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A closed-form and explicit analytical model for
crosstalk in CMOS photodiodes

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

Abstract—A closed-form and explicit 2D analytical model for
crosstalk (CTK) effects in p-nt CMOS photodiodes for pixel
design optimization has been developed in this work. This model
complements and extends a previous development describing the
photocurrent due to the active area illumination along with the
lateral depletion region and lateral components owing to the
diffused photocarriers from the surroundings of the junction.
The model has very few fitting parameters since it is physically-
based. In this way, it can be of great use for CMOS image
sensors designers, especially to fulfill high resolution and small
area requirements by pixel size reduction. The model was
validated extensively through device simulations with ATLAS and
experimental data, and describes the CTK dependencies on light
conditions and physical, geometrical and process parameters.

Index Terms—Photodiodes, crosstalk, modeling, simulation

I. INTRODUCTION

ROSSTALK (CTK) is defined as the unwanted output

signal of a photodiode (PD) due to photocarriers gen-
erated by illumination of another device in its neighborhood.
Basically, two components of CTK are commonly defined:
the optical and the electrical CTK. The former originates
from the photons that penetrate the surface of a PD but reach
another device due to a particular incident angle or the use of
microlenses. The latter accounts for the diffused photocarriers
from neighboring PDs and it is the phenomenon tackled in
this work because, unlike the optical component, it is always
present in standard fabrication processes.

Methods of reducing both optical and electrical CTK usually
involve fabrication process modifications, missing the advan-
tage of using standard processes for CMOS imagers, [?]. Apart
from the illumination conditions and the fabrication process,
CMOS image sensors CTK 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, [?], [?],
[?]. Thus, as pixels shrink in order to improve the resolution
of the sensor, CTK increases [?]. CTK characterization is
not possible by traditional means and basically there are two
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different strategies available: one of them, based on the use
of masks, blocks the penetration of light in some pixels to
measure the response due to the illumination of unmasked
pixels, [?]; and the other, based on the so-called spot-scanning
technique, illuminates an individual pixel in order to measure
its effect in the vicinity, [?]. Although these techniques are
not demanding for large PDs, the masking may suffer from
diffraction and the spot-scanning requires the use of a small
laser spot for the characterization of small pixels. Therefore,
alternative strategies, such as the use of device simulators,
are essential for the study of CTK without suffering the
aforementioned practical limitations, [?], [?].

CTK estimation for pixel design optimization, avoiding
fabrication process modifications and costly characterization of
test structures, is desirable. However, finding a general analyt-
ical expression is challenging because multiple configurations
are possible even for the same fabrication process and pixel
size, showing different performance in terms of CTK. What
is viable, however, is the prediction of CTK in the worst case
scenario, that is, when two PDs are close together without
in-pixel electronics between them, [?]. Additionally, as light
propagation and diffusion phenomena occur in perpendicular
directions, finding an analytical solution involves solving a
two-dimensional problem. In this respect, there are very few
CTK models available and there exists a great need of them
from the device designer viewpoint. In this sense, the most
remarkable approach is found in [?], where a semi-analytical
approximation in terms of the pixel geometrical shape is
proposed. Although an analytical solution has been proposed
recently, it assumes that there is no diffusion in the lateral
depletion region due to modifications in a standard fabrication
process, neglecting CTK to a large extent, [?].

Our recent studies have demonstrated that there is a trade-off
between active area and peripheral contributions resulting in
an optimum PD size, [?]. This fact is essential for small PDs,
where the collecting area surrounding the junction becomes
comparable to the active area. An analytical model for p-n*
PD response estimation was developed and validated through
device simulations and experimental measurements, [?]. Due
to the role of CTK in ever shrinking pixels, its prediction
by means of an analytical model would greatly alleviate the
pixel design optimization process. Toward this end, Section II
presents a CTK analytical model. The model was validated
with device simulations with ATLAS and the results are
analyzed in Section IIl. An in-depth analysis by comparison
of the model with experimental results in a 180 nm standard
fabrication process can be found in Section IV. Finally, the
main conclusions are summarized in Section V.
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Fig. 1. Cross-section of the three-dimensional photodiode, A (left), and

its neighbor, B (right), along with their geometrical parameters. The n*
diffusions and the photodiodes are xp, and z, wide and y; and yw deep,
respectively. The depletion regions with thickness Wag (in y-direction) and
Wy, (in x-direction) are assumed to be located in the substrate because of
their lower doping concentration. zsap represent the distance between the
edge of the depletion region and the limit of the photodiode for A and B,
respectively.

