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Analytical Model for Crosstalk in p-Nyep
Photodiodes

Beatriz Blanco-Filgueira, Paula Lopez Martinez, Juan Bautista Roldan Aranda, and Johann Hauer

Abstract—The response and crosstalk (CTK) of the p-Nuen
photodiode were studied through device simulations performed
with ATLAS and experimental data. As a result, a closed-form
and explicit 2D analytical model for its photoresponse and CTK
was developed. The model has very few fitting parameters since it
is physically-based and describes the CTK dependencies on light
conditions and physical, geometrical and process parameters.
This is of great interest for pixel design optimization to fulfill
high resolution and small area requirements driven by pixel size
reduction. As this model extends a previous one focused on p-n*
devices, the behavior of both structures was also compared.

Index Terms—Crosstalk (CTK), modeling, photodiodes (PDs),
simulation

I. INTRODUCTION

KEY parameter to describe the performance of image

sensors with ever shrinking pixels is the crosstalk (CTK).
The CTK of a pixel originates due to photocarriers generated
by illumination of another device in its neighborhood, which
results in an unwanted output signal. Photons that penetrate
the surface of a photodiode (PD) but reach another device
due to a particular incident angle or the misalignment of
microlenses are the source of the so-called optical CTK. Thus,
this component depends on the illumination conditions and
fabrication process modifications. However, what is always
present in standard fabrication processes and is the focus of
this work, is the electrical CTK due to diffused photocarriers
from neighboring PDs. Although fabrication process modifi-
cations are frequently applied as a method of reducing both
optical and electrical CTK, with these practices the advantages
of using standard CMOS processes are sacrificed, [1].

In particular, CTK in CMOS image sensors also depends on
the location of the pixels in the array and on the pixel layout,
that is, the arrangement of the electronics and the PD within
the pixel area. Some papers have also reported that CTK not
only depends on the pixel geometry but also on its size, [2]—
[4]. Thus, as pixels shrink in order to improve the resolution
of the sensor, CTK increases [5].
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CTK study is particularly complex because its experimental
characterization basically involves one of two different strate-
gies which become more demanding as PDs shrink. The first
strategy may suffer from diffraction due to the knife-
edge effect, as it consists in the use of masks to block the
penetration of light in some pixels to measure the response
due to the illumination of unmasked pixels, [6]. It also requires
the fabrication of test structures for CTK characterization
expressly. The other is based on the so-called spot-scanning
technique, in which an individual pixel is illuminated in order
to measure its effect in the vicinity, [7]. In this case the
main limitation is that it requires the use of a laser spot as
small as the pixels to be characterized. For all these reasons,
alternative strategies, such as the use of device simulators,
become essential for the study of CTK without suffering the
aforementioned practical limitations, [8], [9].

In summary, analytical modeling of CTK is desirable for
pixel design optimization in order to avoid costly fabrication
process modifications and characterization of test structures.
Additionally, the role of analytical models in the circuit design
and simulation realm is also considerable. However, there is a
lack of CTK models despite their importance from the device
designer viewpoint. The most remarkable approach is a semi-
analytical approximation in terms of the pixel geometrical
shape, [3]. An analytical and more recent solution can be found
in [10], but it neglects CTK to a large extent due to ad hoc
modifications in a standard fabrication process.

Although CTK depends on the particular configuration of
the array of pixels, the most conservative estimation can be
obtained considering the worst case scenario. That is, when
the PDs are close together without in-pixel electronics be-
tween them, [11]. Additionally, finding an analytical solution
involves solving a 2D problem, as light propagation and
diffusion phenomena occur in perpendicular directions.

Recently, we have reported an analytical model for CTK es-
timation in p-nt CMOS PDs under normal incidence uniform
illumination in the visible range, [12]. It is a compact, closed-
form, manageable expression in terms of light conditions and
physical, geometrical, and process parameters validated by
comparison with simulation results and experimental data.
In this work, the model is extended to p-Nye; CMOS PDs.
Section II formulates the problem and introduces the mod-
eled structures. The development of the analytical model
is explained in Section III. Section IV presents the device
simulations with ATLAS and the experimental results for
model validation. The crosstalk is analyzed in Section V in
terms of geometrical parameters and illumination conditions.
Finally, p-n™ and p-Nyeq junctions are compared in Section VI
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Fig. 1. Cross-section of the 3D photodiodes, A (left), and its neighbor, B

(right), along with their geometrical parameters. xsp g represent the distance
between the edge of the depletion region and the limit of the photodiode for
A and B, respectively.

and the main conclusions are summarized in Section VII.

