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A review on CMOS photodiodes modeling, the role
of the lateral photoresponse

Beatriz Blanco-Filgueira, Paula Lépez Martinez, Juan Bautista Rolddan Aranda,

Abstract—CMOS photodiodes are the primary photosensing
devices used in nowadays solid-state image sensors. A review of
significative CMOS photodiodes models that can be found in the
literature of the last years is presented here. We have focused on
photodiodes current models in one, two and three dimensions,
and we have paid special attention to lateral current components.
Lateral collection, particularly for small photodiodes fabricated
in deep submicron technologies, has been shown to be of utmost
importance. Finally, several models to account for crosstalk
effects are also described.

Index Terms—Photodiodes, crosstalk, modeling, simulation

I. INTRODUCTION

He principle of operation of a photodiode is based on

the charge collection through the so-called active area,
which is directly exposed to light. However, photocarriers
which are generated in the substrate within the device can be
also successfully diffused to the junction. The depletion region
of the junction is defined by its side-walls and bottom areas,
which are responsible for the lateral and bottom collections,
respectively. In particular, the collection through the bottom
of the depletion region due to photocarriers generated deep in
the substrate can be significant for large photodiodes, whereas
lateral collection can be somewhat neglected in this case. This
latter term acquires special relevance in small photodiodes,
particularly in deep submicron technologies.

Compact and accurate physical models of photodiodes are
essential for the development of future integrated circuits
based on CMOS image sensors. The active area contribu-
tion to the total current has to be complemented in current
technologies with the lateral photocurrent component. Process
engineers can benefit from them in designing new devices
since physical parameters and geometrical information affect
the electrical device performance.

Good models can help to assess the impact of technology
scaling and the optimum photodiode size for enhanced sen-
sitivity. In addition, models represent the link to the broad
terrain of circuit design. This is achieved by means of the
implementation of device models within circuit simulators.
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The accuracy of circuit design lies upon reliable models and
these models can be decisive for the choice of a particular
technology to build an integrated circuit.

In this context we present this review of photodiodes current
models. We have paid special attention to the lateral photore-
sponse taking into consideration that it is essential in nowadays
highly scaled CMOS photodiodes. Our revision starts from the
very first approaches in the 70s. The historical development
is outlined in Section II. Next, we will perform an extended
explanation of the different types of models that can be found
in the literature in Sections III and IV of our manuscript.
We do not pretend to include all of them; nevertheless, we
will comment on a representative set, trying to classify them
accounting for their semyanalytical, analytical or numerical
nature as well as for whether they consider a 1D, 2D or
3D approach, including some of the models we have recently
developed.

Electrical crosstalk will be defined within this manuscript
as the unwanted component of the photodiode output signal
which is originated from photocarriers generated by illumi-
nation of other photodiodes in the vicinity and is not to be
confused with lateral collection. Within this framework we
review in Section V the main results published so far regarding
the analytical modeling of crosstalk in CMOS image sensors
highlighting the importance of the pixel size.

II. HISTORICAL DEVELOPMENT OF CMOS PHOTODIODE
MODELING

Although the first solid-state image sensors were already
proposed in the 1960s decade, [1]-[8], the effect of Fixed-
Pattern Noise (FPN), firstly explored in the 1970s, was deemed
a major drawback of CMOS image sensors, [9]. For this
reason, Charge Coupled Devices (CCD), introduced in 1970
and more immune to FPN, [10], became the reference for solid
state image sensor technologies, [11], [12]. The development
of CMOS Active Pixel Sensor (APS) (introduced in 1968, [6])
started at the beginning of the nineties, but it was not until the
incorporation of integrated microlenses in sub-micron CMOS
technologies and the development of new techniques for the
reduction of the thickness of the interconnect section that APS
became a real competitor to CCDs, [13]. The semiconductor
industry unstoppable technology scaling race helped for this
change to occur. In particular, as published in [14], an ADC
was integrated in each pixel in the Digital Pixel Sensor (DPS).
New applications in the broad terrain of solid state image
sensors showed up due to the high speed readout that came
afterwards, [15].



Continuous CMOS fabrication technological advances, as
well as the use of transistor-sharing approaches, [16], made
possible the reduction of the pixel size beyond the optical
diffraction limit. The effect of the pixel size reduction on
the performance characteristics of CMOS imagers has been
analysed by different authors, [17]-[22]. These studies high-
light the need of a reliable tool to predict the amount of
photocurrent that will be generated for a given incident light,
photodiode characteristics and fabrication process technology.
This tool is a compact model, essential in the toolbox of
process engineers and circuit designers; it is well known that
technology improvements in the integrated circuit arena go
hand by hand with the corresponding modeling improvements.

Photogenerated current physical models in CMOS photo-
diodes dating back to the 70s can be found in the literature,
[23], [24]. In the first of these models, [23], an analytical
1D expression as well as 2D numerical approach are derived,
representing, to the best of our knowledge, the first study of the
lateral photocurrent on CMOS photodiodes. The latter model,
[24], published just one year later, studies the same effect from
a 2D perspective, albeit for large photodiodes with particular
symmetries. Later, 2D and 3D studies were presented in 1983
and 1987 respectively, but compact solutions could only be
derived for particular cases, [25], [26]. The continuous scaling
of pixel sizes on advanced CMOS technologies has triggered
the publication of multiple photodiode models in the literature
in the last years, [27]-[47], which highlights the importance
of being able to predict the photocurrent generated by a given
structure for certain illumination conditions.

