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Abstract: To improve the full well capacity (FWC) of a small size backside illuminated (BSI) CMOS image
sensor (CIS), the effect of photodiode capacitance (Cpp) on FWC is studied, and a reformed pinned photodiode
(PPD) structure is proposed. Two procedures are implemented for the optimization. The first is to form a varying
doping concentration and depth stretched new N region, which is implemented by an additional higher-energy and
lower-dose N type implant beneath the original N region. The FWC of this structure is increased by extending the
side wall junctions in the substrate. Secondly, in order to help the enlarged well capacity achieve full depletion,
two step P-type implants with different implant energies are introduced to form a P-type insertion region in the
interior of the stretched N region. This vertical inserted P region guarantees that the proposed new PD structure
achieves full depletion in the reset period. The simulation results show that the FWC can be improved from 1289e—
to 6390e—, and this improvement does not sacrifice any image lag performance. Additionally, quantum efficiency
(QE) is enhanced in the full wavelength range, especially 6.3% at 520 nm wavelength. This technique can not only
be used in such BSI structures, but also adopted in an FSI pixel with any photodiode-type readout scheme.
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1. Introduction

Pixel shrinking is a common trend in image sensors used
in all fields of consumer electronics, including digital still cam-
eras, mobile imaging, internet-based video conferencing, and
surveillancel!l. In mobile and digital still camera applications,
1.75 pm and 1.4 um pixels are widely used in production, and
with the use of backside illuminated (BSI) technology, further
pixel size reduction to an extremely small 0.7 pum has been
achieved!!-2. However, as pixel size continues to shrink, the
design of such small size pixels is now facing some new limi-
tations, including low dynamic range, low signal to noise ratio
and low sensitivity. These limitations will definitely deteriorate
the quality of imaging and decrease the detectable full range
of illumination in reality. All of the limitations stated above
could be simultaneously solved through increasing the full well
capacity (FWC), which is the maximum amount of charges
that can be accumulated on a photodiode capacitancel®], and
is given by

QPD = Cpp ( Vpinning - Vblooming) s ( 1)

where Cpp is the photodiode capacitance, Viinning 1 the maxi-
mum voltage that an N-type region of a PPD can reach in a fully
depleted state, and Vpiooming is the minimum voltage when the
electrons exceed the pixel’s FWC.

Solutions about how to increase the FWC have been re-
ported, such as the method of decreasing Vyjooming OF increasing
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Vpinning Decreasing Vpiooming includes a method that uses a neg-
ative voltage applied on the transfer transistor (TX) only when
the TX is offl*]. This technique does play a remarkable role in
improving well capacity, but this negative voltage is hard to be
generated by using the periphery circuits. Generally speaking,
Vpinning Will be proportionally enhanced with an increased N-
type doping dosel®]. It does help to increase FWC too, but this
may lead to some electrons remaining in the photodiode (PD),
causing image lag to degrade the pixel’s performancel®l. There-
fore, if we want to ensure excellent image lag performance, we
should not enhance FWC using this method.

From the discussion above, this paper studies the feasibil-
ity of increasing FWC through increasing the capacitance of a
PD. Similar methods have also been proposed(”- 8], They all in-
creased FWC by using a new PPD structure, which stores elec-
trons in two lateral stratified layers, which are connected by a
vertical “bridge” region. However, this particular bridge region
is sensitive to misalignment, which may cause different pixels
to have different FWCs. In our work, taking this bridge region’s
negative effect into account, we propose a new reformed struc-
ture to increase the FWC of small size pixel. Perfect image lag
performance is achieved when using the FWC extension. Fur-
thermore, the quantum efficiency (QE) of the BSI pixel is also
improved.

2. Concept description of the proposed PD

Since the BSI pixel is the driving force of pixel shrinking,

* Project supported by the National Natural Science Foundation of China (Nos. 61036004, 60976030).