II. DEVICE DESCRIPTION

An analytical model for photoresponse and crosstalk (CTK)
in p-n™ CMOS photodiodes has already been proposed and
validated through device simulations and experimental results
by the authors, [12]. In this work, we step forward introducing
a new model for p-Ny,j junction photodiodes and the perfor-
mance of both structures is compared.

A p-Nye photodiode of small dimensions under uniform
illumination in the visible range impinging perpendicularly
onto the top surface is studied. For CTK analysis, two iden-
tical devices are considered close together without in-pixel
electronics between them, as shown in Fig. 1. In this figure,
a 2D cross-section of a square p-Ny.; photodiode and its
neighbor is depicted, where subscripts A (left) and B (right)
represent the photodiode of interest, which is reverse-biased,
and its zero-biased neighbor under illumination, respectively.
The electronics in the pixel reduces CTK slightly in a real
image sensor, but it depends on the particular design of the
array of pixels. For this reason, the configuration chosen in this
manuscript represents the worst case scenario and the most
conservative estimation is calculated.

The nt diffusion, the well and the whole device are Tphs
ZTwen and xy wide, respectively. The device has a diffusion and
junction depths ¥, and y;, respectively, and wafer thickness
Yw, see Fig. 1. In reverse-bias operation four main regions are
distinguished: three quasi-neutral regions and the depletion
region with thickness W, (in y-direction) and W,, (in x-
direction). We assume the depletion region to be located in
the substrate because of its lower doping concentration. The
static characteristic is studied by solving the steady-state equa-
tions to describe the device transport features. The physical
and illumination parameters used on subsequent sections are
summarized in Table 1.

TABLE 1
PARAMETERS

Symbol  Unit
Planck’s constant h Js
Speed of light c m/s
Electron/hole lifetime TolTp S
Electron/hole diffusion length Ln/Ly m
Absorption coefficient a m~1!
Transmission coefficient T %
Electron/hole surface recombination velocity — Sn/Sp m/s
Incident radiation wavelength A m
Incident optical power Popt W/m?
Optical generation rate G(y) s~Im—3
Photon flux D(y) s™Im—2
Photon flux at the surface iy s im—2

ITII. ANALYTICAL MODEL
Crosstalk (CTK) of a photodiode is commonly defined as,

CTK (%) = 2

Iref

where I, is the total photocurrent of the photodiode of interest

under illumination and I, is the photocurrent measured in the

device due to the same illumination exposure of an identical

neighbor. Note that both [l and I, are measured in the

photodiode of interest, A in Fig. 1, which operates in the
reverse-bias regime.

x 100 (1

A. Crosstalk photocurrent, I,

The crosstalk current due to the illumination of a neighbor
photodiode, I,,, is modeled as the sum of two terms: the diode
A reverse-bias saturation current, I,, and the CTK lateral
current due to carriers generated in the surroundings of a zero-
biased neighbor, B, under illumination, Ictk. As p-Nyey and
p-nT junctions have the same substrate, which is the main
source of photocarriers for the crosstalk current, the analysis
for the p-n™ can be applied to the p-Nye photodiode and the
details can be found in [12]:

\/O
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and Ln = (TnDn)l/Qy TsAB = ZL‘g/z - xwell/2 - WEA,By Hn =
T/ Yw, 0n=1/L2 + 62 and n=1,2,3,... Sy, D, and 7, are
the surface recombination velocity, the diffusion coefficient
and lifetime of electrons, respectively, « is the absorption



coefficient and @, is the photon flux penetrating the silicon
surface. The latter can be written as @9 = Po, IT'A/(hc), where
Pt represents the incident optical power, 7' the transmission
coefficient, i the Plank’s constant, A the impinging radiation
wavelength and c the speed of light. Finally, yap are fitting
parameters. The summation in (2) is simplified because n=1
proved to be reasonably appropriate.