In the next sections we will try to review the main photocur-
rent models present in the literature in an organized manner,
taking into account the different devices targeted, number of
dimensions considered and mathematical approaches. We do
not pretend to include all of them but we will comment on a
representative set. Most of them correspond to either p-n* or
p-Nwen uniformly illuminated devices such as the ones shown
in Fig. 1(a) and (b) respectively, where the main geometrical
parameters are shown. The n™ diffusion, the n-well diffusion
and the whole device are Tph, Twenr and x, wide, respectively,
and x, represents the distance between the edge of the deple-
tion region and the lateral limit of the photodiode. The wafer
thickness is y, and y,;, and y; stand for the n™ over n-well
penetration and the junction depth, respectively. In reverse-
bias operation three main regions are distinguished: two quasi-
neutral regions and the depletion region with thickness W (in
y-direction) and W (in x-direction).

III. FIRST APPROACHES: SEMIANALYTICAL MODELS

Even though a three-dimensional treatment is regarded the
best way to proceed, for the sake of simplicity, a semianalytical
approximation to experimental data can be very useful for
certain applications. These kind of strategies are of most
interest in the compact modeling and circuit simulation arena.

In 2006, a novel structure which showed the benefits of the
peripheral utilization effect was presented, [48]. It consisted of
a photodiode where the total peripheral length was increased
by opening circular holes on its diffusion area. A test chip
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(a) Cross section of a p-nT photodiode.
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(b) Cross section of a p-nwell photodiode.

Fig. 1. Cross section of a p-nt (top) and a p-nwell (bottom) photodiode
showing the main geometrical parameters.

with several APS cells with 7, 11, 14 and 17 openings as well
as a reference pixel was designed, fabricated and tested in a
0.5 pm CMOS process, demonstrating an improvement of the
spectral response of the pixel. This study was extended in [49],
showing that for the photodiode with 17 circular openings
under a 390 nm light source, the quantum efficiency and the
pixel full-well capacity improved 12 % and 22 %, respectively,
at the expense of doubling dark current compared with the
reference pixel. Models for characteristic magnitudes can be
found in [49].

Although the work by S. U. Ay demonstrated the importance
of peripheral collection, no efforts were made on mathemat-
ically quantifying its effect on the pixel photocurrent. The
first semianalytical model of a CMOS pixel photoresponse
including the peripheral collection was presented in [27],
where an expression for the CMOS APS photosignal in terms
of the geometrical shape and process data was derived. For a
device such as the one in Fig. 1(a), this expression results in,

Tp—Tph
2L,

(1)
where Ny, is the number of incoming photons (in a time unit),
ki1, ko are wavelength dependent fitting parameters, ks and
k4 describe the bottom and side-wall capacities and L,, is

2.2
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the electron diffusion length. The model was compared with
measurements from a CMOS APS image sensor fabricated
in a standard 0.5 pm CMOS process. The test chip included
pixel sets of square, rectangular, circular, and L-shaped active
areas of different sizes. The study of their photoresponse for
different wavelengths in the visible range showed that longer
wavelengths enabled better response. And, more importantly,
a trade-off between the active area size and the peripheral
collection to enable the maximum photoresponse was found.
Later, this model was used to predict the maximum pixel
response in scalable CMOS technologies, [28], showing that
the scaling influence depends on a large variety of parameters
and an analytical expression determining the scaling trends
could not be derived. The proposed approximation assumes
that the ratio between the unity active area and the unity pe-
riphery contributions has a slight upward trend, mostly through
the reduction of mobility and lifetime with increasing doping
levels, and a shrinkage of the depletion widths. A test array
in a 0.35 pm CMOS process was measured to compare the
experimental results and the theoretically predicted response,
showing good agreement.

Another study of the peripheral photoresponse and crosstalk
by the same authors was presented in [29]. Experimental
measurements of several pixel topologies of CMOS APS in
a standard 0.35 pum technology were performed using a sub-
micron scanning system. The data include the pixel response
and the crosstalk from each of the neighbours as a function of
the photodiode dimension and the wavelength of the incident
light. The peripheral photoresponse was also studied by means
of numerical device simulations based on the parameters of
the technology employed for the chip fabrication. A set of
simulations for different values of the wavelength and the
distance between the depletion boundary and the illumination
point were carried out to study the photocarrier concentration
and its two-dimensional distribution. As different wavelength
illuminations cause different photocarrier distributions in the
semiconductor depth, the original semianalytical model for
the photoresponse estimation was enhanced by the separation
of the lateral and bottom diffusion contributions. In addition,
the improved model was applied to the crosstalk analysis and
successfully compared with experimental results. However, no
results in smaller technological nodes were reported.

