charges and to form a barrier between the various
charge packets in the structure. Only during the transport of the
charge packets that the CCD gates are biased to higher voltages.
Because the transport of the CCDs is done much faster than the
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relaxation time of the interface states, dark current can be kept
low during the complete operation of the sensors.

Furthermore, in these CCDs, the following boundary condi-
tions need to be fulfilled.

1) There needs to be a low-resistivity path to allow enough
hole flow underneath the gates biased into accumulation.

2) There needs to be a low-resistivity path to allow the holes
to be drained away from the interface when the gates are
biased again into deep depletion.

The AGP variant has a few extra features over the MPP
version (e.g., charge reset and vertical antiblooming), but the
basic concept of shielding the dark current generation by the
interface states is the same. For the device with the MPP option:
In the non-MPP mode, it shows a dark current of 0.5 nA/ cm?
at room temperature; in the MPP mode, this value is reduced to
0.01 nA/ cm? [15] and even lower. Similar to the MPP sensor is
the AGP version, a reduction in dark current by a factor of 25
is observed when the AGP mode is switched on: 0.3 pA/cm?
at room temperature and 3 pA /cm? at 60 °C. Furthermore, the
nonuniformity of dark fixed-pattern noise is reduced by a factor
of 3-10, resulting in 4.5 pA/cm? at room temperature and
16 pA/cm? at 60 °C [16].

B. Permanent Fill of the Interface States

A permanent fill of the interface states would solve once
and for all the issue of the dark current generation through
these interface states! Such a permanent fill can be realized by
means of a shallow p™-implantation at the Si—SiO- interface.
Unfortunately, such a shallow implant does not allow any
longer control of the potential underneath the structure. The
accumulation layer composed of holes will electrically shield
the influence of the gate voltage above it as well. This is
exactly the same situation present in the OPP-CCD and the VP-
CCD, where the gates are even omitted above the p*-implanted
regions. The latter effect is no issue. Photodiodes do not have
a gate above the structure to control the potentials. This is the
“secret” behind the so-called PPD, buried photodiode, or HAD:
the classical n-p photodiode is provided with an extra shallow
p*-layer (ie., 1 - 1013/cm2, B, 30 keV on top of 5 - 1012/cm2,
P, 200 keV) at the Si—SiOs, interface to fill the interface states
with holes and to pin the voltage at the interface to a fixed
potential. In this way, a relatively simple structure is produced
with an exceptionally good dark performance.

The construction of an interline-transfer CCD with a PPD
is shown in Fig. 9. From the top view, the CCD register with
four gates can be recognized, next to two photodiodes. Cross
section A—A’ is very similar to earlier cross sections shown,
because of the classical 4-phase CCD structure. Cross section
B—B’ highlights the PPD: the complete structure is built in a
p-well on an n-type substrate. The photodiode is made from an
n-implantation in the p-well. The p*-pinning layer is shielding
the photodiode from the Si—SiO, interface, and is electrically
connected to the channel stopper regions and to the p-well. In
this way the interface is pinned to the potential applied to the
p-well/channel stoppers.
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Fig. 9. Top view and cross sections of a four-phase interline-transfer CCD
with PPDs and fabricated on an n-type Si substrate.

The very first publications on PPDs describe the presence
of the p™-layer to pin the interface to a fixed voltage, and to
allow a complete read-out or reset of the photodiode without
any image lag [2]. Later the positive effects on the dark current
performance were recognized [17], [18].

PPDs were and still are very efficient in increasing the per-
formance of the interline-transfer CCDs. As a kind of spinoff
of the vertical p*-n-p-n structure, the interline-transfer CCDs
can apply a charge reset (electronic shuttering) by applying
a positive pulse on the substrate of the imager [19]. The top
part of the PPD is pinned to the surface potential by means
of the pT-layer, and the bottom part of the PPD is tied to
a high potential. This way of working resets the photodiode
completely.

VI. HOLE ROLE IN CMOS IMAGE SENSORS

As can be learned, history is repeating itself. The ideas
explored in CCD technology are also successfully introduced in
the CMOS technology as it comes to the development of image
Sensors.

A. Three-Transistor APS Pixel (3T-APS)

These days, APSs are almost exclusively used to construct
CMOS pixels. APSs are characterized by the presence within
each pixel of not only the photodiode but also a minimum of
three transistors in the form of a source-follower amplifier. An
example of such a 3T cell is shown in Fig. 10. At the left
side, the photodiode can be seen (see also cross section A—A"),
and at the right side and top to bottom, the selection transistor,
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Fig. 10. Top view and cross sections of a 3T CMOS pixel fabricated on a
p-type Si substrate.

the source follower, and the reset transistor can be recognized.
Cross section B—B' highlights the photodiode and the reset
transistor.

Notice again the following effects in which the holes play an

important role.