1 Corresponding author. Email: xujiangtao@tju.edu.cn

Received 24 April 2012, revised manuscript received 10 June 2012

(© 2012 Chinese Institute of Electronics

124006-1



J. Semicond. 2012, 33(12)

Sun Yu et al.

VDD

RST4| I:

™|

SF i-:f

Pinned

i photodiode I

Column output line

Photons

Fig. 1. Structure of a BSI CMOS 4-transistor pixel.

all small size pixel improvements in this paper are based on the
original structure of a BSI CMOS 4-transistor pixel, as shown
in Fig. 1. The structure includes a pinned photodiode (PPD), a
transfer transistor (TX), a floating diffusor (FD), a source fol-
lower (SF), a reset transistor (RST), and a row select transis-
tor (SEL). Compared with the original one, the optimized BSI
PPD structure is achieved by using two main procedures: The
first procedure is to form a depth stretched but doping gradient
double N-type region to increase the side-wall capacitance of
the PD. Secondly, in order to help this stretched double N-type
region achieve full depletion, a new P type region is sequen-
tially introduced after the double N region, which is the second
procedure.

2.1. Double N-type region

In a PD-type CMOS APS pixel, a reverse-biased PN junc-
tion is used as the electron storage element. The FWC of the
PD is directly determined by the total capacitance, which de-
pends on bottom area junction capacitance and the side wall
junction capacitancel® 1% and is given by

Crp = CoA + Cp P, 2)
qEo&si NAND _1

Cpr,Cp= || ———— (V= V) 2, 3

A, Cp > NA+ND( i — V) 3)

where Cx, Cp are the unit area junction capacitances and unit
peripheral junction capacitances; A, P are the top and bottom
areas, and side wall areas of the photodiode region, respec-
tively; Vi, V are the built-in potential of photodiode and ap-
plied voltage, respectively; Na, Np are the doping concentra-
tion of P and N region, respectively; &g, & are the dielectric
constant of silicon and vacuum, respectively.

From the equation stated above, adopting a higher doping
concentration of Np is a conventional way to compensate the
FWC reduction resulting from pixel shrinking, but this will re-
sult in image lag and random noise as the higher doping is not
easy to be depleted by the periphery P region(!].

In this paper, the theory behind improving PD FWC in
view of Cpp is that, if the PD region is restricted to a certain
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Fig. 2. Schematic of (a) the original PPD and (b) the double N-layer
stretched PPD.

size, that is to say Ap will be unchanged, then the total ca-
pacitance of a PD could be increased by enlarging the vertical
area of the N region in the substrate. The extended side-wall
junction capacitances play an important role in collecting the
photo-generated electrons near the edges of the PD. Thus, the
FWC will be improved.

However, if the depth of an N-type region is extended by
only implanting one high energy N-type impurity, this will
make the extended N-region lack an obvious doping gradient,
causing the electrons far from the TX gate become much more
difficult to be transferred to FD node. This will result in im-
age lag. So taking account of image lag, the optimized struc-
ture is implemented as shown in Fig. 2(b). After N-type region
N1 is achieved in the same way as the one in Fig. 2(a), an ad-
ditional N-type implant with a higher energy of 250 keV and
with a lower dose is introduced, forming a second N-type dop-
ing region, N2, right below the N1 region to increase the side-
wall capacitance of the PD. These successive two N-layers are
formed with the same mask. The capacitances of the conven-
tional region and the double N region are given by, respec-
tively:

Cpp = CA(Atop + Abottom) + CpP, (4)
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Fig. 3. Simulation structures of PPD (a) without the N2 region and (b) with the N2 region.
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Fig. 4. Depletion performances of PPD structures (a) without the P-insertion region and (b) with the P-insertion region.

l;D = (CAAtOP + CI{AAII)ottom) +[CpP + CI;AP]' %)

The enhanced capacitance between these two structures is
given by

ACPD = Cl:,»]) - CPD = (ngA{)ottom - CAAbottom) + CF,'APa

(©)
where Agp and Apoom are the top and bottom areas of the PN
junction, respectively; Aj ... is the new bottom area of the
stretched N region; C,, and Cy are the unit side wall junction
capacitances of the original and the stretched N region, respec-
tively; P and A P are the conventional side wall areas and the
increased side wall area, respectively.