A semianalytical model based on [27]-[29] for the pho-
toresponse estimation of a 3-transistor (3T) APS with p-
n™ and p-nyey junction photodiodes in 180 nm and 90 nm
technologies was later proposed. The aim of this approach
was to take into account the physical phenomena which affect
these devices in new technological nodes. Specifically, the
model takes into account the differences between the active
area and peripheral contributions in terms of the photodiode
dimensions. Several functions to model the bottom and the
active area contributions were also proposed and compared.
The model was tested with fabricated 3T-APS octagonal p-
nt and square p-ny; junctions in UMC 180 nm CIS and
90 nm standard technologies, respectively, showing an accurate
agreement with experimental data. The results were reported
in [30]-[33].

IV. ANALYTICAL MODELS

There is a large variety of analytical models for photode-
tectors in the literature which can be classified according to
different criteria such us the dimension (1D, 2D or 3D), the
features of the modeled devices (vertical, lateral, mesa, finger,
backside illuminated, etc.), the sort of junction (p-n*, n-p™, p-
Nyell, nwell'p+a p'epi'nwelh P‘ePi'Pwell'Iﬁ, etC.), the application
frequency range (gamma ray, X-ray, ultraviolet, visible, in-
frared, microwave, etc.), and other characteristics. Moreover,
boundary conditions and simplifications may vary from one
model to another further complicating the classification. For
this reason, although a collection of the most representative
modeling efforts found in the literature is revised in this sec-
tion, a direct comparison of their performance is not possible.

Regardless of the approach considered, the steady-state
continuity equation has to be solved as a first step in the
modeling process,
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where 7 is the three dimensional excess carrier concentration,
D, and 7, are the electron diffusion coefficient and lifetime,
and G(x,y, ) is the optical generation rate, i.e. the number of
photogenerated electron-hole pairs per unit volume and time.
In the case of light impinging vertically over the photosensing
surface and considering the coordinate system in Fig. 1, we
write,
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where ®(y) is the photon flux. According to Beer’s law,
the photon flux decreases exponentially with y (penetration
depth in Si) as ®(y) = Ppe~ Y, where « is the absorption
coefficient and @, is the photon flux at the silicon surface,
oy = %, where P, stands for the incident optical power,
T is the transmission coefficient, h the Planck’s constant, \

the impinging radiation wavelength and c the speed of light.
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A. 1D models

One of the first analytical models for photodiodes based on
the solution of the steady-state continuity equation dates from
1977, [23]. Although the study focuses on small photodiodes
for its time, their 50-200 pm wide size will make them
bulky for nowadays standards. Besides, the device considered
is an InSb p-n* mesa photodiode whose structure imposes
particular boundary conditions, and the study is limited to
the substrate. In this paper, a 1D approximation is proposed
that, particularized for a p-n* photodiode such as the one in
Fig. 1(a), results in, [23],

a+ (1/Ly)

Despite its limitations, this work constitutes to the best of our
knowledge the first attempt to study the peripheral photocur-
rent and its dependence on parameters such as the minority
carrier diffusion length and the surface recombination velocity.
Although a two-dimensional analysis is attempted in this
paper, the resulting system is deemed to large to be solved
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explicitly and a numerical approach is used instead which is
compared to the one-dimensional approximation shown above.

More recent studies include fairly elemental 1D models in
SPICE. A photodiode model for DC as well as high frequency
circuit simulation was presented in [34]. The photocurrent is
given by a very simple expression in terms of the quantum
efficiency, 7, as, [34],

;MNP
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The accuracy of the model was verified with the measured
data obtained from p-nt and p-ny; photodiodes fabricated
using a conventional 0.25 ym CMOS technology. The devices
considered, however, have a diameter of 75 pm, large enough
to conceal peripheral effects. Another analytical model for
PSPICE simulation was developed in [35]. Both n-py,, and
pT-Nyen structures were studied by solving the steady-state
response. In the case of the n-pg, photodiode the derived
expression reported is, [35],

q $o Lp
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where D, and L, are the hole diffusion coefficient and
length, respectively, and the function A(z, L) is needed to
satisfy boundary conditions, [35]. The model was verified for
a large 1cm? area device by comparing the PSPICE circuit
simulations to results from the Medici numerical semiconduc-
tor device simulator. More useful models are found in [36]
and [37]. In both papers the steady-state continuity equation
is solved in the different regions of the device under similar
boundary conditions. In the former, p-epi-ny.; and p-epi-
Pwen-nT photodiodes were considered and an expression for
the total current density in terms of the drift and diffusion
components is outlined but not explicitly derived. Fabricated
devices in a TSMC 0.5 yum CMOS technology were used
to study the effect of the surface recombination velocity in
order to avoid an inadequate value affected by the surface
defects in the manufacture process. The latter presents the
definition and implementation of a n-p* photodiode current
density model, [37],

J = (a Lpe % + sinh 2L
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where Cq, Cy, C3 and Cj are coefficients extracted from

the particular boundary conditions, [37]. This model was
validated by comparison with numerical device simulations

using DESSIS of ISE-TCAD. Simulation results were also
compared with experimental data from a p-nT photodiode
including a SiO2-SizN, antireflecting coating optimized for
near-infrared applications and a PIN photodiode for X-ray
imaging applications.