1) Electron—hole pairs are being generated in the photodi-
ode, and in this case, both electrons as well as holes are
stored in the photodiode.

2) In the case of overexposure, the excess electrons will be
drained by the reset transistor, but the excess holes need
to be drained by the p*-stopper regions as well as by the
p-type backing substrate.

3) Of great importance in this structure is the encapsulation
of the shallow-trench isolation (STI) by means of the
pt-implant. The STI construction introduces mechanical
stress as well as high electrical fields into the pixels,
resulting in high dark current and dark FPN values.
However, in the case that the STI interfaces are put into
accumulation, all defects are shielded from the photodi-
odes and will not influence the dark performance of the
imager.

B. Four-Transistor APS Pixel (4T-APS)

Based on the success of PPDs or buried photodiodes in CCD
technology, they were also introduced in CMOS image sensors
that rely on four-transistor-cell active pixels [20].

The 4T pixel is illustrated in Fig. 11. In comparison with
Fig. 10, the 4T has an extra transfer gate inserted between the
photodiode and the three transistors already present in the 3T
pixel. At the left side of this transfer gate, the photodiode with
a pinning layer on top can be recognized. At the right side of
the transfer gate, a (floating) diffusion is defined to perform the
charge-to-voltage conversion.
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Fig. 11. Top view and cross sections of a 4T CMOS pixel based on a PPD and
fabricated on a p-type Si substrate.

As could be expected, the permanent fill of the interface in
CMOS imagers resulted again in a drastic reduction in dark
current and dark current fixed-pattern noise. The dark current
was reduced from 6 to 0.15 nA/cm? by means of the PPD
(numbers quoted are measured at room temperature) [21].

The application of PPD in CMOS sensors creates the follow-
ing interesting spinoff benefits.

1) The PPD in a 4T cell allows correlated double sampling
(CDS), and in this way, the effect of pixel reset or kTC
noise is substantially reduced [22].

2) It allows the construction of shared pixels, in which the
readout part of a pixel is shared between two, four, or
even eight pixels. In this way, the fill factor of the pixels
can be increased dramatically or the pixels can be made
considerably smaller while preserving fill factor [23].

C. Switched Biasing

The charge pump mechanism to reduce the surface gener-
ation effects described earlier in this paper was only applied
to CCD pixels. However, recently, a similar technique is intro-
duced in CMOS sensors as well. One of the biggest concerns
in CMOS imagers is the presence of 1/f noise of the in-
pixel source-follower transistor. Although the exact mechanism
of 1/f noise generation is not known, it is believed that 1/f
noise is related to the presence of interface states. The charge
carriers present in the channel of the MOS transistor have the
possibility of being trapped and reemitted by these interface
states. This action modulates the number of carriers present in
the conduction channel, resulting in the 1/f noise behavior of the
device. By biasing the gate of the source follower (together with
the floating diffusion) into accumulation at the time when the
source follower is not active, the interface states will be filled
with holes. Once the pixel becomes active during the readout
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Fig. 12. Top view and cross sections of a 4T CMOS pixel, the Si—SiO2
interface of the source-follower transistor is filled with holes to lower the 1/f
noise contribution of this transistor.

cycle, the video signal is transferred onto the floating diffusion.
Then, the source follower becomes active, and the structure is
released from its accumulation state. The interface states remain
filled with holes and are inactive (for a short period of time);
consequently, the 1/f noise is reduced. This technique is also
known as switched biasing [24] and is schematically illustrated
in Fig. 12. The same pixel as shown in Fig. 10 is used, but
in this case, the cross section B—B’ indicates the situation in
the source-follower transistor. An appropriate biasing of the
source-follower gate to a low voltage will attract holes under
the gate to invert the channel of the MOS transistor. A similar
effect can be obtained by switching the source and the drain of
the MOS transistor to a high potential. Once an accumulation
layer of holes is present under the gate, the surface states will
fill up with holes, and they will become inactive.

VII. CONCLUSION

Holes play a very important role in the performance of image
sensors. The presence of holes in today’s imaging products
cannot be overestimated! The first concern is to get rid of
the excess of holes, but once this has been taken care of,
the next step can be to use the holes to the benefit of the
image quality! The acceptance and introduction of solid-state
imaging applications was boosted once the positive effect of an
accumulation layer composed of holes was discovered. Such
an accumulation layer can reduce the generation of interface-
related dark current and dark current fixed-pattern noise. This
superb imaging characteristic holds for consumer as well as
for professional products for CCDs as well as for CMOS. If
these days the CMOS image sensors are challenging the CCDs
when it comes to image quality, it is fully based on the ability
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to copy features and tricks into the CMOS technology that
were originally developed in CCD technology and that rely on
the exploration of the hole role. This is not really surprising,
because after all, it is all silicon!
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