As shown in Eq. (6), the improvement of overall capaci-
tance is composed by two improvements: one comes from the
stretched side wall areas and the other one comes from bottom
capacitance variation. Since the difference between Apoom and
A} oom 18 s0 small that its contribution to the enhanced overall
capacitance can be omitted, the improvement of FWC mainly
results from the enlarged side wall area A P of the stretched N
region.

Furthermore, from the simulation structures shown in
Fig. 3, the depletion region can be expended to the backside
so that QE of the stretched PPD will be optimized at the same

time. This will be achieved by controlling the doping energy,
which forms the N2 region. Since in the BSI pixel, the pho-
tons are projected from the backside surface of the substrate,
the smaller the distance is between the depleted region and the
backside surface, the more signal electrons will be collected,
and the QE of the short and medium wavelength light will be
improved more significantly. As the shallow-generated charge
may diffuse laterally in the field-free substrate, giving rise to
image blurring, this absorption of short wavelength light is also
beneficial for reducing image blurring.

2.2. P-type insertion region

As stated above, extending the vertical side wall areas in-
deed increased FWC, however, it may cause only the outside
circle of the extended double N-type region to be depleted,
leaving the electrons in the inner circle of the double N-type
region difficult to be depleted, as illustrated in Fig. 4(a), intro-
ducing serious random noise and image lag.

In this section, a P-insertion region is introduced into the
double N-layer PPD structure to help the N region achieve full
depletion and increase the available FWC once again. This P-
insertion region is implemented by using two high energy P*
doping implants. The drawing in Fig. 5 shows the schematic of
the P-insertion double N-layer PD, called “P-insertion PD” for
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Fig. 5. Schematic of the P-insertion photodiode.

short below.

In this P-insertion PD, the front surface is covered with a
high P* doping concentration layer, it is essential to reduce the
dark current generated from the Si—SiO, interface state. After
an N region is formed to be a depth stretched double N region
as stated previously, two step P-type implants with different
doping energies are sequentially implanted to form a new P-
insertion region along the vertical direction. This vertical inser-
tion P region is implanted using an additional mask. The new
mask is located above the underlying double N region, and the
mask has an open window of 0.20 pum, which is at a distance x
from TX gate, as shown in Fig. 5. Since the implanted P-type
impurity BF, will diffuse around after annealing, the distance
X and the distance 0.20 pm are all optimized to ensure that the
new N2 region is not be eaten up by this diffused P-insertion re-
gion, and to ensure there are enough N2 bottom areas to collect
photo-generated electrons.

In order to plug this P-insertion region into the interior
of the new stretched N region, the P vertical region is imple-
mented by two energy P-type implants, respectively forming a
P1 region and a P2 region, as shown in Fig. 5. The doping con-
centration of this P-insertion PPD along the AA” and BB’ cross
sections are respectively shown in Figs. 6 and 7. The P1 region
is achieved by using a high energy BF, implant in which the
energy is 1400—1800 keV with a medium doping dose, this step
is essential to guarantee that the P-insertion region is at the core
of the N region and achieve enough PN junction side wall ar-
eas, as illustrated in Fig. 5. Secondly, the P2 region is achieved
by one higher energy of 2200-2600 keV with the same dop-
ing dose of BF, impurity, making the P2 region be implanted
deeper, locating at the boundary between the substrate and N2
region. This is to ensure that the whole P insertion region has
the same electrical potential as the substrate, avoiding the elec-
trical potential of P1 region floating, because this could make
the whole P-insertion region essentially act as an electrode be-
tween the two N2 region[8].