B. Main photocurrent, I

With regard to the total steady-state current of the photodi-
ode in the reverse operation regime under illumination, I, it
comprises the component due to the active area illumination,
I,, the photogenerated current in the lateral depletion region,
Iy, and the lateral photocurrent due to carriers diffused from
the surroundings of the junction, [juera. IN COMparison with
the results found for the p-n™ junction [12], [13], the
introduction of the well modifies I, as the active area
has now two different components linked to the diffusion
and the well, and a double junction is formed in the device.

The photocurrent due to the active area illumination, I,,,
originates from the diffusion of minority carriers in the
quasi-neutral regions and drift of carriers in the depletion
region due to electron-hole pairs generation. The station-
ary continuity equation in one dimension is solved in the
quasi-neutral regions, that is, for electrons in the substrate
and holes in the n™ and well regions,

32(”1) —Npo) T — Mo

Dy 012 - - +G(y)=0 (%)
02 (pn - pnO) DPn — Pno o

Dy =B Gy =0 ©

where np and p, are the electron and hole concentrations and
npo and pno their equilibrium values, respectively. G(y) =
—0®/dy is the optical generation rate, i.c. the number of
photogenerated electron-hole pairs per unit volume and time.
According to the Beer’s law, the photon flux, ®, decreases
exponentially with the depth in Si, y, as ®(y) = Poe Y.
Equations (5) and (6) are solved subjected to the following
boundary conditions
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where pnd, Pnw and ppgur are the hole concentrations in the
nt diffusion (—zph/2 < z < zp/2 and 0 < y < yu),

the N well under the diffusion (—zph/2 < x < zp/2
and ypn < y < ;) and the well surrounding the diffusion
(£zpn/2 < z < £awen/2 and 0 < y < y;), respectively. Ad-
ditionally, superscripts diff and well differentiate between the
diffusion and well physical parameters. Finally, Vpp, K, and
T are the reverse-biased voltage of the photodiode, Boltzmann
constant and temperature, respectively. Regarding the carriers
in the depletion region, they mainly move by drift, that is,
the high electric field inside this region moves them out to
the neutral regions before they can recombine. Consequently,
the photogenerated current density in the depletion region
can be found by integrating the generation rate, GG, over the
whole region. Finally, I,, can be calculated as sum of drift
and diffusion currents at the edges of the depletion region
multiplied by the n* diffusion and surrounding well areas,
Agirr and Ay, respectively,

yj)

J

)

Secondly, the photogenerated current in the lateral depletion
region, Iy, can be found by integrating the generation rate over
the whole region in between the lateral junctions formed by
the s sides of the particular polygonal junction
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Finally, the lateral component due to the diffused pho-
tocarriers from the surroundings of the junction, Iljyerar, 1S
the sum of two contributions: that from those photocarriers
diffused in the direction of the lateral p-n junctions in the x-
z plane and another from those diffused from the remaining
surrounding volume, which does not form p-n junctions with
the well. The former is calculated by solving the steady-state
2D continuity equation because photocurrent is generated in a
direction perpendicular to the illumination:

?(np —mpo) | O*(np —mpo) My — 1o | G(y)
oy? a +

0x? TnDh Dy

where +aywen/2 < z < +a4/2 and 0 < y < yy. To solve (10)
the following boundary conditions are applied:

=0 (10)

D
np(z,0) = npo + ’yS—n

Ty,
Np (—e” +W4A,y) =0

2 (11)

np(xa yw) = Npo

np (%, y) = Netk ()

where v is a fitting parameter and Ncrk(y) stands for the
excess minority carrier distribution in the border between
the photodiodes due to the illumination of its neighbor, B.
Equation (10) was already solved to calculate the lateral



current for a p-n* junction and a detailed explanation can
be found in [13]:

22 we11 ¢ D
T = 5~ 20N () I (26a) Ts (pn)
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sinh (/0 wsa)

I3 (ypn) = 1 — cos(Onypn)
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and n = 2 in the summation proved to be appropriate.
The second contribution to Ijuersy due to photocarriers in
the remaining surrounding volume, which does not form p-n
junctions with the well, was estimated by device simulations.
Results shown in Section IV prove that this component is
not negligible and can be modeled as IjyZsa/Twen, tending
to match I, as active area shrinks. In conclusion, lateral
photocurrent is given by the sum of both components,

TsA )
Lwell

IV. EXPERIMENTAL MODEL VALIDATION

Ilateral = Ilat (]— + (14)