B. 2D models

All the previous models neither include an analytical so-
lution of the peripheral photocurrent nor mention it, except
for [23]. Taking this phenomenon into account requires at least
a two-dimensional treatment of the steady-state continuity
equation, which constitutes a challenge from a mathematical
point of view. Next, the main studies on the 2D peripheral
collection with varying approaches over mesa, lateral, finger,
and backside illuminated photodiodes apart from vertical ones
will be summarized.

An array of p-n lateral finger photodiodes was studied
in [24]. Two basic geometries are considered, an array of
uniformly spaced narrow stripe collectors and a hexagonal
matrix of small circular collectors. In the case of the stripe
collectors, the symmetry of the structure, in addition to other
assumptions, simplifies the calculation of the lateral collection.
In particular, the term in the diffusion equation representing
the variation of the diffusion current flowing in the vertical
direction is neglected and a constant optical generation rate is
assumed. Consequently, the diffusion equation is effectively
reduced to one dimension, and the laterally collected current
density is given by the following equation, [24],

J = ¢GL, tanh <W> 8)
2L,
In the case of the matrix of circular collectors, an expression
of the total photocurrent as a function of modified Bessel and
Hankel functions is given.

Few years later, the same authors presented a theory for
the enhanced photoresponse of p-n junctions that arises from
the lateral diffusion of photogenerated carriers, [25]. In this
model, the p-n junction is fabricated in a periodical mesa
structure, which imposes particular boundary conditions. The
solution is a complex set of relations which are more useful by
considering some special cases. These particular solutions are
compared with the results of numerical analysis. It was found
that the magnitude of the peripheral photoresponse is sensitive
to geometric and physical factors such as semiconductor
thickness, surface recombination, optical absorption length,
and competition for photogenerated carriers by adjacent pho-
todiodes. Moreover, an increase of the lateral collection sig-
nificance for smaller devices is predicted. Lateral photodiodes
were also the subject of study in [38], where a circuital model
was proposed. The resolution of the continuity equation in
this case was divided in two parts: an electrical solution,
which corresponds to the one-dimensional solution without
generation term, and a photonic solution, which represents
the two-dimensional solution with the generation term. The
results are compared to an approximated one-dimensional
classical approach confirming that a two-dimensional model
is needed. The continuity equation for generated carriers



within a two-dimensional structure was also solved in [39]
to develop an analytical model for finger p-NBL(N-Buried-
Layer)-pwen-n™ photodiodes. Simplifying assumptions were
introduced for each of the device regions as, for instance,
the no y-dependence in the N-Buried-Layer and P-substrate.
The continuity equation was solved in the n™ region apply-
ing the technique of separation of variables and the same
procedure is supposedly used for the pye; between two n™
diffusions, although the solution is not reported. Numerical
device simulations from ATLAS show good agreement with
the carrier concentration given by the model, which was also
successfully compared with measurements of the structure
under consideration fabricated in a 0.6 pum BiCMOS process.

Although the previous two-dimensional models are of in-
terest because they deal with the peripheral phenomenon in
different ways, they are specific for lateral, mesa and finger
structures. In order to broaden our study, three different works
dealing with vertical photodiodes were included. In [40], a
quantitative description of the photocurrent of a p-n™ pho-
todiode was developed based on [24], particularized for the
case of a thin film substrate. The analysis makes use of the
fact that the current density at the peripheral edges of the
photodiode in a closely spaced array has a maximum value
near the surface and decays approximately in a linear fashion
with the depth into the substrate. Simulation data of the current
density using Davinci™ are used to prove this assumption.
Finally, the photocurrent given by experimental measurements
in a 0.5 yum CMOS technology is compared with the derived
expression, demonstrating that the correspondence improves
due to the lateral collection.

Beyond the previous current determination quantitative ap-
proach, an analytical charge collection model was derived
in [41] to assess the impact of the photodiode size, doping
profile and surface recombination velocity on the Modulation
Transfer Function (MTF) and on the charge collection effi-
ciency of a p-n™ junction. The transmittance is considered as
unity and the photogeneration function includes a sinusoidal
term to facilitate MTF extraction. Additional symmetry condi-
tions are imposed in order to use Green’s functions to solve the
two-dimensional steady-state continuity equation. Although
the calculated MTF results agree well with measured data
of fabricated imagers based on three different pixel designs
in a 0.5 pum CMOS process, the final expression is only
barely outlined and cannot be easily used. MTF modelling
was also considered in [42]. In this case, the model is based
on the solution of the two-dimensional diffusion equation
and covers the impact of the pixel active area geometrical
shape. However, the two-dimensional analysis is limited to
the substrate under the diffusion area and the contribution of
lateral photocarriers is not taken into account. The theoretical
prediction is compared with results obtained by means of a
sub-micron scanning system from py.;-n* photodiode APSs
fabricated in a standard CMOS 0.35 um technology.

The two-dimensional diffusion equation of photocarriers
was solved numerically for long wavelength infrared 2D arrays
of backside illuminated photovoltaic diodes, [46], [47]. The
calculations take into account both the thermally and optically
generated carriers originated under the junction and those

originated from around the junction. The results show that
there is an optimum photodiode size that maximizes the
quantum efficiency while minimizing crosstalk.