The P insertion region plays two important roles. The first
role is to improve FWC through increasing Cpp, because this
P insertion region can generate two extra inner side walls to
further increase the overall side wall areas to increase Cpp, as
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Fig. 6. Doping concentration profiles of the P-insertion PPD and the
double N PPD at AA’ cross section.
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Fig. 7. Doping concentration profiles of the P-insertion PPD and the
double N PPD at the BB’ cross section.

shown in Fig. 5. The second and most important role is that this
vertical insertion P region could be inserted into the inner core
of'the N1 and N2 regions to help residual electrons achieve full
depletion. The residual electrons, which once remained in the
C region in considerable numbers, are all depleted after adopt-
ing the P-insertion region, just as the depletion performances
compared in Fig. 4. So the image lag performance of this P-
insertion PPD structure could achieve excellent results, which
is discussed in the next section.

Due to the new P-insertion location, the influence on
FWC—coming from the mask misalignment which is particu-
larly likely to occur in the stratified PPDL”8]—can be reduced
in our structure. Because our new P-insertion region is im-
planted from the narrow window located at the middle of the
PPD, the most sensitive factor to misalignment is changed to
the depth of the C region rather than the lateral width of the
bridge region, as in previous stratified structures. The lateral
width will be affected by misalignment, but the depth of the
C region will be only affected by the doping energy of the P1
region, which is easily adjusted.

A layout design is displayed in Fig. 8. In each of the pix-
els, thanks to the compact layout, the proposed P-insertion PPD
can be integrated with the TX, RST, SF and SEL transistors to-
gether after successive processes. The P-insertion region is lo-
cated in the middle of the PD, and the AA’ cross-section along
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the layout can be well illustrated by the simulated structure, as
shown in Fig. 4(b), in which the simulated width of the PPD is
1 pm rather than the width stated in Fig. 8.

3. Simulation results and discussion

Device models are developed to simulate photon injection,
electron collection, transfer and reset for evaluating FWC, QE,
and the image lag of these three structures. Figure 3(a) is the
original reference structure model, Figure 3(b) is the double N
buried layer structure model, while Figure 4(b) is the device
model for the proposed P-insertion structure.

The device models used for the simulation are based on
a 0.18-um CMOS process. The operating voltage is 3.3 V. In
these three structures, the simulations were based on a small
sized pixel in which the PPD size is 2.0 x 1.0 um?, the size
of active region is 4.8 x 1 um?, and the length of the transfer
gate is 500 nm. The row select transistor and source follower
transistor are both removed from the pixel structure as they do
not affect photon conversion and collection'2.

3.1. Pixel FWC

For the measurement of these three structures’ FWC, the
integration time is set to i, = 10 us, the incident beam in-
tensity is set to 2.89 x 101® photons/(cm?-s). It has been tested
and shown that this strong incident beam intensity in the inte-
gration time can provide enough electrons to fill the capacity to
full. The total electron quantities before and after light integra-
tion in the collecting region are extracted respectively from the
original structure, the double N structure, and the P-insertion
structure.

In order to prove that the enhanced FWC is indeed from
the increase of Cpp, the capacitances and FWC were respec-
tively extracted from the original PPD and the proposed P-
insertion PPD, the results are shown in Table 2 and Fig. 9. It
was observed that the Cpp of the P-insertion structure increased
by 3.25 times compared with the original capacitance, and the
FWC achieves a 395.8% improvement as the result. This phe-
nomenon indicates that the increased FWC does result from
the improvement of the PD capacitance, and proves the idea’s
feasibility—to increase FWC by increasing PD capacitance.