The response of p-Nyen photodiodes fabricated in UMC
180 nm CIS (CMOS Image Sensor) technology was used in
order to validate the photoresponse model. The chip consists of
several sets of 3x6 um? 3T-APSs (Active Pixel Sensors) with
photodiodes of different sizes and the same electronics in all
cases. The size of the photodiodes is close to the lower limit
allowed by the technology design rules. In this design, the total
pixel area is divided into two equal 3x3 um? parts, one for
the electronics (E) and another for the photodiode (PD),
and the pixels are placed in a chessboard configuration, see
the scheme in Fig. 2 inset. The chip also includes peripheral
electronics to address the individual pixels such as a current
source and row and column decoders, following the general
scheme of a typical CMOS imager architecture. A picture
of the experimental set-up is shown in Fig. 2. It includes
a printed circuit board housing the chip, a light source, a
DC voltage source to bias the chip, a signal generator to
obtain the input pulses at the in-pixel electronics, logic for
the column and row selection and an oscilloscope.

Characterization of test structures was performed using a
550 nm, 0.26 W/m? light source. Three pixel configurations
with 2z, = 3 pm and different active and well areas were
studied. The response of the pixels was measured in terms of
sensitivity in V/(s-lux) during an integration time of 48 ms.
In order to find the equivalent experimental photocurrent, the
sensitivity curves were reproduced by pixel simulations per-
formed in Cadence framework. For this purpose, the transistors

Fig. 2. Part of the experimental set-up for photodiodes characterization. The
inset illustrates a schematic of the pixels arrangement which were used
for Ie validation.

of the technology designkit which was used to fabricate the
chip, UMC 180 nm CIS, along with the Verilog-AMS model of
the photodiode, which consists of a current source associated
with the intrinsic diode and the photodiode capacitance, were
used. Also, a correction factor is needed to take into account
the effect of the microlens over the photodiode in order to
compare the experimental photocurrent with the results of
the device simulations and the developed model. This factor
depends on the pixel size and the photodiode area, among other
parameters, and takes a value between 1.2 and 1.6 in our case
for the largest and shortest junctions, respectively, which are of
the same order as the values found in the literature [14]-[16].

3D numerical device simulations of the fabricated struc-
tures using ATLAS from Silvaco were also performed. The
technological parameters are estimated for the 180 nm tech-
nological node. A pair of identical p-Nye; junction pho-
todiodes was simulated under uniform illumination in the
visible range impinging perpendicularly onto the top sur-
face. Thus, I is obtained by illumination of reverse-
biased device A (—xz¢/2 < z,z < xy/2) whereas photodiode
B (z4/2 <z <3x¢/2,—x¢/2 < z < x4/2) is zero-biased, see
Fig. 1.

The response of the same photodiodes is also predicted
according to the model developed in the previous section.
The experimental, simulated and modeled main photocurrent,
Iier, for p-Nyen junctions with different x4 is plotted in
Fig. 3. Both the simulation results and the proposed model
fit the experimental measurements with reasonable accuracy,
specially for those photodiodes with small active area.

In Fig. 4, the simulated and modeled results of the different
components of the main photocurrent, ., are depicted. The
model fits the simulated data with high precision and a minor
disagreement of the active area contribution for photodiodes
with a wide well. As mentioned in the previous section, the
lateral contribution from photocarriers generated in the sur-
rounding substrate, which does not form lateral p-n junctions,
is not negligible and even matches the lateral component due
to the p-n junctions for photodiodes with small active area.

The disagreement in the I, calculation at lowest xsa
values does not compromise the model usefulness because
it coincides with the limit imposed by the technology itself,
which does not allow lower x5 values. Additionally, I,
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Fig. 4. Comparison between the simulated and modeled components of the
main photocurrent, Ii.r, for p-Nyey junctions with different g4 in a 180 nm
CMOS technology under a 550 nm light source.

results in Section V show that its magnitude is of the same
order as I and its dependence on zsa is stronger. Thus,
the main criteria when designing an array of photodiodes
should be try to minimize Ip,.

Summarizing, the model constitutes a powerful tool for
photoresponse prediction of p-Nyy junctions and circuit sim-
ulations involving these devices, as the model can be easily
implemented in hardware description languages.