C. 3D models

Finally, there are very few works which tackle the prob-
lem of the three-dimensional continuity equation resolution.
In [26], the self- and cross-responsivities of n-p* photode-
tector arrays are described by a three-dimensional analytical
model based on Fourier series under the constraints of periodic
illumination and a mesa structure. The photocurrent and the
crosstalk are obtained from the ambipolar transport equation,

86—1; :DaVQfL—k,uaﬁ?ﬁ— §+G(x,y72,t) 9)
where 7(x,y, z,t) is the excess carrier distribution and D, and
1t are the ambipolar diffusion coefficient and mobility, respec-
tively. The work focuses on the substrate and the symmetry
implies particular boundary conditions. Also, in order to reach
a fully analytical solution, the spacing between the adjacent
elements was supposed to be small compared with their length
and width. Under this assumption, compact expressions can
only be obtained for particular cases such as in the case of
a photodiode with a semi-infinite substrate. In this case, the
photocurrent generated by monochromatic incident radiation
and collected by a rectangle (2 — 1) (y2 —y1) at the bottom
edge of the depletion region, assuming square photodiodes, is
given by,

!Ezh($2 - Il)(yz - yl)
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where L is the spatial period of the illumination function and
F(x1,%2,y1,y2) is a function build from Fourier series, [26].
The accuracy of the predictions was proved using measured
data for HgCdTe and InSb photodiodes. Based on this work, a
three-dimensional model was presented in [43], as the second
part of a work in which a one-dimensional analysis of p*-
epi-n™ photodiodes was derived, [44]. The analytical solution
was verified with numerical simulations using Medici and
based on parameters extracted from a standard 0.35 ym CMOS
process. In the second part of the paper, investigation of lateral
photoresponse using linear photodiode arrays and numerical
device simulations was presented, illustrating the importance
of surface recombination and mobility degradation along the
Si-Si0, interface. For the sake of obtaining an analytical
solution, the same assumption as in [26] regarding the spacing
of the photodiodes is made, although the authors point out
that at large photodiode separation distances the neglected
mobility degradation along the z = 0 plane somewhat offsets
the underestimation resulting from this assumption.

A general and fully analytical three-dimensional model that
describes the lateral collection through the side-walls of the
junction of a single CMOS photodiode operating in the visible
range was developed in [45], [50]. In this case, although
the continuity equation for minority carriers is solved in two
dimensions, the result is then integrated to 3D in order to



evaluate the behavior of the whole device. The model accounts
for surface recombination effects through the definition of
appropriate boundary conditions. It also assumes uniform
illumination conditions of a single photodiode and therefore,
considerations of lateral crosstalk do not apply in this case.
The total steady-state current of the photodiode in the reverse
operation regime comprises three main components. First, I,
the active area current generated by the diffusion of minority
carriers and generation of electron-hole pairs in the depletion
region, including the collection through the bottom of the
depletion region due to the carriers generated deep in the

substrate,
) (11)
Yi

Iaa = qxgh <

In the case of p-nye; photodiodes, the introduction of the
well modifies [,, adding one extra component identical to
(11) where 27, is substituted by 7., and the minority hole
concentration in the well surrounding the diffusion is con-
sidered. Second, I, the drift current generated in the lateral
depletion region. This component can be found by integrating
the generation rate over the whole region formed by the s
sides of the polygonal junction (in the case of Fig. 1 s equals
4), but proved out to be not very significant.

We  pyi+W
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The same expression is obtained in the case of p-nye; pho-
todiodes substituting xpy by @yen. Finally, Ijgera, the lateral
current generated in the surroundings of the photodiode by
minority carriers that reach the junction by diffusion. This
phenomenon is more pronounced in small photodiodes due
to the increase of the ratio of the total lateral area to the
active area, in this case Iljera 1S comparable to the active
area current [,,, showing a strong dependence with the active
area to surrounding area ratio. The calculation of this term
constitutes a non-homogeneous problem which can be solved
applying the method of separation of variables, [45], [S1],
yielding,
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where S,, is the surface recombination velocity and 6, =
n7/y, and o is a separation constant, [45]. In the case of
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Fig. 2. Current components when p-nT photodiodes with different values of
Zph ranging from 0.44 pm to 2.7 pym within a cell of fixed size of x? =
4 x 4pm? are illuminated with monochromatic light of A = 750nm.

p-nwen photodiodes, an identical expression is found with .y
instead of xp,, but in this case a second contribution to the
lateral photocurrent due to photocarriers in the surrounding
volume which does not form p-n junctions with the well must
be added. Device simulations showed that this contribution is
not negligible and can be modeled as Ijyera®s/Twen, [52].