Il. CROSSTALK ANALYTICAL MODEL
Crosstalk (CTK) of a PD is commonly defined as,

CTK (%) = 2 « 100 )
Iref

where I is the total photocurrent of the PD 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 Ir¢s and I,, are measured in the PD
of interest, which operates in the reverse-bias regime. A two-
dimensional cross-section of a square PD and its neighbor is
depicted in Fig. 1, where subscripts A (left) and B (right)
represent the PD of interest, which is reverse-biased, and
its zero-biased neighbor under illumination, respectively. The
geometrical parameters which describe both structures are also
indicated.

The aim of this work is to provide pixel designers with a
manageable CTK model for design optimization including the
dependencies on the geometrical parameters of the device, the
light conditions and process and physical parameters. An ana-
lytical model for Ir¢s has already been proposed and validated
through device simulations and experimental results, [?], [?].
Apart from the photocurrent due to the active area illumina-
tion, I,, the model also includes the lateral depletion region
and lateral components due to the diffused photocarriers from
the surroundings of the junction, Iy and Ijsera, [?]. In this
work, an analytical expression for I, is developed following
a similar process in a wider structure that takes the neighbor
PDs into account, Fig. 1. This current 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,

In = I + ek (2

The minority carrier distribution in the surroundings of the
reverse-biased PD, A, can be found by solving the steady-state
two-dimensional continuity equation,

O?Na  0*Na  Na

ot * o 12" )
under the following boundary conditions
D
NA(xa O) = ’YAS_n
n
Lph -
NA ( 9 + WZA,ZJ) = —Tpo (4)
NA(xa ?Jw) =0
x
Na (EZ, y) = Netk(y)

where Na, npo, Ln, Dn and S, are the excess electron
concentration for device A, equilibrium electron concentra-
tion, electron diffusion length, electron diffusion coefficient
and surface recombination velocity of electrons, respectively.
Regarding ~a, this is a fitting parameter that was already
introduced in our previous model for uniformly illuminated
PDs in the visible range, [?]. Nctk(y) stands for the excess
minority carrier distribution in the border between the PDs
due to the illumination of its neighbor, B. This function is
found by solving the steady-state two-dimensional continuity
equation in the surroundings of the neighbor,

82NB 82NB _ & _ _G(y) (5)

Ox? oy? L2 D,

with appropriate boundary conditions

Dy

N, =B

B(l‘, O) ryB Sn

Tph _
NB (mg — 9 Wgs,y) =0 (6)
NB (x7 ?Jw) =0
Ng (%ﬁu) = Netk(y)

where Np is the excess electron concentration for device B,
~g is another fitting parameter and G(y) = a®oe~*V is the
optical generation rate, where « is the absorption coefficient
and @o:% is the photon flux penetrating the surface.
Popt, T, A, h and ¢ are the incident optical power, transmission
coefficient, impinging radiation wavelength, Plank’s constant
and speed of light, respectively. In addition, the current density
in x-direction at the boundary of the depletion region of zero-
biased PD B is expected to be negligible,

8]VB (1‘, y) -0
Oz ”_mTph_W[B -
()
The solution of Equation (3) and Equation (5) under bound-
ary conditions (4) and (6), respectively, is found applying the
method of separation of variables,

x
JHB (Jj[ - Tph - WEB;ZJ) = an

Nag(z,y) = uap(®,y) + vas(y) (8)

Equation (8) is inserted in Equation (3)-(6) giving a second-
order homogeneous, va, and a non-homogeneous, vg, linear
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(b) Results given by the model.

Fig. 2. CTK results in terms of geometrical parameters for A = 550 nm.

ordinary differential equations. The former is easily solved,
p. sinh yWL—_ny
w2 )
N sinh (%:)

whereas vg is achieved applying the method of variation of
constants,

D, %‘I’noe—ay sinh (%)
UB(y) = | — 1
sinh (%—“:)

152
Sn Lﬁ [0

Py ,— —ayY gj Yw ) _ o Yw gj Y
! ey € sinh (Ln) e sinh (Ln>
Tl R
L2 sinh ( #*
n

(10)

Regarding ua and ug, they are the solution of a second-
order homogeneous partial differential equation in two inde-
pendent variables. Assuming a separable solution in the form

u(z,y) = X (2)Y (y) (11)

and applying the boundary conditions at ¥y = 0 and y = yw,
’U,A,B(x, y) = Z (a‘nA,Be o 4 bTLA,B€7 anw) Sin(ony)

n=1 (12)
where o,, = ﬁ +05,n=1,2,3, .., 0, =" and constants
anpp and by, are determined from the remaining boundary
conditions, which will be satisfied if vag(y) and Nck(y) can
be represented by Fourier sine series. In addition, Equation (7)

implies that

8uB ({E, y)

ox =0

qDn (13)

x
ph W,
Te——3 —Weg

The current density measured in the PD due to the illu-
mination of its neighbor is calculated by deriving the excess
electron density in the z-direction at the boundary of the
depletion region, %" 4 W,

Lph
2

8’UlA(:I"a y)