The simulation results in Fig. 9 show the comparison of
these three structures” FWC. For the original pixel, there are

Fig. 9. Electron stored in reference pixel, double N pixel, and P-
insertion pixel.

only 1289 electrons stored in the collecting region, all of these
electrons are completely transferred to the FD node, contribut-
ing to FWC and leaving far smaller than one electron in the
PPD. In the double N pixel, although the collected electrons
obviously increase to 7310e—, there are only 6214 electrons
contributing to FWC, leaving more than 1096 electrons in the
PPD as a source of image lag. In the P-insertion PPD pixel, al-
though 6390e— is less than 7310e— in the double N pixel, all of
these could contributed to FWC. The FWC has achieved great
improvement over 395.8%, higher than the original pixel’s
1289e— FWC. Comparing the FWC of the double N pixel with
the P-insertion pixel in Fig. 9, there is an improvement from
6214¢— to 6390e—. This improvement could be explained by
the contribution coming from the P-insertion’s inner side walls.

3.2. Image lag

At the same time, image lag was also optimized to a per-
fect low level, this achievement is attributed to adopting a P-
insertion region, because this P-insertion could help the resid-
ual electrons achieve full depletion, leaving no residual elec-
trons to cause image lag. Figure 10 shows the residual electron
density after reading out operation along the AA’ cross-section,
the maximum electron density in PPD drops by more than 6 or-
ders from 6.6 x 10' to 2.14 x 10° cm™3, which achieves the
same order of residual electron density as the original pixel.

To further prove the image lag performance of the P-
insertion pixel, we expose the pixel once for 10 us and out-
put four frames successively. The voltage variations on the
FD region before and after correlated double sampling (CDS)
operation are extracted respectively from the double N pixel
and the P-insertion pixel. This voltage variation could illustrate
whether all of electrons stored in the PPD have been trans-
ferred. From Table 1, in the double N pixel, there was still
0.0322 V voltage outputted after the first frame, that is to say,
there are residual electrons remaining in double N pixel after
the first time reading out, this is the image lag; while in the P-
insertion pixel, after the first frame operation, no CDS signals
were obtained in the second and the next frame. That means,
with the P-insertion region, the P-insertion structure achieves
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Table 1. CDS study to illustrate image lag.
CDS signal (V)

Frame

Double N pixel P-insertion pixel
Ist 1.0251 0.84154
2nd 0.0322 0
3rd 0.0107 0
4th 0.0065 0

total depletion without any image lag.

3.3. Quantum efficiencies (QE)

Quantum efficiencies of the original PPD and P-insertion
PPD under the same simulation conditions were performed,
and wavelength range was varied from 420 to 780 nm, with
20-nm steps. The QE, which is simulated as the inner quantum
efficiency, the loss of incidental light by the flection of lens
could not be taken into account in the model. Since in the BSI
structure, the electrons need to get through the collection re-
gion before being recombined. The thickness of the silicon base
could influence QE. So the substrate thinning process should
be considered. The simulated thickness of the silicon base is
the thickness having taken this into account.

QE simulation results for the reference and P-insertion
PPD are illustrated in Fig. 11. As shown, QE improvement
was observed in the proposed PPD at a full range of wave-
lengths. The most obvious improvement—more than 6.3%—
was achieved at the wavelength of 520 nm, while the QE of
deep-penetrating photons did not increase as much as the blue
photons generated in the surface. This phenomenon has a good
match with the theoretical analysis. It is because the deple-
tion region is expended to the photon-injected surface, which
is more effective at collecting blue and green electrons. By in-
creasing the thickness of the silicon substrate to prolong the
collection region for a long wavelength, a better improvement
for QE at a long wavelength would be achieved.

3.4. Others

The dynamic range is defined as the ratio of the maximum
well capacity to the electrons accumulated by the minimal illu-
mination which could be detected('3]. The larger the FWC, the
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Fig. 11. Quantum efficiency improvement comparing the proposed
PPD with reference PPD.

wider the dynamic range will be. Assuming that the minimal
illumination would not be changed, this proposed P-insertion
PPD could achieve a dynamic range extension of 17.9 dB, com-
pared with the reference pixel thanks to the FWC’s extension.