In order to state the relative importance of the lateral
contribution on the overall photocurrent, we consider the case
of a p-n™ junction in which the whole device area is uniformly
illuminated. We consider a unique cell of size 27 = 4 x 4um?
and different values of xp, ranging from 0.44 pm to 2.7 ym,
resulting in a varying zs. Fig. 2 plots the different components
of the photocurrent, including the total current,

Itolal = Ilateral + Iaa + IW (15)

As can be seen, the lateral collection represents a significant
part of the total photocurrent through the device. It is also
worth mentioning that the dependence of the lateral current
on the collecting area surrounding the device, through the
parameter xg, results in the existence of a maximum response
in the total current for such small photodiodes. The same
behaviour was found independently of the wavelength in the
visible range. This result has been confirmed by experimental
data from isolated square p-n* photodiodes of different sizes
fabricated in 0.184m and 65 nm CMOS standard technologies,
where different photosensing structures were used in order
to independently characterize the total and lateral photocur-
rent [53]. Individual photodiodes are widely spaced to avoid
interferences, as shown in Fig. 3, and directly connected to
raw pads without ESD protection to prevent the appearance
of coupling capacitances. Experimental results in a standard
CMOS 65nm technology are shown in Table I, where the
percentage contribution of the lateral component with respect
to the total photocurrent is shown. Inspection of the data
confirms that for small photodiodes the lateral current domi-
nates the total current as predicted by the model. In fact, for
small photodiodes and large lateral space available , x5 + W,
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Fig. 3. Microphotograph showing the separation between the p-n™ photodi-
odes.

TABLE I
I;LWLL % 100, PERCENTAGE OF LATERAL CONTRIBUTION IN P-N1
tota
PHOTODIODES FABRICATED IN A STANDARD CMOS 65NM PROCESS FOR

A = 532 NM.
zs + Wy (um)

Zpp (pm) | 0355  0.605  0.855  1.105 1.355 1.605
0.56 95% 95% 88% 88%  =~100% ~100%
1.06 90% 97% 92% 92% 87% 92%
1.56 90% 94% 91% 93% 92% -
2.06 88% 90% 88% 87% 89% -
2.56 80% 84% 86% 81% 75% -
3.06 82% 75% - - - -

this contribution adds up to almost the totality of the device
photocurrent. Also, in general terms, for a given lateral space
available the bigger the photodiode active area the smaller the
contribution of the lateral term to the total photocurrent. This is
a general trend to be considered within reasonable variability
concerns.

A more qualitative analysis is made in Fig. 4, where the
measured lateral photocurrent of p-n™ photodiodes fabricated
in two different CMOS process technologies for two differ-
ent wavelengths is represented with respect to the distance
between the edge of the depletion region and the lateral
limit of the photodiode, =4, and compared to the analytical
model in [45]. As seen, the analytical model fits well the
experimental data and constitutes a powerful tool to maximize
the photoresponse while optimizing the total layout area cost.
This knowledge is of particular importance for sub-100nm
technologies as published experimental data are scarce.

Similar results can be found in p-nye; photodiodes, as
shown in Fig. 5 where 3D numerical device simulations are
compared with the modeled results of the different components
of the main photocurrent, Ii;. The model fits the simulated
data reasonably well with a minor disagreement in the active
area current component for photodiodes with wide wells. The
lateral contribution from photocarriers generated in the part
of the surrounding substrate not forming lateral p-n junctions
which, as explained before, follows the pattern Ijyera s/ Twells
is not negligible and even matches the lateral component due
to the p-n junctions for photodiodes with small active area. The
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Fig. 4. Comparison of experimental data of p-nt photodiodes in CMOS
180 nm and 65 nm processes (symbols) with the analytical model (shown
in solid lines) in [45] for different wavelengths as a function of the distance
between the limit of the depletion region and the photodiode, x5, for W; =
0.05um and z; = 3.27Tum.
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Fig. 5. Comparison between the simulated and modeled components of I,
for p-nyep photodiodes versus different x5 values under a 550nm light source.

disagreement in the I, calculation at lowest x¢ values does not
compromise the model usefulness because it coincides with the
technological limit, which does not allow smaller xg values.

Taking advantage of the compact and explicit nature of
this model, it is possible to use the potential offered by
current hardware description languages (HDLs) in the mixed
signal domain such as VHDL-AMS and Verilog-AMS to
perform circuit-level simulations of imager devices in standard
CAD tools, [54]. Compared to SPICE language for circuit
simulation, HDLs offer some benefits as, for example, the
incorporation of non-electrical mechanisms as far as they can
be described through mathematical expressions. Additionally,
the use of appropriate compilers guarantees that the models
can be directly interfaced with any circuit simulator.

In the last decade, several works dealing with photodiode
models in HDL have been published. In [55] some models



for optoelectronic devices are presented, including one for a
commercial high speed InGaAs PIN photodiode in VHDL-
AMS. Although the mathematical expressions are not reported,
this work constitutes a good example of the HDLs potential.
In [56], a Verilog-A photodiode model is presented that does
not explicitly reflect physical and technological parameters. In
addition, it requires a careful a priori process of characteriza-
tion and parameter extraction before being used as a design
element. Finally, several photodetectors and pixel sensors are
modelled with VHDL-AMS in [57] and [58], respectively,
but the mathematical models follow classical expressions. All
these models fail to include lateral effects.