Toa ( ox

+ WzA,y) = qDy (14)

Tph
- +W‘€A

Finally, the lateral current component due to the CTK is found
integrating the current density at the boundary of the depletion
region over the side-wall,

o
2 Yj T
Ietk = / ) / Jna (—ph + Wi, y) dydz  (15)
_zm o 2
which leads to the following expression,
[e’e] o
Ictk = D X
CTK = Tphq nnz;l 0,

" (VB (cosh (\/ﬁxsg) — 1) + Va (1 — cosh (\/ﬁst))>
sinh (\/ﬁst)

X (1 — cos(0,y;))

(16)
where " ;
— n JALn Yw
Va=———"—5cosh| = 17
’ ho S (Ln> an
2(—1)n9n Y8 Dn (yw)
Vg =— W (o
° Yw (SnO'n cos Ln
+ qB? sinh(ayw) cosh (%_vz) e~ aw
% —a? a? + 62 -
(18)

Zph

and zsap =4 — 5 — Wi, The summation in Equation (16)
is simplified because n=1 proved to be appropriate.

Making use of the modeled CTK current component in
addition with the PD model proposed in previous works, [?],
the final CTK model is given by

CTK (%) = Io + IcTx

=~ = %100
Iaa + IW + Ilateral

(19)
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Fig. 3. Spectral results given by the model (lines) and device simulations (circles) for p-nt junctions with zpn = 1.06 um (left), zpn = 2.06 um (middle),
Zph = 3.06 um (right) and zsag + Wi,z = 0.35,0.50,0.75,1.00, 1.25, 1.50, 1.75, 2.475um. Iy is the total photocurrent of the PD of interest (A) under
illumination and Iy, is the photocurrent measured in the device due to the same illumination exposure of an identical neighbor (B). zsa g represent the distance
between the edge of the depletion region and the limit of the photodiode for A and B, respectively.
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I1l. DEVICE SIMULATIONS

Three-dimensional device simulations using ATLAS from
Silvaco were performed in order to validate the developed
model. A pair of identical p-n™ junction PDs was simulated
under uniform illumination in the visible range impinging per-
pendicularly onto the top surface. Thus, Iref and I, are obtained
by illumination of reverse-biased device A (— % < z,z < %)
and zero-biased PD B (% <z < 22, <z <2, re-
spectively.

The fitting parameters ya and ~g of the boundary conditions
in Equations (4) and (6) were found by comparison with
simulation data resulting in functions of both the incident
optical power, Py, and the radiation wavelength,

_ZTe
2

4
a8 = Fopt Z Ca, B\
=0
where Ch, g, are fitting constants.

Fig. 2 depicts the simulated (a) and modeled (b) CTK for
A = 550 nm and different values of the PD diffusion size, zpn,
and total device width, z,, including the smallest PD allowed
by the design rules of a 180 nm CMOS standard technology.
These surface plots show a good agreement, revealing the CTK
dependence on both the diffusion and total PD area, increasing
as both parameters decrease. This conclusion is in accordance
with previous results in the literature, [?]. It is interesting
to highlight that the influence of the distance between the
edge of the depletion region and the limit of the photodiode,
ZsA.B, Proves to be more important than the dependence on the
diffusion size, zpn. In other words, CTK increases dramatically
as the surface area surrounding the junction decreases.

One of the most interesting parameters to take into consider-
ation in the model development process is the wavelength of
the light source, as image sensors operate within a specific
illumination range. According to the proposed model, the
spectral response within the visible range was also studied,
see Fig. 3. In this figure, I, I and CTK curves obtained
with the model and the simulator are represented in lines
and circles, respectively. PDs with a diffusion width, zpn, of
1.06 um (left column), 2.06 um (middle column) and 3.06 um
(right column) are compared. For each PD, different values
of the distance between the edge of the depletion region and
the limit of the photodiode, zsa g, Were considered. Note that
the arrows indicate the increasing direction of xsa g, which is
not the same for I, I, and CTK plots. The modeled CTK
fits the simulation data and presents a minor disagreement for
PDs with the smallest values of the the distance between the
edge of the depletion region and the limit of the photodiode,
Zsa.B, under long wavelengths. This corresponds to the slight
difference already observed in the I model, [?]. As can be
seen in Fig. 2, these are the devices which present the highest
level of CTK. In fact, inspection of Fig. 3 demonstrates that I,
tends to Iref as zsa g shrinks, which means that CTK increases
whereas the distance between diffusions decreases. Finally,
neither A nor zp, present a significant effect on CTK for the
considered structures.

This kind of PD characterization is essential from the point
of view of the device designer. The accurate knowledge of the
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Fig. 4. Scheme of the 5x5 test arrays of photodiodes for CTK measurements
(upper left corner inset). The lines represent the CTK experimental measure-
ments of two PDs with different diffusion width, zp,, due to the illumination
of the neighbors in the cardinal and diagonal directions (zsag = 1.75 um,
A = 660 nm). The symbols represent the CTK given by the developed model,
including the correction and extension for the PD in the diagonal.