The comparison of the performance between the original
PPD and the proposed P-insertion PPD are shown in Table 2.
Parameter comparisons of the proposed PPD and Ref. [7] are
summarized in Table 3. In order to compare with Ref. [7] at
the same condition, we multiply the FWC 6390e— by 2.2, be-
cause 6390e—is the simulated result based on the width of PD is
1 um, while the layout size is 2.2 um, so that the actual FWC is
14058e—. In Table 3, by comparing we could find that the FWC
has achieved the same level found in Ref. [7], and the FWC in-
crement and the QE increment are both much better than that
stated in Ref. [7]. The image lag performance has been opti-
mized to a perfect level in this paper, while this parameter was
not presented in Ref. [7].

The high energy doping implant in the proposed pixel may
induce extra lattice defects in a silicon body, but this could
be almost eliminated by successive multi-step annealing. Even
though there are less residue defects, we could adopt a widely
used technique to subtract dark current by adding several rows
of dark pixels behind the pixel array, these addition pixels are
fabricated by using the same pixel array process, so that the
dark current in these pixels is similar. After reading out the sig-
nals and subtracting them, it could be effective in eliminating
its influence.

As shown in Table 2, the maximum voltage swing of the
proposed PPD decreases a little. Because in order to preserve
the excellent image lag performance, the maximum voltage
swing on the FD node is reduced by 0.295 V as Vjinning in-
creases from 0.678 to 0.973 V. Further measures to decrease
Vpinning are expected to be achieved in the next step. Further-
more, we want to evaluate the effect of a multi P-insertion re-
gion structure on improving a pixel’s FWC in the next step.
Three dimensional simulations could provide more desired re-
sults.

4. Conclusion

To increase a small size BSI pixel’s FWC and optimize
QE, a new PPD structure was proposed and evaluated. In this
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Table 2. Comparison of the performance of the original PPD and proposed P-insertion PPD.

Parameter Original PPD Proposed P-insertion PPD Change Unit
PD area 2x1 2x1 - pum?2
Full well capacity 1289 6390 395.8 x increase e—
Vpinning 0.678 0.973 0.295 x increase A\
Viblooming 0.097 0.087 0.01 x decrease v
Crp 354.9 1153.9 325.1 x increase pF
QE @ 420 nm 94.225 99.98 6.105 %
@ 560 nm 93.356 99.1335 6.189 %
@ 780 nm 48.489 50.0090 3.136 %
@ peak (520 nm) 93.993 99.9142 6.3 %
Image lag <1 0 - %o

Table 3. Comparison of the performance of the PPD in Ref. [7] and
the proposed PPD.

Parameter Proposed IISW 07’s

Process 0.18 um 0.13 pum
CMOS CMOS

PD area (;1m?) 2x22 1.6 x 2.2

FWC* 14058e— 14600e—

FWC increment (%) 395.8 48.9

Vpinning (V) 0.973 0.9

QE increment (%) 6.105@ 420 nm 1 @ 420 nm
6.189 @ 560 nm 2 @ 560 nm
3136 @780 nm 3 @ 780 nm

Image lag 0 NA

* It should be pointed out that the FWC in Table 3 is 14058e— rather
than 6390e— because the 6390e- is the simulated result based on PD
width of 1 wm, while in reality, the layout size is 2.2 pum, so that the
layout FWC should be 14058e—.

method, electrons are stored in the original and stretched N
region, and the P-insertion region is inserted into the interior
of this new stretched N region to help the increased electrons
deplete. Simulation results are consistent with the theoretical
analysis. The FWC is increased from 1289 electrons to 6390
electrons, due to the side wall capacitance extension. In addi-
tion, the QE improves at full range of wavelength, especially
achieving 6.3% improvement @ 520 nm. Furthermore, the im-
age lag performance is preserved at a perfect low level after all
of these optimizations. As a result, the proposed method was
proven to be a useful solution, which could significantly im-
prove FWC to overcome the limitations of a small size pixel,
without any degradation of image lag performance.
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