An example of the convenience of the implementation of
(15) in a HDL can be seen in Fig. 6, where circuit simulations
for a standard 3T-APS pixel such as the one in Fig. 6(a)
were performed with the same photodiode total area x7 and
different values of the active area xgh under a light source
with Py = 5-10* W/m? and A = 550 nm, Fig. 6(b). As can
be observed, even for a fixed total area, different active area
sizes correspond to different pixel sensitivities given by the
slope of the curve. The Vo (t) curve with the maximum slope,
corresponding to devices with xsh = 3.53um?, represents the
best photodiode response, which does not correspond with
the maximum size of the nT diffusion, xﬁh. Consequently,
the results confirm that when the lateral effects are taken
into consideration there is an optimum active area which
maximizes the rate of decay of Vi, and hence the pixel
sensitivity. This kind of circuit-level analysis would not be
possible without compact and explicit photodiode models valid
for HDL implementation.

V. CROSSTALK

The photocarriers produced by illumination in the photodi-
odes surrounding the device under study produce differences in
the output signal with respect to an isolated photodiode. These
differences are usually named crosstalk (CTK). An optical
and an electrical component can be studied to characterize
CTK effects. The optical component is linked to illumination
that reaches the photodiode surface but penetrates other neigh-
boring devices due to the rays inclination or different effects
connected with microlenses. The electrical component, the one
considered here, is always found in conventionally fabricated
CMOS image sensors; it takes into consideration the diffusion
of photocarriers coming from neighboring photodiodes. Un-
fortunately, the only way to reduce the optical and electrical
CTK components involves substantial technological changes
on CMOS imagers standard processes [59]. In addition to
the previously explained dependencies, CMOS image sensors
CTK effects are connected with pixel location in the pixel
array layout; therefore, it depends on the particular location
of the photodiode and the electronics in the pixel area. CTK
effects also depend on the pixel size (apart from geometrical
considerations) [27], [29], [60], that is why CTK rises as
scaling advances in the CMOS image sensor context [61].

The conventional methods to characterize photodiode oper-
ation are not adequate for CTK effects; to do so, there are
two possibilities available. In order to avoid light penetration
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Fig. 6. Circuit simulations with A = 550 nm and FPopt = 5 - 104 W/m? of a
3T-APS pixel using a HDL description of the photocurrent model in (15) to
assess the effect of the photodiode geometry in the overall pixel sensitivity.

in certain pixels, masks can be used and illumination can
be measured in unmasked pixels, [62]. In addition, the spot-
scanning technique can be employed, where an individual
pixel is illuminated in order to measure the corresponding ef-
fects in the neighboring devices, [63]. The masking technique
can be affected by diffraction effects and the spot-scanning
methods need a reduced enough laser spot for small pixels
characterization. All these subtleties pose important difficulties
in CTK characterization, being this the reason why device
simulation and physical modeling can be of great help to deal
with this issue, [64], [65].

Prototypes fabrication costs can be reduced by means of
design optimization through the use of compact models, that
is why there exist a great pressure to increase efforts in this
direction. The models, as a general rule, are required to be
physically based, analytical and explicit. This is no easy task
because of the different configurations, fabrication processes
and geometrical considerations linked to the CMOS image
sensor industry, as all this reflects on CTK effects. In order
to develop current models including CTK effects we have to
take into account two important issues. On the one hand, the
worst scenario in terms of CTK modeling takes place when
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Fig. 7. Cross section of the photodiode of interest, A (left) and its neighbor B
under illumination (right). Wy g represent the lateral width of the depletion
region of photodiodes A and B; xsap represent the distance between the
edge of the depletion region and the lateral limit of photodiodes A and B
respectively. Other geometrical parameters of these photodiodes are similar
to those given in Fig.1.

two neighboring photodiodes are placed together with no in-
pixel electronics in-between [66]. On the other hand, due to the
inherent bi-dimensional nature of light propagation and carrier
diffusion in semiconductor devices, a two dimensional model
is needed to accurately account for the physics within the pho-
todiodes. Taking into consideration the results reported in the
previous sections in relation to the needed trade-off between
the peripheral and active area current contributions in highly
scaled devices, this latter issue becomes essential. One of the
most interesting models reported so far on this issue is given
in [29]. It consists of an approximation related to the pixel
geometrical shape and it is presented within a semianalytical
approach. Another previously proposed model makes use of an
analytical equation although no lateral diffusion is considered
because of changes in a standard fabrication process [67],
consequently CTK effects are probably underestimated. In
spite of the models commented above, it is important to
highlight that there is an important lack of CTK models in
the literature.
Crosstalk can be calculated as follows,

CTK (%) = Ly

x 100
Itotal

(16)
where I, described in (15), stands for the total photodiode
current under the illumination conditions , and I, accounts for
the measured photocurrent in a device linked to the effects of
a similar illumination on an identical neighbor. Both currents
(Liotar and 1)) are measured in the reverse-biased photodiode
under study. Fig. 7 shows the cross-section of the structure
under study here where subscript A (left) represents the
photodiode of interest, which is reverse-biased, and B (right),
the photodiode under illumination, is its zero-biased neighbor.
The geometrical parameters which describe both structures are
also indicated.