V. CROSSTALK ANALYSIS

The CTK given by the model was validated through 3D
numerical device simulations using ATLAS. A pair of identical
structures was simulated under uniform illumination in the
visible range impinging perpendicularly onto the top surface.
Thus, the main photocurrent, I;.¢, is obtained by illumination
of photodiode A, as explained in Section IV, and the crosstalk
component, [,, is obtained by illumination of zero-biased

Model

Device simulations
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Fig. 5. Comparison between modeled and simulated results for p-Nyep

photodiodes of different dimensions in the visible range.

photodiode B (x¢/2 < x < 3x¢/2,—x¢/2 < z < x4/2), see
Fig. 1. Photodiodes with different values for xpn, Zwen and
where chosen and the technological parameters are estimated
for the 180 nm technological node.

Simulation results validate the analytical models for I, and
CTK. As an example, Fig. 5 depicts modeled and simulated
current and crosstalk for small photodiodes with =y =
3.06,4.06,5.06 yum and xzy; = 3.56 to 6.81 um under a
Pope = 0.26 W/m? light source. Each surface plot corresponds
to a different value of A, covering the visible range. Simulation
and modeled results show a good agreement, revealing a
response dependence on both the active and total photodiode
areas, as previously observed for p-n™ junctions, [12], [13],
[17]. I, increases as well regions grow and approach each
other, and when the area surrounding the junction becomes
smaller. As a result in terms of CTK, the influence of the
distance between the edge of the depletion region and the
limit of the photodiode, xsa 5, proves to be more important
than the dependence on the well size, ., favoring CTK as
the surface area surrounding the junction decreases.

The spectral response within the visible range was also
studied, see Fig. 6. In this figure, I, and CTK curves obtained
with the model and the simulator are represented in lines and
circles, respectively. Photodiodes with a well width, zy.y, of
3.06 pm (left column), 4.06 ym (middle column) and 5.06 pm
(right column) are compared. For each photodiode, different
values of the distance between the edge of the depletion
region and the limit of the photodiode, x4 g, were considered.
Note that the arrow indicates the increasing direction of these
parameters. Neither A\ nor xy. present a significant effect
on CTK for the considered structures. What is decisive, as
it was seen previously, is the distance between the edge of the
depletion region and the limit of the photodiode, zsa .

This kind of photodiode characterization is essential from
the point of view of the image sensor designer. The accurate
knowledge of the dependence of CTK on the geometrical fea-
tures of the structure can be used to maximize the photodiode
response whereas keeping an acceptable level of CTK. It is
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important to note that this is an approximation to the maximum
expected CTK, that is, the worst case scenario consisting of
two photodiodes without extra neighbors. However, in a real
array implementation the rest of neighbors in the vicinity and
the in-pixel electronics are expected to reduce CTK slightly.

VI. COMPARISON OF P-NT AND P-Nyg . PHOTODIODES

Both p-n* and p-Nyey junction photodiodes were studied
through device simulations using ATLAS, were experimentally
characterized and an analytical description of their photore-
sponse and CTK was proposed and validated. Finally, the
response of both structures will be compared.

Structures with the same total width in a standard 180 nm
technology are simulated under uniform illumination both
within and beyond the limits of the visible range. A p-
Nuyel is compared with a p-n™ with a diffusion of the same
size of the well. It can be proved that varying the diffusion
width in a p-Nyy without well variations results in the same
response. Fig. 7 depicts example results for the response of
both structures with zy = 5.06 um and zyey = 3.06 pm (value
of py for the p-n™). The main and crosstalk photocurrents,
Ier and I, of the p-Nyey are higher than those for the p-n™,
specially in the visible range. Its maximum response is also
located for a longer wavelength than that for p-n™ photodiode.
In terms of CTK, the later presents a slightly better response
below A = 700 nm, where the tendency is inverted, being
almost the same for both structures for longer wavelengths.

VII. CONCLUSIONS

A closed-form and explicit 2D analytical model for photore-
sponse and CTK estimation of CMOS p-Ny.;1 photodiodes was
developed and validated through device simulations and ex-
perimental measurements. It is physically-based and describes
the photodiode behavior taken into consideration the light
conditions and physical, geometrical and process parameters.
The model constitutes a powerful tool which can be used in
computer aided design tools for CMOS imagers design.
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Fig. 7. Comparison of p-nT and p-Ny. photodiodes with the same total
width, x, = 5.06 pum, and diffusion and well areas, respectively.
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