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Abstract—In this paper, we discuss a new type of
CMOS image sensor (CIS) pixel which can separately
detect visible and near-infrared (NIR) light in one single
pixel by collecting the electrons and holes generated
respectively. In the pixel design, an n-type and p-type
four-transistor (4-T) pinned photodiode (PPD) are
stacked back-to-back. The shallower located n-type 4-T
PPD can collect electrons generated by visible light, while
the deeper p-type 4-T PPD is applied for holes collection,
mainly generated by NIR light. The special structure is
designed, simulated and will be fabricated with an n-type
substrate in a standard 0.18um CIS technology.
Compared to a standard 4-T PPD pixel, only four extra
photomasks and five extra implants are applied. The
area of the prototype pixel is 17*17 um?.
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l. Introduction

In a semiconductor photodiode, incident photons
absorbed by the silicon can generate electron-hole
pairs. Theoretically, the photon-generated electrons
and holes contain identical information of the input
signal. In other words, we only need to collect one
charge-carrier type. Considering the charge-mobility
difference between electrons and holes [1], electrons
are selected in most cases. Although under a proper
operation, holes play a very broad role to improve the
image quality [2], the excess holes are normally
treated as a by-product. Taking an n-type 4-T PPD
pixel as an example, the holes are drained directly to
the ground through the low-resistivity path of the non-
depleted p+ pinning-layer and p-type substrate.

However, in our design, the hole role is expanded.
We are aiming at combining the sensing of visible
light and near-infrared (NIR) light together by
collecting electrons (visible light generated) and holes
(NIR light generated) in one single pixel. Figure 1
shows a cross-section of the simplified pixel structure

considered in this work. Along the AA’ line, from the

surface to the substrate, it is firstly the p+ pinning-

layer, the n-well for electrons collection, the p-well for

holes collection and the n-type substrate. As a result,

this structure has three p-n junctions (p~+-Nweii-Pweli-Nsub)
stacked together, so we call it a multi-junction

photodetector (MJPD).
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Figure 1 MJPD Dual 4-T PPD structure

In Figure 1, the visible light-generated electrons
are collected in the n-well and then transferred to the
n-type floating-diffusion (n-FD) node through the n-
type transfer-gate (TX1). The NIR light has a longer
wavelengths and experiences a lower absorption
coefficient [3], which makes the electron-hole
generation location deeper in the silicon than that of
the visible light. The generated holes are collected in
the deeper p-well and transferred to the p-type FD (p-
FD) node through a p-type transfer-gate (TX2). In
order to smoothen and fasten the holes transfer, a p-
type sinker is built to provide a vertical electrical field
from the p-well to the surface. A buried channel
beneath TX2 is also applied to help the holes further
overcome the potential barrier along the path to the p-
FD. The three stacked p-n junctions and the two
separated FD nodes make the MJPD pixel a stacked
dual 4-T PPD structure. In order to achieve this
structure, there are three basic conditions to meet.



1. Three Basic Conditions

In the vertical direction, the stacked p*-Nueii-Pweir-
Nsub Structure of MJPD is quite similar to the structure
of a vertical overflow drain (VOD) in CCDs [4][5].
However, unlike an anti-blooming charge transferring
path, this dual 4-T structure has to collect and transfer
the photon-generated free charges, which makes this
design much more complicated. In order to guarantee
a proper charge collection and transfer performance,
there are three basic conditions to be satisfied:

a. For photon absorption, it requires proper p-n
junction depths for both visible and NIR light
photons.

In our design, the junction depth for electrons
collection is kept the same as a conventional 4-T PPD
which is around 1.5um. For NIR light, the deeper p-
well junction depth is located around 4um. [6]

b. Forcharge carriers generation and collection,
it requires the photon sensing region to be
fully depleted.

The application of a fully depleted n-well is one of the
most important improvement of the CIS design. It has
S0 many advantages, such as the elimination of image
lag [7], the suppression of dark current [8] [9], a fixed
build-in potential [10], and the possibility to apply
correlated double sampling [11]. In order to take all
these benefits in our design, a fully depleted n-well and
a fully depleted p-well have become one of the three
basic conditions.

c. For charge carrier storage, the stacked n-well
and p-well need to have a sufficient potential
difference.

Figure 2 shows a simplified cross section and a one-
dimensional potential distribution of the MJPD
structure. The pinning layer is connected to the ground
potential and the n-type substrate is biased at 6V.
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Figure 2 MJPD potential distribution

With proper implants, the n-well and p-well can
become fully depleted, which will generate two fixed

pinning voltages V. and Vh. Vg and Vmin stand for the
potential difference and its minimum value between
Ve and Vy, respectively.