Analytical models for [, have already been presented for
both p-n and p-nyey photodiodes in Section IV-C. A parallel
process leads to an analytical expression for [, accounting
for the neighboring photodiodes, [52], [68]. The current is
obtained considering two terms: the saturation current of the
reverse-biased diode A, I,, and the CTK lateral current related
to generated carriers in the surroundings of neighbor B which
is zero-biased and under illumination, IcTgk,

In = Io + ICTK (17)

The continuity equation in the steady-state regime has to
be solved to determine the minority carrier distribution in the
surroundings of photodiode A,

0?na  0*hia Cha (18)
Ox? oy? L2
accounting for the boundary conditions below
. D
na(z,0) = ’YA?:
N Lph _
ia (3 W) = =uo (19)
A (T, yw) = 0
A Zy A
nA (5, ?J) = ncrk(y)

where n, stands for the excess electron concentration in
photodiode A. A fitting parameter (7y4) is employed following
the approach sketched in [53]. 7ictk(y) represents the dis-
tribution of excess minority carriers due to the illumination
in photodiode B in the boundary between the devices. The
solution of the stationary continuity equation in the neighbor
surroundings allows the determination of the previous quantity,

9% 0% 2 G
B ng "B _ (y) (20)
02 oy? L2 D,
using as boundary conditions the following equations,
D,
i (2, 0) = 2"
fig(z,0) = 78 A
n (.’E _ Iy ) =0
B 4 2 ZB ) y - (21)
'fLB (LU, yw) = 0
A Ty A
i (572/) = fcrk ()

where np stands for photodiode B excess electron concen-
tration.

At the boundary of photodiode B depletion region, the
current density in the x-direction is negligible and, therefore,

aﬁB (17, y) _
“or =0

x ngwzpth

X
JnB (xf - %h - W@gay) - an

B
(22)
Making use of the boundary conditions (19) and (21),
equations (18) and (20) can be solved by a separation of vari-
ables procedure. In this manner, the lateral current component
connected to CTK effects can be obtained by integration of



the current density at the depletion region over the side-wall
boundary as follows,

T
tere= [ o [ (B Wew) vtz 2
—o Jo 2

the result is given below,

Ietk = :Cphan Z

On
0
n=1 n

Vs (cosh (\/ﬁxsg) - 1) + Va (1 — cosh (\/ﬁst))
sinh (@%A)

x (1 - cos(6,)

(24)
where
2100 nDa (i
T h{ = 25
Va " Soon cos I (25)
2(_1)n9n ’YBDn Yw
Vg = — L9
° Yw <Sn0n cos L,
+ %:l sinh(ayy) cosh (%‘:) e
Z—a? | a2+63 -
(26)
with TsAB = % _ % o WeAYB.

Taking into account that n=1 is appropriate, the summation
in (24) can be simplified. The same expression holds for both
p-n and p-nyen photodiodes substituting xpn by Twen in (24).

Considering the photodiode model reported previously [45],
and the modeled CTK current component, the final expression
for the CTK model can be obtained,

Iy + Ictk

—————— x 100
Iaa + IW + Ilaleral

CTK (%) = (27)
The expressions developed for the CTK allowed us to
reproduce both experimental measurements and simulation
data obtained for a copious variety of geometrical parameters
and illumination wavelengths in the photodiodes under study
for both p-n™ and p-nyey photodiodes, [52], [68]. A compar-
ison between a p-nyen (Twen = 3.06 um, z,, = 1.06 um)
and a p-nT photodiode with a diffusion of the same size
of the well (z,, = 3.06 um), and the same total width,
xy = 5.06 pm, with uniform illumination, in the visible
range and beyond, for a standard 180 nm technology can
be seen in Fig. 8. We have plotted Iy, (main photocurrent
obtained by illumination of photodiode A) and I, (crosstalk
component obtained by illumination of zero-biased photodi-
ode B (z¢/2 < a <3x/2,—x¢/2 < z < x4/2)), as given in
Fig. 7. We can see that for p-ny. photodiodes [io, and I, are
bigger than in the p-n™ case, in the visible range mostly. Also,
the maximum response takes place at longer wavelenghts in
comparison with p-n* photodiodes. The previous results show
a better CTK response for wavelenghs below A = 700 nm, for
higher wavelenghts there are no important differences.
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Fig. 8. p-n+ and p-nwell photodiodes comparison, both devices have the same
diffusion and well areas, and also the same total width, z, = 5.06 pm.

VI. CONCLUSIONS

The continuous modeling activity of the last years with
respect to photodiodes in the context of CMOS imager sensors
has been reviewed in depth. We have written our revision
accounting for semianalytical and analytical models; for the
latter case, a one, two and three dimensional perspective
has been employed to develop a coherent taxonomy of the
models available in the literature. The pros and cons of the
reviewed models have been presented within an articulate dis-
cussion taking into account a usual modeling trade-off between
simplicity and accuracy. All the models presented have to
be regarded, in their context, as steps forward to facilitate
device engineering and circuit simulation of integrated circuits
including CMOS imager sensors. Finally, some details of the
latest achievements for the 2D modeling of the most common
photodiode structures, accounting for the different current
components and crosstalk effects, were given comparing with
experimental and simulation data.
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