CTK dependencies on the geometrical features of the structure
can be used to maximize the PD response whereas keeping an
acceptable level of CTK, [?]. It is important to note that this
is an approximation to the maximum expected CTK, that is,
the worst case scenario consisting of two PDs 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.

Finally, some remarks are needed for the sake of clarity.
Regarding the considered structure, square-shaped PDs were
used for simplicity but without loss of generality. In addition,
the model was developed for p-n* junction PDs, but it could
be easily extend to consider other junctions.

IV. EXPERIMENTAL MEASUREMENTS AND DISCUSSION

Further analysis of the model accuracy was performed by
comparison with experimental measurements. Test structures
in a standard 180 nm fabrication process were characterized
under uniform illumination in the visible range impinging
perpendicularly onto the top surface. They consist of 5x5
arrays of identical p-n™ PDs with a metal stack blocking the
penetration of light except for the central device, as can be seen
in the scheme in the upper left corner inset of Fig. 4. Then, the
electrical CTK in the neighboring PDs due to the illumination
of the one at the center of the array was observed. Only one
of the adjacent PDs and other in the diagonal were measured,
whereas the second ring was placed in order to guarantee that
the characterized PDs were surrounded by identical devices.
To measure each device independently, each PD is directly
connected to a raw pad without ESD protection in order to
avoid unwanted capacitance coupling with the sensing node.

The experimental set-up consists of a laser, a mirror, a
microscope objective lens, a platform, a Printed Circuit Board
(PCB) and a picoammeter/voltage source. The incoming laser
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beam is redirected towards the surface of the Device Under
Test (DUT) by a mirror oriented at 45° to the beam. The DUT
consists of a packaged sample of the fabricated chips, which
fits a plastic socket in the PCB. In order to center the PD of
interest under the laser beam, the board is fixed to a two-axis
platform. After positioning, the PD is reverse-biased and the
current is read by a picoammeter/voltage source.

Two PDs with different diffusion width, xpn, and zsap =
1.75 um were characterized under a light source with A\ =
660 nm. A set of 19 chips was considered for the statistics.
The CTK results of two neighbors in the cardinal and diagonal
directions are depicted in Fig. 4 connected with lines and
with their corresponding errorbar. The data suggest that CTK
is expected to decay with distance from the illuminated PD,
whereas the diffusion width, xn, seems to have less impact
on this phenomenon. The CTK decay with distance was
previously reported in the literature, [?], whereas both the
proposed model and device simulations described in previous
sections have also revealed a weak CTK dependence on xph.

Along with the experimental data, two points marked with
a circle and a square in Fig. 4 represent the CTK given by
the developed model for the same structures. CTK of the PDs
in the diagonal direction are not plotted because the model
only considers two adjacent PDs. It is observed that the model
underestimates CTK compared with the experimental results,
but the model results are almost within the error interval. In
this sense, it is important to note that the measured arrays of
PDs include a metal stack blocking the penetration of light
except for the central device. This set-up is necessary in order
to evaluate CTK, but it will obviously not be present in a
real array. The main problem of this technique is that the
hole in the center of the array may cause diffraction and
thus an increase in CTK. This is an optical CTK component
which will not occur in a real situation and therefore it
is not considered by the proposed model, but it must be
taken into account in order to compare the modeled CTK
with the experimental results. Therefore, although the model
only accounts for the diffused photocarriers collected through
the side-wall of the depletion region which is opposite the
illuminated PD, collection through the other side-walls due to
diffraction effects is also expected in the test structures as they
are placed in a 5x5 array. This fact can be easily introduced
in the model modifying the limits of integration over z in
Equation (15) for Ictk calculation. A higher correction is
expected for the PD in the diagonal direction because two side-
walls of the depletion region are potential carrier collectors.
The results given by the model using 1.4apn and 1.9zp, in
Equation (15) for PDs in the cardinal and diagonal directions,
respectively, are given in Fig. 4. The extension of the model for
the PD in the diagonal was done taking v/2zsa g as the half
distance between the diffusion corners. As can be seen, the
model proves to be a comprehensive tool for CTK prediction
in p-n™ CMOS PDs.

V. CONCLUSIONS

An analytical model for CTK estimation in p-n™ CMOS
PDs under normal incidence uniform illumination in the visi-
ble range has been reported. Despite the mathematics involved

in the problem, a compact, closed-form, manageable expres-
sion in terms of light conditions and physical, geometrical and
process parameters is achieved, which is of great interest to
engineers for pixel design optimization and circuit simulation.
An extensive validation of the model has been performed by
comparing with simulation results and experimental data.
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