As shown in Figure 2, during the illumination and
charge collection procedure, V. will decrease to V¢’
with the accumulation of electrons; oppositely, Vi will
increase to Vi’ due to the collection of holes. In other
words, this charge collection procedure will straighten
up the potential curve of the stacked p-n junctions.
Considering the charge emission theory [12], the
potential difference after charge collection should be
larger than 1V to ensure the storage of the collected
electrons and holes for long enough time without
compensation.

1l. TCAD Simulations

For our design, the TCAD simulation includes
mainly two parts: the process and device simulations.
The process simulation defines the process flow and
the photomasks design for the silicon fabrication.
Based on that, a device simulation can be applied, so
as to check the MJPD mechanisms.

In our design, the process simulation starts with a
standard 4-T PPD layout and follows its actual
fabrication steps. With four extra photomasks and five
extra implants, the MJPD structure is achieved. Figure
3 shows the doping concentration map of the MJPD
pixel. The dopant atoms distribution are marked with
color spectra. Acceptors are more to the blue color side
and donors are more to the red color side. As can be
seen, the starting materials is n-type silicon. The four
extra photomasks are applied for the implantations of
the deeper p-well (DPW), the p-type sinker (SNK), the
buried channel beneath TX2 and an anti-leakage n-
type doping between the sinker and p-FD. The
junction depth of deeper p-well is located around 4um,
which meets the requirement of the first basic
condition for NIR light collection.
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Figure 3. A doping concentration map of the MJPD structure.

After the device simulation, the potential
distribution results are shown in Figure 4. Figure 4 (a)
shows the state just after the reset of both photodiodes,
there are no free charges (no white contour circles)
located in the n-well and p-well, which means both the



n-well and p-well can be fully depleted under specific
bias conditions. As a result, the white contours in both
the n & p-well region, in Figure 4 (b), are charges that
are generated by an illumination process and then
transferred out in the following Figure 4 (c).

In Figure 4 (b) and Figure 4 (c), two critical
potential gradients are marked by two dashed lines.
Line AB demonstrates the maximum potential
difference Vag between the centers of the n-well and
p-well. As shown in Figure 4 (d), the curves in red and
blue colors stand for the potential V ag, which are 1V
and 1.4V with or without charge collection,

respectively.
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Figure 4 Results of TCAD device simulations showing the potential
distribution map of the MJPD, (a) at 3ps simulation time (just after
reset), (b) at 18ps (just after the illumination), (c) at 20 ps after the
charge transfer, (d) the potential distribution along line AB and CD.

The line CD goes through the saddle point
generated between the two p-well regions, which
illustrates the potential barrier Vcp along this possible
electron leakage path. As the two curves (in cyan and
green colors) in Figure 4 (d) shown, Vcp is always
larger than 1V. As a consequence, our third basic
condition, which requires sufficient potential barrier to
hold the charges, is satisfied as well.
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Figure 5 Charge Accumulation Results. The red curve stands for
hole density and the blue curve stands for electron density.

In the device simulation conditions, the “optical beam
absorption” method was applied for the optical
generation. The incident photons have a wavelength of
800nm, an intensity of 7mW/cm? and an illumination
time of 15us focusing on the active area between the
two transfer-gates. The charge accumulation results
are shown in Figure 5. The red curve stands for hole
density and the blue curve stands for electron density.
As can be seen, both curves show a significant drop at
2Us, due to the reset phase; the charge amounts start to
increase at 2.5us until 17.5ys, just before the charge
transfer starts. As a result, not only our second



condition about fully depletion, but also the charge
generation and transfer mechanisms are proven.

V. Conclusion

This work proves the possibility of combining the
detection of the visible and NIR light together s in one
single pixel, by collecting electrons and hole with a
stacked dual 4-T PPD multi-junction photodetector
structure. We explained the three basic conditions in
order to achieve this MJPD structure. In the simulation
work, the entire mechanisms of the MJPD, including
the three basic conditions and the functions like optical
generation and charge transferring are proven.
Compared to a standard 4-T PPD, the MJPD structure
is achieved with four extra photomasks and five more
times implants. All the changes are compatible to the
standard CMOS image sensor technology. The area of
the prototype pixel is 17*17um2. The measurement
results and specific performance of the device will be
included in following publications.
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